Chapter 5

Annealing parameter optimization and TSL/OSL

characteristics

5.1 Introduction

TL/OSL phosphor is a material that exhibits the phenomenon of luminescence due to
thermal/optical stimulation after it has been exposed to ionizing radiations. Many different
types of phosphors are used in the various TL/OSL applications like radiation dosimetry in
nuclear plants, medical dosimetry, environmental dosimetry and space research. Use of nano-
phosphors for TL/OSL applications is an active field of research and it holds many

possibilities which have to be explored.

The TL/OSL characteristics of the synthesised nano CaF, are examined in this chapter. The
‘as prepared’ phosphor did not give any TL response. In order to make it TL sensitive
annealing treatment was needed. The study undertaken to find the best annealing parameter
for optimal TL response furthers our knowledge as to the TL behavior of the phosphor with

respect to the annealing treatment received by it.

The chapter describes how the various TL parameters are derived using different methods.
The dose response and linearity of dose response is also reported along with the effect of
heating rate on the glow curve. The behavior of the phosphor under UV and blue light
stimulation is investigated. The emission is studied using different filter combinations to get
insight into the spectral characteristics of the emission. The correlation between the TL
causing traps and the OSL causing traps is investigated. The Radio-Luminescence (RL)

response of phosphor is also presented.

5.2 Annealing

The effect of annealing on the TL properties of different phosphors has been well reported. It
has been established that annealing is an essential requirement for both natural and synthetic
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TL/OSL phosphors. Annealing is a thermal treatment process where the samples are heated
up to a specific temperature, kept at this temperature for a specific duration of time, and then
cooled down to room temperature. The annealing parameters like annealing temperature,
annealing duration and annealing atmosphere critically affect the luminescent behavior of the
phosphor. Thus it is important to maintain consistency in these parameters [1]. After

annealing the phosphor is no longer of nano size.

The ‘as synthesised’ CaF, was non-luminescent. However, after annealing it exhibited TL.
Though its annealing parameters are given in literature [2-7], there is no definite agreement
among them on this subject. El-Kolaly et al [2] reports the increase in sensitivity in natural
CaF; as annealing temperatures are increased till 850 °C and then it decreases with further
increase in temperature. When annealed in air, the sensitivity decreases with increase in
annealing temperature. At 850°C, it approaches zero sensitivity—it is at this same point
where the sensitivity trend reverses for vacuum annealing. Their duration of annealing was 1
hour. C. M. Sunta reports that natural CaF; has to be annealed first at 400 °C in air for an
hour to remove organic impurity. Then it should be heated at 700 °C in oxygen free, nitrogen
atmosphere to anneal out the high temperature natural TL—otherwise the phosphor becomes
sensitive to light (photo-transfer) [3-4]. In a later paper [5] which came after 10 years, the
same author reports annealing at 600 “C for 30 min and at 400 °C for 30 min and compares
the result. 400 °C for 30 min gave better result. Due to all this disagreement in the literature,
the best annealing parameters for the prepared CaF, had to be found out by systematic

experiments.

To find out the optimum annealing conditions, the samples were treated for different
annealing temperature, annealing duration and annealing atmosphere. It was followed by beta
irradiation dose of 1 Gy using *°Sr/*®Y radiation source. The corresponding TL behaviour of
the main dosimetric peak (~200 °C) was then recorded using Daybreak 2200 reader [8]. A
constant heating rate of 1 °C/s was used throughout. All the readings were normalized for 1
mg. For each reading three discs were measured. The value of emitted photon count is
average of the three and the error is standard deviation of these three measurements. A Schott
bg39 broadband interference filter of 2 mm thickness was used in front of the photodetector.

Its transmission curve is shown in figure 1.
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Figure 1. Transmission curve for Schott bg39 filter of 2 mm thickness.

5.2.1 Air versus vacuum annealing
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Figure 2: Glow curves of CaF,annealed in vacuum and in air
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Annealing was done in vacuum at 95 kPa and in air at 500 °C for 1.5 h. Figure 2 shows the
respective glow curves. The low temperature peak, being unstable, is not taken into
consideration. The sensitivity of vacuum annealed CaF, was 1.64 times higher than the air
annealed CaF,. The sensitivity is calculated by integrating the counts of the glow curve peak
at ~ 200 °C. Peak temperature indicates the location of traps. Shallow traps will correspond
to lower peak temperature and deeper traps will correspond to higher peak temperature.
FWHM of the glow curve peak indicates how closely the traps are spread out. Higher FWHM
indicates broad distribution of peaks while lower FWHM indicates narrower distribution of
peaks. FWHM of vacuum annealed CaF, was 73 °C and for air annealed CaF, it was 91 °C.
Peak temperature T, for vacuum annealed sample was at 195 °C and for air annealed it was
at 205 °C. Thus it is confirmed that annealing in vacuum makes the material better
crystalline than annealing in air since it has been suggested that lower T, and FWHM along

with higher sensitivity are an indication of the degree of crytallinity of the material [9-10].

5.2.2 Annealing temperature

Next, the annealing duration was fixed at 1.5 h and the annealing temperature was varied
from 400 °C to 700 °C in the steps of 100 °C. Figure 3 shows the glow curves of nano-CaF,
annealed at different temperatures for constant time duration of 1.5 h. The effect of annealing

temperature on TL sensitivity (counts/mg/Gy), FWHM and T, is shown in figures 4-6.
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Figure 3. Glow curves of CaF, annealed at different temperature
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Figure 4. TL sensitivity of CaF, for different annealing temperature at a fixed annealing
duration of 1.5 h
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Figure 5. FWHM for different annealing temperature at a fixed annealing duration of 1.5 h
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From figures 4-6 it can be concluded that as the annealing temperature increases from 400 °C
to 600 °C there is an increase in TL sensitivity, decrease in FWHM and shift of peaks towards
the lower temperature region. A reversal in the trend is observed after 600 °C i.e. a decrease
in TL sensitivity, increase in FWHM, and the shifting of peaks to the higher temperature
region is observed after 600 °C. Thus 600 °C is the best annealing temperature when the

annealing duration is of 1.5 h.

With respect to the pattern of change in sensitivity i.e. it increases till 600 °C and then
decreases, similar observation was reported for CaSO4:Dy [11]. It was reported that peak
temperature intensities increases as the annealing temperature increases from 400 °C to 600
°C after which there was a drastic reduction in the peak intensities. Their annealing duration

was of an hour.

5.2.3 Annealing duration

Annealing duration was investigated for two temperature—600 °C and 500 °C. Sensitivity for
500 °C was found to be better than that of 600 "C as can be seen in figure 7. Temperatures
below 500 °C were not explored because the TL was to be done till 500 °C. Temperatures
above 600 °‘C were not explored because it was noted that with the increase in the
temperature from 500 °C to 600 °C, the TL response deteriorated. It can be thus inferred that

any further increase in the temperature would further deteriorate the TL response.
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Figure 11. Peak temperature (Tm) for different duration of annealing for fixed temperature of
500 °C

Figure 8 shows the glow curves of nano-CaF;, annealed at 500 °C for different durations. The

effect of annealing duration on TL sensitivity, FWHM and T, is shown in figures 9-11.

From figures 9-11 it can be concluded that as the annealing duration increases from 1 to 2.5 h
there is an increase in TL sensitivity, decrease in FWHM and the peaks are shifted towards
the lower temperature region. A reversal in the trend is observed after 2.5 h i.e. a decrease in
TL sensitivity, increase in FWHM and the shifting of peaks to the higher temperature region.
Thus 2.5 h of annealing duration with the annealing temperature of 500 °C is the best

annealing condition for nano-CaF, to improve its TL properties.

5.3 Thermal Quenching

Thermal quenching is the process when the emitted light decreases due to non-radiative
recombination of electrons and holes with the increase in temperature. In order to find the
occurrence of thermal quenching, the glow curve of the sample is recorded for various

heating rate.

168



——0.5°C/sec
16000 - —— 1°C/sec
1 ——2°Clsec
14000 - L 3°C/sec
seer | —4°C/sec
| —5'C/sec
S 10000 4 ——6°Clsec
% | —— 7°Clsec
-‘§ 8000 ——8°Clsec
g 1 ——9°Clsec
o P ——10°C/sec
|_
4000 -
2000 -

il T T T T T E
0 100 200 300 400 500

Temperature (°C)

Figure 12. Effect of different heating rate on the glow curve

It is observed from figure 12 that with increasing heating rate, the peaks shift to higher
temperature. The peak intensity decreases but peak width increases i.e. the total area under
the curve remains the same. This implies absence of thermal quenching which causes

decrease in the area under the curve with increase in the heating rate [12].

5.4 TL Characteristics

A TL phosphor can be characterised by parameters like order of kinetics followed by the
phosphor, the activation energy which is also called trap depth, frequency factor s, etc. One
of the primary aims of studying TL is to find out these parameters. They provide an insight
into the underlying process governing the behaviour of the phosphor, though complete and

sure understanding of the mechanism is still an active area of research.
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5.4.1 Randall — Wilkins model

A mathematical model to describe thermoluminescence was first formulated by Randall and
Wilkins [13]. According to this thermoluminescence model, the probability of re-trapping of
electrons released from their traps is negligible as compared to the probability of their
recombination. It was also assumed that the number of traps were much larger compared to
the electrons in the conduction band. Thus it can be said that the luminescence intensity at
any temperature is directly dependent on the rate of de-trapping of electrons which is

proportional to the probability of the electrons escaping from their traps.

The probability of an electron escaping from a trap of depth E at temperature T is

p=sexp (%) .............................. 1)

If n is the number of trapped electrons at time t, the change in n with respect to time is

dn -E
- = = —— | 2
dt ol nsexp( kT j @)

The thermoluminescence intensity is proportional to rate of supply of electrons to the

luminescence centres.

where
I(t) is the emission intensity,
nis the concentration of trapped electrons at time t (m ™),
t is the time (s),
s is the pre-exponential (frequency) factor (s™),
E is the activation energy (eV),
k is Boltzmann’s constant (eV/K) and

T is the absolute temperature (K).
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The negative sign indicates that the density of trapped electrons decreases with time and
temperature. The TL processes following this equation are said to be governed by the first
order kinetics since the intensity of luminescence is proportional to n'. The power of n
determines the order of kinetics.

5.4.2 Garlick-Gibson model

The assumption of Randall and Wilkins [13] that the probability of re-trapping of electrons is
negligible as compared to the probability of their recombination is not applicable in many
cases. This lead to the suggestion of a new model of thermoluminescence by Garlick and
Gibson [14]. They took into account the probability of re-trapping and to simplify the model
assumed the re-trapping and recombination probability to be equal. In this case the emitted
light intensity is given by equation 4:

Where N is the total trap concentration (m~3). The other terms are as previously mentioned.

The TL processes following this equation are said to be governed by the second order
kinetics as the intensity of luminescence is proportional to n% Since the second order kinetics
is due to the increased probability of re-trapping which causes a delay in luminescence, the
second-half of the glow curve will be bigger than that of the first order glow curve. So the
glow curves of the second order kinetics will be symmetric compared to the first order

kinetics as shown in figure 13.
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Figure 13. Difference between first order Kinetic and second order kinetics glow-curve

5.4.3 General order kinetics

There are cases where the order of kinetics is found to be neither 1 nor 2. Many such
instances are reported [15-19]. There might be a case where two electrons are trapped in the
same trap. In such a case the order of kinetics may be 1.5 [20]. Such cases are said to follow
the general order kinetics. The equation for the TL process governed by the general order

Kinetics is [15]

Where
b = the order of kinetics,
s’ =s/N. It is called the effective pre-exponential factor for general order kinetics

The other terms are as previously mentioned.
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5.4.4 Methods for determining TL parameters

A TL phosphor can be characterised by parameters like the order of Kinetics (b), the
activation energy (E), frequency factor (s), geometrical factor (u), etc. Various methods like
initial rise method, isothermal decay method, variable heating rate method, methods based on
the shape of the glow curve, etc. can be used for evaluating the various parameters [21].

All the TL measurements to determine these parameters were done on Risg TL/OSL-DAZ20.
Schott bg39 broadband interference filter of 2 mm thickness was used in front of the PMT.
Black body radiation is significantly reduced by the use of this filter and the spectral range of
the emission is limited to the spectral range of the filter. The transmission curve of this filter
is given in figure 14.
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Figure 14. Transmission curve for Schott bg39 filter of 2 mm thickness.
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5.4.4.1 Initial rise method

The initial rise method is used to calculate the activation energy and it is independent of the
order of Kkinetics. It was pioneered by Garlick and Gibson [14]. In this method the initial part
of the glow curve is used as in this region the amount of trapped electrons can be considered

to be constant and its dependence on temperature is negligible. Here the luminescence

intensity is directly proportional to exp(%). It is given by

|(r):Cexp(|_(—TEj ............................................... (6)

where C is a constant.

A plot of In(l) vs. /KT over this initial region gives a straight line with slope —E which is the
activation energy. Thus the activation energy is obtained without any knowledge of the

frequency factor s.
Procedure for calculating activation energy by initial rise method

In order to calculate the activation energy using this method the steps mentioned below were
followed:

e The sample was irradiated with a dose of 1 Gy.

e TL glow curves of the phosphor were recorded for 100 °C, 120 °C, 140 °C, 160 °C,
180 °C, 200 °C, 220 °C, 240 °C, 260 °C, 280 °C and 300 °C sequentially.

e All the TL data were plotted in a graph as shown in figure 15.

e The initial part of the graph where the intensity is 1/10" of the maximum intensity is
taken, eg. in the case of TL till 180 °C, the maximum intensity of the emitted
luminescence occurs when the heating temperature is at 179 °C. The photon counts at
this intensity is 58600 counts. Then the temperature is found where the count is 5860
i.e. 1/10™ of 58600. This temperature is found to be 140 °C.
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e The counts (I) from 135 °C to 145 °C (T) are used to plot a graph of In(l) vs 1/KT as

shown in figure 16. Here k is the Boltzmann’s constant and its value is 8.617332478 x

10° eV/K. The slope of this graph, 1.06 eV, is the activation energy for 160 °C.
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Figure 15. TL glow curve of the phosphor at sequentially increasing temperatures
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Figure 16. Graph of In(I) vs 1/KT for TL up to 180 °C

Similarly the graphs of In(I) vs 1/kT for TL done till 200 °C and 220 °C are shown in
figures 17 and 18 respectively. In the case of TL till 200 °C, the maximum count is
63300 and it occurs at 198 °C. 1/10™ of this count is 6330 and it corresponds to 160
°C. So counts (I) from 155 °C to 165 °C (T) are used to plot a graph of In(I) vs 1/kT
as shown in figure 17. Its slope is 1.03 eV.

For TL till 220 °C the maximum count is 45400 and it occurs at 220 °C. 1/10" of this
count is 4540 and it corresponds to 165 °C. So counts (I) form 160 °C to 170 °C (T)
are used to plot a graph of In(l) vs 1/KT as shown in figure 18. Its slope is 1.06 eV.
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Figure 18. Graph of In(I) vs 1/KT for TL up to 220 °C
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Figure 19. Activation energy at different temperatures

e The same process is done for all the eleven TL glow curves. So we get eleven
activation energies corresponding to eleven temperatures. A graph of temperature vs
activation energy is plotted as seen in figure 19. The part of the graph which
corresponds to a straight horizontal line in the otherwise diagonal graph is the
activation energy which is around1.04 eV

5.4.4.2 Method based on glow curve shape
In this method the kinetic parameters are deduced by examining the geometrical properties of
the TL glow peak. As previously mentioned, the glow curve corresponding to the second

order kinetics is more symmetric while the glow curve corresponding to the first order
Kinetics is more asymmetric.
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Figure 20. Geometrical parameters for the glow curve method of analysis

The parameters shown in Figure 20 are defined as follows:

T is the peak temperature

Ty and T, are respectively the temperatures on either side of Ty, corresponding to half
intensity

T =T - Ty is the half-width at the low temperature side of the peak

d =T, — Tm is the half-width toward the fall-off side of the glow peak

® = T, — Ty is the total half-width

u = d/w is the so-called geometrical shape or symmetry factor.

The above values calculated from the graph are as follows:

Tm=193°C,
T1=165"C,
T,=227"°C,
Tt =28°C,
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0 =34°C,
o =62 °C,
pH =0.54.

From the value of y, the value of b is approximated to be 2.3. This is done from the graph
calculated by Chen [9] of u ranging from 0.36 to 0.55 for values of b between 0.7 and 2.5.
This graph is redrawn in figure 21. Since the value of b is 2.3, it follows general order

kinetics.
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Figure 21. Relation between the symmetry factor (1) and the order of kinetics (b)

For the general order kinetics, Chen’s equation to find the activation energy is:

E, = c{kTsz_ba (1'Q 1 O (7)
(24
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Where a is 7, 8, or o and the values of ¢, and b, are summarized below:

C.=1.510 + 3.0(n — 0.42),
b = 1.58 + 4.2(u — 0.42)

Cs = 0.976 + 7.3(n — 0.42),
b5 =0

Co = 2.52 + 10.2(1 — 0.42),
be = 1.

Calculation of E using the value of z :
¢, = 1510 + 3.0(n — 0.42),
=1.510 + 3.0(0.54 — 0.42)
=1.87,
b, =158 + 4.2(un—0.42)

=1.58 + 4.2(0.54 — 0.42)
=2.084

From the above two values E is calculated as:

2 2
E, =ca[kTm j—ba(ZkTm) => ET=CT[kTm )—bf(szm)
(04 T

5
- 87(8.6173324 x10° x (193 +273

2
- 2.084(2x8.6173324 x10° x (193+273))
(28+273)

=1.08eV
Calculation of E using the value of 4:

Cs = 0.976 + 7.3(n — 0.42),
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0.976 + 7.3(0.54 — 0.42),
1.852,

From the above two values E is calculated as:

2 2
Ea = Ca [ kTm j - ba (ZkTm) => Eé‘ = Cé‘(%} - b5 (ZkTm)
a

8.6173324 x10° x (193 + 273)° ] o

= 1.852
( (34+273)

= 1.0193eV
Calculation of E using the value of w:
Co = 2.52 +10.2(n — 0.42),
=252 +10.2(0.54 — 0.42),
=3.744
b, = 1.

From the above two values E is calculated as:

2 2
o w

J —b,, (2kT,,)

5 2
86173324 x10° x(193+ 273) j —(2x8.6173324x10° x (193 + 273))

= 3.744
( (62+273)

=1.049 eV
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5.4.4.3 Value of the activation energy from the peak temperature

Randall and Wilkins [13] derived the following equation for E:
E=Tm{l +f(s,B)IKI0ZS i (8)

Here B is the heating rate. They observed that the peak temperature is only slightly affected
by a change in the heating rate. The value of f (s,) in equation 8 is very small compared to 1.
They assumed s to be 2.9 x 10° s™. In such a situation, there is a relationship between the

activation energy in eV and Ty in °k. This relationship is expressed by equation 9

Using equation 9 the value of E was found to be 1.003919 eV

Urbach [22] also derived a similar equation (equation 10) assuming s to be 10°s-*.
E = Tm/500 = 23KT meevvevveieierieeeecieienenen, (10)

By the use of equation 10 the value of E was found to be 0.932 eV

5.4.4.4 Various method of variable heating rate

Many different methods of determining the kinetic parameters using variable heating rate
have been proposed. Bohum et al [23], Porfianovitch et al [24] and Booth et al [25] proposed
methods suitable for first order kinetics, which required two different heating rates. Chen and
Winer [26] presented a method valid for any order of kinetics.

As can be seen from figure 22, with the increase in heating rate there is a shift of the peak
temperature towards higher temperature region. In such cases the following equation for

general order kinetics given by Chen and Winer [26] can be used.

B )= ool -\ o
(ﬁ}exp( T, J[Ej[u(b DAy T, (11)
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Where Ay = 2kTw/E. The plot of In(TﬁJ versus k'Il' Is a straight line with slope —E.

2
M M

This graph is plotted in figure 23. The activation energy was found to be 1.006 eV.
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Figure 22. Effect of various heating rate on the glow curve
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5.4.5 TL dose response and minimum detectable dose

Dose response of a phosphor gives the relation between the amount of dose that the phosphor
was subjected and its emitted luminescence. TL is regularly being used for routine dosimetry
in nuclear plants and research labs. Its use for dosimetry was developed form the early 1950s

onwards.

The dose response of the prepared phosphor is given in figure 24. It gives a linear dose
response till the dose of ~600 Gy. Beyond this point the TL response increases nonlinearly

with dose. The dose response curve was fitted to the following single saturation exponential.

B .{1_%[3)} .................................... 12)

| = measured intensity

Where,
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lo = saturated intensity at infinite dose
D = given dose
Do = dose where the saturation begins (figure 24). Its intensity is 63% of the

saturation intensity.

The graph for equation 12 is given in figure 25 which shows the dose saturation of the
phosphor. The maximum detectable dose is 2Dy At this dose the signal intensity is 86% of
saturation intensity. The calculated Dg is 1026 Gy. So the maximum detectable dose (2Dy) is
2052 Gy.
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Figure 24. TL dose response of CaF,

In order to find the minimum detectable dose, the sample has to be given doses in increasing
order form the least possible dose to a level where meaningful response is obtained from the
sample. Due to the limitation of the machine, the least possible dose that could be given was

0.05 Gy. It was given to a sample weighting 0.55 mg. The glow curve peak of this sample
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corresponded to 3739 counts. The integration time of the detector was 5 s. It implies that 750
counts/s were obtained at the glow curve peak for the given dose. The photon counting
system, comprising of the photo multiplier tube (PMT) and the associate electronics has a
typical random fluctuation of 50 counts/s (also called noise). In order to get a meaningful
measurement the signal should be greater than 150 counts/s. Since 0.55 mg of phosphor gave
750 counts/s for 0.05 Gy, 150 counts/s will be emitted from 1 mg of phosphor for 5 mGy.
[750/5 = 150 (which is the meaningfully detectable counts), so 0.05/5 = 0.01 Gy for 0.55 mg.
For 1 mg it will be 0.01/2 = 0.005 Gy or 5 mGy]. Thus 1 mg of present phosphor should be

able to measure a minimum dose of 5 mGy, assuming linear dose response at low dose range.

4x10°+

3x10°-

2x10°

TL intensity (counts/2 s)

1x10°

I
0 1000 2000 3000
Dose (Gy)
Figure 25. Saturation exponential, | = |0{1—9XD£_D—DH
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5.4.6 Mechanism of TL in CaF,

Since the TL properties of CaF; is enhanced by adding rare earth dopents or Mn, most of the
reported literature on CaF, explains the luminescence as occurring due to the dopents. Merz
et al has explained the TL emission of CaF, doped with RE** dopants [27]. The electrons
released by the irradiation are captured by the impurity RE* ions, reducing them to RE*".
The corresponding holes which are produced due to the release of electrons are captured by
the host related defect centers as the modified Vy centre [28]. Due to the stimulation by heat
these holes are successively released at different temperatures. The recombination of the
released holes with the reduced RE ion causes luminescence. Due to this recombination RE**
returns to its original state RE>* in an excited state. Its relaxation to the ground state gives rise

to luminescence. This process is depicted in the following table [28]

During irradiation RE* +e > RE*
F~+ hole = Vi
During stimulation V2> F +F +hole
RE** + hole > RE®" (excited state) > RE> + TL

Table 1.Charge conversion process of the centres involved in TL emission

In natural CaF,, the luminescence is explained by stating that natural CaF, has some
impurities in it which causes the luminescence. In the case of the synthesized CaF,, the
luminescence could be due to the defects caused due to the annealing treatment. Before
annealing the material was not showing any TL but after annealing it showed TL. So we
could infer that during the annealing process some defect creation or structural changes could

have taken place which has caused it to have TL characteristics.

Alternativly the above model suggests the presence of F~ center in the bulk of CaF,. The F
center combines with the hole that is generated due to irradiation and gives Vi center. During
stimulation the Vi center again gives a hole as suggested in the model. The hole combines
with the electron which was formed dutring the electron-hole pair generation due to

irradiation giving luminescence.
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5.5 Optically stimulated luminescence

In OSL, the sample is first subjected to radiation due to which electron — hole pairs are
formed. The electrons get trapped in the defects of the material. Then this sample is subjected
to optical stimulation. Due to the optical stimulation the electrons get sufficient energy to
escape from their traps, travel to the recombination centers through the conduction band and

combine with holes emitting luminescence in the process.

5.5.1 Optical stimulation

The photon emission is very much dependent on the intensity and wavelength of the
stimulating wave. It is possible that the emitted luminescence be of higher energy than that of
the stimulating one. This happens because the emission characteristics are governed by the
recombination centre. It depends on the transition of the electron from the excited state in the
conduction band to the ground state at the recombination or luminescence centre. Thus it is
perfectly possible that the stimulating wave may be in the blue region and the emission is in
the UV region and this has been observed in many cases and also in the case of the

synthesised CaF;.

The intensity of the emitted luminescence is also strongly dependent on the intensity of the
stimulating wave. For higher intensity stimulation, the trapped charges will be de-trapped at a
faster rate, leading to higher intensity of the emitted luminescence. The emitted intensity may
be linearly dependant on the stimulation intensity as is the case with Al,O3:C and BeO or it

may be non-linearly dependant on the stimulation intensity as seen for NaCl [29].

5.5.2 Modes of OSL

Basically three modes of optical stimulation are used. In the continuous wave OSL (CW-
OSL) mode the stimulating light is kept at a constant intensity and the emitted luminescence
is measured. Appropriate filters are used so that the light detector detects only the emitted
luminescence and not the stimulating light. It is the simplest and most commonly used mode.

This mode is shown in figure 26.

In the linearly modulated OSL (LM-OSL) mode the intensity of the stimulating light is

linearly increased and the emission is measured under this condition. Here also appropriate
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filters are need to prevent the stimulating light from reaching the light detector. This mode is

shown in figure 27.
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Figure 26. CW-OSL mode stimulation and emission
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Figure 27. LM-OSL mode stimulation and emission
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Figure 28. POSL mode stimulation and emission

The drawback of the CW-OSL and LM-OSL is that the stimulating light has to be of much
higher wavelength to prevent the stimulating light passing through the filter and getting
detected. The intensity of the emitted luminescence is also significantly attenuated by the
filters which is not desirable in cases of very dull samples for geological dating or in the case
of dosimetry, to measure very low level doses. This problem is solved in the pulsed OSL
(POSL) mode. In this mode the light intensity is given in a pulsed manner and the emission is
measured only when the stimulation is in the off state [30, 31]. By this procedure only the
afterglow is measured. In this mode filters are not needed since the photon detection takes
place only when the stimulating source is in the off state. Due to this the stimulating source
can be of wavelength very close to that of the emitted luminescence. This mode is depicted in

figure 28.
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Other than the modes described above there are also modes of OSL such as delayed OSL
(DOSL), photo-transferred OSL (PTOSL) and cooled OSL (COSL). Mathematical
descriptions of optically stimulated Iuminescence (OSL) signals under linearly,
hyperbolically, exponentially and reciprocally increasing stimulation intensity have been
reported by Bos et al. [32]. Variable decay OSL (VD OSL) has been reported by Biernacka et
al. [33]. All the above modes of OSL are also performed at elevated temperature in order to

assist the OSL process or to remove contribution to emitted luminescence from shallow traps.

5.5.3 OSL Emission characteristics of the synthesised CaF,

CaF; has been reported to be extremely sensitive to light, but very few studies have been done
on its OSL properties [34, 35]. The synthesised CaF, was studied under the two stimulating
sources, IR and blue, available in the Risoe and Daybreak machine. The stimulation was done
after the sample was irradiated with 1 Gy of beta dose. The dose source was Strontium (*°Sr)
which is a radioactive B source. Under IR stimulation the emission was studied using three
different filters. They are Schott bg39 of 2 mm thickness, Hoya u340 of 7.5 mm thickness,
and Corning 7-59 of 4 mm thickness.

The transmission curves for the above filters are given in figures 29-31. A combination of
bg39 and Corning 7-59 filters was also used for IR stimulation. The transmission of this
combination is given in figure 31. Theses curves were generated by the ‘Filtermultiplier’

software (v1.2).

192



Transmission (2a)

100
50 4
1] r I r I r I r I T I r I r
200 300 400 500 G00 F00 00 900

Wavelength (nm)

Figure 29. Transmission curve for schott bg39 filter of 2 mm thickness.
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Figure 30. Transmission curve for Hoya u340 filter of 7.5 mm thickness
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Figure 31. Transmission curve for Corning 7-59 filter of 4 mm thickness.
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Figure 32. The green curve is the resultant transmission of the bg39 and Corning 7-59 filter.
(combination of figure 29 and 31)
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5.5.3.1 IR-OSL

For IR-OSL infrared LEDs having emission at 870 nm are used in the Risg TL/OSL
luminescence reader. The model used here is TL/OSL-DA-20. The maximum power by the
21 IR LEDs used is approximately 145 mW/cm? at the sample position. The decay curve
obtained by the IR-OSL using bg39 filter is given in figure 33. Here the maximum count is
above 525,000.
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Figure 33. Decay curve for IR OSL with bg39 filter.

The decay curve obtained for IR-OSL with bg39 + 7-59 filter is shown in figure 33. The

maximum count here is around 125000.
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Figure 34. Decay curve for IR-OSL with bg39 +7-59 filter

The decay curve obtained for IR-OSL with u340 filter is shown in figure 34. The maximum

count is approximately 325000.
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Figure 35. Decay curve for IR-OSL with u340 filter
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From the above decay curves shown in figure 33, 34 and 35 it can be seen that for IR
stimulation the emission in the 330 to 600 nm range is 4.2 times more than that in the 330 to
480 nm range and 1.6 times more than that in the 280 to 370 nm range. Therefore it can be
inferred that the phosphor has maximum emission in the range 480 nm to 600 nm for IR

stimulation.

5.5.3.2 Blue OSL

For blue OSL, blue LEDs having emission at 470 nm arranged in four clusters of seven LEDs
each is used. The total power by these 28 LEDs is approximately 50 mW/cm? at the sample
position. A green long pass filter (GG-420) is incorporated in front of each blue LED cluster
to minimise the amount of directly scattered blue light from reaching the PMT (Risg manual).
The decay curve obtained for blue OSL with uv340 filter is shown in figure 36. The
maximum count is approximately 17500000. This is the maximum count compared to the
other previous counts; around 33 times more than that obtained for IR stimulation with bg39
filter. Thus the maximum emission is from blue stimulation and is in the range 280 to 370

nm.
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Figure 36. Decay curve for blue OSL with u340 filter
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5.5.4 OSL dose response

Figure 37 gives the OSL dose response of this phosphor. It gives a linear dose response till
around 100 Gy. After that non-linearity is observed but still an increase in emitted counts is
observed with increasing dose. The dose response curve was fitted to the following single

saturation exponential.

.:.{1_exp(ﬂ ..................................... (13)

| = measured intensity

Where,

lo = saturated intensity at infinite dose
D = given dose
Do = dose where the saturation begins (figure 38). Its intensity is 63% of the

saturation intensity
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Figure 37. OSL dose response
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Figure 38. OSL dose response (exponentially fitted)

The graph for the above equation is given in figure 38. The maximum detectable dose is 2Dy
At this dose the signal intensity is 86% of saturation intensity. The calculated Dgis 1037 Gy.
So the maximum detectable dose (2Dy) is 2074 Gy. Figure 38 gives the exponentially fitted

dose response curve.

5.6 Correlation between TL and OSL of the synthesised CaF,

Efforts have been made in the past to study the relation between TL and OSL properties of
natural CaF, [36, 37]. In the case of the synthesised CaF,, the correlation between TL glow
curve peaks and the OSL decay curve intensity is reported here. Figure 39 shows the glow
curve of the phosphor. The glow curve shows three peaks. A peak is found at the low
temperature region of around 90 °C. This being a very shallow trap is of no use for dosimetric
applications. The next peak is around 210 °C. This peak is just right for dosimetric
applications because it is at a temperature region where dark counts are not so prominent and

where the trap depth is not shallow. The third and the last peak is around 490 °C. This peak
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disappears after a few TL cycles. This destruction of the high temperature peak has also been

reported by Romero [38].

An OSL done without doing a prior TL would contain all the TL luminescence causing
trapped electrons. In order to find the correlation between the TL luminescence and the OSL
luminescence, a TL is done on the sample till the first peak is removed. Then the OSL is
measured. This OSL measurement is compared with the OSL which measured without any
prior TL. The difference between the two OSL measurements gives the contribution of the

first peak to the OSL. Similarly it is done for the second and the third peak.

This was done as follows: First the sample was subjected to a blue OSL cycle (figure 40).
Then TL was done till 130 °C to remove the first peak (figure 41). Again the OSL cycle was
repeated (figure 42) which was followed by TL till 400 °C (figure 43) to remove the second
peak. The glow curve of this TL shows that the peak is shifted to the lower temperature
region after the OSL. The OSL done after this TL showed no luminescence other than the

constant background (figure 44)

In the initial OSL cycle the maximum count in the shine down curve was 1,200,000. This
count dropped to 850,000 after the first peak was removed by the TL done till 130 °C. It
reduced to the background noise after the second peak was removed by the TL done till 400
°C. This shows that the first peak contributed around 30% to the total luminescence in the
OSL decay curve. The remaining 70% of the luminescence was due to the second peak. The
third high temperature peak which was unstable does not seem to have any effect on the OSL,

or it might be destroyed after the first OSL cycle.
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Figure 39. Glow-curve of CaF,
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Figure 40. OSL decay curve without any prior TL
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Figure 41. TL till 120 °C to remove the first peak
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Figure 42. OSL decay curve after the first peak was thermally removed
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Figure 43. TL till 400 °C to remove the second peak.
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Figure 44. OSL decay curve after all the peaks are removed. It shows only the constant
background counts
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5.7 OSL vs TL debate

OSL does offer many advantages over TL. The changes in the properties of some of the
sample due to heating during TL do not happen in OSL. Repeated measurements can be made
in OSL if the stimulating light is not of high enough intensity to deplete all the trapped
charges. Repeated measurements can also be made if pulsed OSL is used. In the case of TL
this is not possible because once the TL measurement is made the signal is totally erased.
OSL does not require the high temperatures needed in the case of TL. This implies lesser
power consumption. This is especially beneficial for space based dosimetry.

There are certain traps that are so deep that they cannot be affected by the normal TL
measurements. Such traps can be accessed using OSL of suitable wavelength. The problem
of thermal quenching where the recombination takes place non-radiativly at higher
temperature does not occur in the case of OSL which is normally performed at room
temperature or at elevated temperatures not high enough for thermal quenching to occur.

The problem of black body radiation does not occur in OSL due to absence of heating.
Though some OSL measurements are preformed at elevated temperature those temperatures

do not significantly contribute to black body radiation.

5.8 Radioluminescence (RL)

In RL, the sample is kept under irradiation which causes electrons to be trapped in the
optically sensitive electron trap. The constant irradiation causes electrons to move from
valence band to conduction band from where they may recombine or be trapped emitting
luminescence which is a property of the trap [39]. This phenomenon was first investigated by
Trautmann et al [39]. They pioneered a new method of luminescence dating based on
radioluminescence measurements of potassium feldspar. Also new insights about the
distribution and kinetics of trapped charges can be obtained by Radioluminescence

measurements. Proper instrumentation has also been developed in order to study RL [40-42].

The luminescence emission in IR region caused by the radiative trapping of electrons
stimulated by ionizing radiation is called infrared radioluminescence (IRRL). The synthesised
CaF, was tested for IRRL. To accomplish this an automated Risg TL/OSL-DA 20 reader with
a RL attachment described by Lapp et. al. and Buylaert et al. [41,42] is used. A *Sr/®°Y B
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source was used for irradiation. It has a dose rate of 0.055 Gy/s. For photon detection a
Hamamatsu H7421-50 photomultiplier tube was used. It has a spectral response in the region
380-890 nm. Chroma D 900/100 interference filter with a band pass transmission at 850-945
nm was used. The net transmission of filter and the photomultiplier tube was in the region
855 + 27 nm. Bleaching of the sample prior to the irradiation was done with UV LEDs of 1
W optical power. The emission of this UV LEDs is at 395 nm with 700 mW/cm? irradiance
on the sample position. The result of this measurement was that CaF, does not give IRRL.

5.9 Conclusion

The as prepared phosphor was found be TL insensitive. Annealing treatment was done on it
to improve its TL characteristics. The best annealing parameters were found by the
systematic experimentations using the various combinations of temperature, duration and
atmosphere. It is found that annealing temperature of 600 °‘C is the best annealing
temperature when the annealing duration is kept constant at 1.5 h. However, when annealing
durations were varied keeping the annealing temperature constant at 500 °C and 600 °C, it
was found that the former gave better results. Thus it was concluded from the observations

that the phosphor annealed at 500 °C for 2.5 h become maximum luminescent.

The above results indicates that as the annealing parameters are varied systematically, the
luminescence properties are enhanced up to a certain extent, beyond this if the annealing
parameters, i.e. temperature or duration, are increased there is a reversal in the observed
trend. The decrease in the crytallinity beyond this point and the increase in the crytallinity till
this point of reversal could be the reason for the observed trend in the luminescence of the
material [9, 10].

Regarding its TL characteristics it is found to follow the general order Kkinetics. This is in
accordance with what is reported in literature [43]. The value of b, calculated by the glow-
curve shape method and using Chen’s graph [18] is 2.3. The activation energy E of this
phosphor was found by various methods. By the initial rise method E was found to be 1.04
eV. Using the variable heating rate method E was found to be 1.00 eV. From the peak
temperature value, E was calculated using Randall and Wilkins’ formula [13] given in
equation 9 and by Urbach’s [22] formula given in equation 10. Randall and Wilkins’ formula

gave the value of E as 1.00 eV and Urbach’s formula gave the value of E to be 0.93 eV. In
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the glow curve shape method three values of E was calculated using the value of t, 4, and @
in equation 7. E was found to be 1.08 eV, 1.01 eV, and 1.04 eV for the values t, ¢, and w
respectively. The symmetry factor , of the glow curve is 0.54. The minimum detectable dose
IS 5 mGy and it reaches saturation around 2 kGy. These values depend not only on the
phosphor composition but also in the synthesis method and annealing conditions. This
explains the lack of agreement among different authors. Different synthesis technique could
cause major variations in the glow curve [44]. Due to this the synthesised nano size Calcium
Fluoride has not been compared with bulk sized Calcium Fluoride. Natural Calcium Fluoride

from different origins also has been reported to have different glow curve shape [2, 3, 7].

From the above TL characteristics it can be concluded that this phosphor has sufficient
activation energy of around 1.04 eV and a long dynamic range of 5 mGy to 2 kGy, to make it
suitable for dosimetric applications. This phosphor is especially suitable for environmental
dosimetry due to its high sensitivity. Lack of tissue equivalence prevents its use for medical

dosimetry.

Regarding its OSL characteristics it is seen from the decay curves in figure 32, 33 and 34 that
for IR stimulation the emission in the 330 to 600 nm range is 4.2 times more than that in the
330 to 480 nm range and 1.6 times more than that in the 280 to 370 nm range. Thus from the
above it can be inferred that the phosphor has maximum emission in the range 480 to 600 nm
for IR stimulation. Blue stimulation with detection in the UV region (280 to 370 nm) gave the
maximum count which was around 33 times more than that obtained for IR stimulation in the
330 to 600 nm range. This emission spectra gives indications about the distribution of
recombination centres in the phosphors since the emission spectra is dependent on the
recombination centre and not on the trapping centres. Greater intensity of the emission in a
particular wavelength band indicates higher concentration of recombination centres in the

corresponding area.

This phosphor gave a linear dose response till around 100 Gy. After that non-linearity is
observed but still an increase in emitted counts is observed with increasing dose. The

phosphor response saturates around 2500 Gy.

In the study to find the correlation between the TL and blue OSL of the phosphor, it was
found that the first peak in the TL glow curve contributed around 30% to the total
luminescence in the OSL decay curve. The remaining 70% of the luminescence was due to

the second peak. The third high temperature peak which was unstable does not seem to have
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any effect on the OSL, or it might be destroyed after the first OSL cycle. This indicates that

most of the thermal traps and the optical traps may be the same for this phosphor.

The phosphor did not give any response for IRRL. This implies that the electron density at
the corresponding trap is zero. It is probable that there are no traps at the corresponding level

i.e. at the level where its trapping will give emission in the IR region.
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