A

Accuracy (definition)

Errors of measurement are of two types, random and systematic. For a given set of
measurement conditions a source of random error is variable in both magnitude and sign,
whereas a source of systematic error has a constant relative magnitude and is always of
the same sign.

The accuracy is affected by both systematic and random uncertainties.

Accuracy is related to the closeness of a measurement, within certain limits,
with the true value of the quantity under measurement. For instance, the accuracy of dose
determination by TLD is given by the difference between the measured value of the dose
(TL reading) and the true dose given to the dosemeter.

A method of combining systematic and random uncertainties has been suggested
in a BCS document: both systematic and random errors are combined by quadratic
addition but the result for systematic errors is multiplied by 1.13. This factor is necessary
to ensure a minimum confidence level of 95%.

Activation energy (definition and properties)

It is the energy, E, expressed in eV, assigned to a metastable state or level within the
forbidden band gap between the conduction band (CB) and the valence band (VB) of a
crystal. This energy is also called trap depth. The metastable level can be an electron trap,
near to the CB, or a hole trap, near the VB, or a luminescence centre, more or less in the
middle of the band gap. The metastable levels are originated by defects of the crystal
structure. A crystal can contain several kinds of traps and luminescence centres. If E is
such that E > several kT, where k is the Boltzmann's constant, then the trapped charge
can remain in the trap for a long period. For an electron trap, E is measured, in eV, from
the trap level to the bottom of the CB. For a hole trap, it is measured from the trap to the
top of the VB.

Fig. 1 shows the simplest band structure of an isolant containing defects acting
as traps or luminescence centres.

Bombarding the solid with an ionizing radiation, this produces free charges
which can be trapped at the metastable states. Supposing the solid previously excited is
heated, a quantity of energy is supplied in the form of thermal energy and the trapped
charges can be released from the traps. The rate of such thermally stimulated process is
usually expressed by the Arrhenius equation which leads to the concept of the activation
energy, E, which can be seen as an energy barrier which must be overcome to reach
equilibrium.

Considering the maximum condition using the first order kinetics:
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-E E
p - =Sexp| ———
k-T, kT,
it is easily observed that T,, increases as E increases. In fact, for E >~~kT,, , T,

increase almost linearly with E . This behaviour agree to the Randall-Wilkins model
where, for deeper traps, more energy and, in turn, a higher temperature, is required to
detrap the electrons [1-4].

CB

DEFECTS

VB

Fig. 1. A simple band structure of an isolant with
defect levels in the band gap.
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Activator

There are several luminescent materials but not all are efficient enough for practical
purposes. To enhance the luminescence efficiency of the material is necessary to add an
element, called activator (i.e., Dy in CaSQ,), to the host crystal. The activator acts then as
luminescent centre.
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Adirovitch model

Adirovitch, in 1956, used a set of three differential equations to explain the decay of
phosphorescence in the general case. The same model has been used by Haering-Adams
(1960) and Halperin-Braner (1960) to describe the flow charge between localized energy
levels and delocalized bands during trap emptying The energy level diagram is shown in
Fig. 1.

Ne A CB
A . s
s 2Nb
N
An S
B AN
VB

Fig. 1. Energy level diagram concerning the phosphorescence decay
according to Adirovitch. The meaning of the symbols is given in the text.

With the assumption that retrapping of electrons occurs into trapping states of
the same kind as those from which they had been released, the intensity of emission, I,
is given by

L — )
dt

where
m is the concentration of recombination centers (holes in centers), (cm™);
n. is the concentration of free electrons in the conduction band, (cm’3);
A, is the recombination probability (cm’ sec™).
This equation states that the recombination rate is proportional to the number of
free electrons, n., and the number of active recombination centers, m.
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A second equation deals with the population variation of electrons in traps, n
(cm‘3), and it takes into account of the excitation of electrons into the conduction band as
well as the possible retrapping. Then we have:

dn E
—=—snexp| —— |+n (N—-n)A 2
" p( ij AN-n)A, )

where A, (cm’s™) is the retrapping probability and N (cm™) is the total concentration of
traps. A, and A, are assumed to be independent of temperature.
The third equation relates to the charge neutrality. It can be expressed as

dn._dm _dn 3)
dt dt dt
or better, using Eq. (1) and (2), as
dn E
C=snexp| ——— |—-n.mA_ —n (N—-n)A 4
dl’ p[ ij c m C( ) n ( )

Eq. (4) states that the rate of change of n. is given by the rate of release of
electrons from N, minus the rate of recombination in m and retrapping in N.

While Adirovitch used the previous equations to explain the decay of
phosphorescence, Halperin and Braner were the formers to apply the same equations to
the case of thermoluminescence, that is to say when the light emission is measured during
the heating of the sample, when one trapping state and one kind of recombination center
are involved.

Two basic assumptions have been made for solving the previous set of
equations:

n,<<n (@)
and
dn,| _|4n ©6)
dt dt

The condition (6) means that the concentration of carriers in the conduction
band does not change; that is to say

dn, =0 @)

In this case Eq. (4) gets
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snexp(—Ej
kT

n,= ®)
mA, +(N—-n)A,
and then the intensity is given by
snex _E
dm P kT
=-""= :mA, ©)
dt  mA,+(N-n)A,
Introducing the retrapping-recombination cross-section ratio
o= 4, (10)
A

equation (9) becomes

dm ( Ej{ o(N —n) }
[ =——=nsexp| — || | -————"— (1)
dt kT o(N—-n)+m

Equation (11) gets the general one-trap equation (GOT) for the TL intensity.
The term preceding the square brackets is the number of electrons thermally released to
the conduction band per unit time. The term in square brackets is the fraction of
conduction band electrons undergoing recombination. From this equation it is possible to
obtain the first and second order kinetics equations.

Indeed, the first order kinetics is the case when recombination dominates and
this means that

mA, >>(N—-n)A, (12)
or
c=0 (13)

The equation of intensity becomes then

dm E
I =———=nsexp| — 14
di p( ij (19

The assumption (7) gives
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dm dn
—_—=— or m=n-+ const
dt dt
and so Eq. (14) becomes
dn E
I =——=nsexp| — 15
dr p( kT) ()

that is the same of equation of the first order kinetics.
The second order expression can be derived from Eq. (11) using two
assumptions which both include the restrictive assertion m=n.

Remembering the Garlick and Gibson's retrapping assumption, the first
condition can be written as

mA,,<<(N-n)A,
and then the intensity is given by

E
dm mA, ns exp(—ij
[=—"—= (16)

d (N-n)A,

Secondly, assuming that the trap is far from saturation, which means N > n, we
obtain

mA nsex —£
Cdm " Ty

[=—"— a7
dt NA,
Using the condition m =n the last equation becomes
E
P n’sA, exp (—ij
[=-2_ (18)

dr NA,
which, with s'=sA,/NA,, is the Garlick and Gibson equation.
Assuming now equal recombination and retrapping probabilities A,, =A,, as

suggested by Wrzesinska, one obtains the same equation of Garlick and Gibson with
s'=s/N:
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1 :—d—=n2s'exp(——j (19)
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Afterglow

Afterglow is the term used to indicate the luminescence emitted from a TL phosphor
immediately after irradiation. If this effect is thermally dependent, according to the
equation

T=s"ex (i
P kT

it is more properly termed phosphorescence.

The emission spectrum of the afterglow is the same as that of
thermoluminescence: this fact indicates that the same luminescence centers are involved.
Zimmerman found a correlation between the anomalous (athermal) fading and the
afterglow [1-3].
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Aluminium oxide (Al,O3)

Chromium substituting for some of the aluminum atoms in Al,O; changes sapphire into
ruby, which exhibits TL properties studied since the sixties [1-5].

Investigations on the TL of ruby, whose effective atomic number is 10.2, are
performed by using synthetic crystals of Al,O; containing various known concentrations
of Cr,05 (typically 0.01 to 0.2 wt%).

TL glow curve of ruby consists of a main glow peak at 347°C (shifting toward
lower temperatures for high exposures) and a less intense peak at 132°C (in the same
region as the peak reported for sapphire). High chromium concentrations cause a relative
increase in the lower temperature portion of the glow curve.
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Annealing (definition)

Annealing is the thermal treatment needs to erase any irradiation memory from the
dosimetric material.

Some thermoluminescent material required a complex annealing procedure.
LiF:Mg,Ti is one of them. It requires a high temperature anneal, followed by a low
temperature anneal. Generally speaking the high temperature anneal is required to clear
the dosimetric traps of residual signal which may cause unwanted backgrounds during
subsequent use of the dosimeters. The low temperature anneal is required to stabilize and
aggregate low temperature traps in order to enhance the sensitivity of the main dosimetry
traps and to reduce losses of radiation-induced signal due to thermal or optical fading
during use. The combination of these two anneals is termed standard anneal.

For lithium fluoride the standard annealing consists in a high temperature anneal
at 400°C during 1 hour followed by a low temperature thermal treatment for 20 hours at
80°C. In some laboratories, annealing at 100°C for 2 hours has been used instead of the
longer anneal at 80°C.

The TL properties exhibited by a phosphor strongly depend upon the kind of
thermal annealing experienced by it prior to the irradiation. It is also true, in general, that
more defects are produced ay higher temperatures of annealing.

The number of defects depends also on the cooling rate employed to cool the
phosphor to the ambient temperature.

Once the best annealing procedure has been determined, i.e. the highest TL
response with the lowest standard deviation, the same procedure must be always followed
for reproducible results in TL applications [1,2]
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Annealing (general considerations)

Before using a thermoluminescent material for dosimetric purposes, it has to be prepared.
To prepare a TL material means to erase from it all the information due to any previous
irradiation, i.e., to restore in it the initial conditions of the crystal as they were before
irradiation. The preparation has also the purpose of to stabilising the trap structure.

In order to prepare a thermoluminescent material for use, it is needed to perform
a thermal treatment, usually called annealing [1,2], carried out in oven or/and furnace,
which consists of heating up the TL samples to a predetermined temperature, keeping
them at that temperature for a predetermined period of time and then cooling down the
samples to room temperature. It has to be stressed that the thermal history of the
thermoluminescent dosimeters is crucial for the performance of any TLD system.

There is a large number of thermoluminescent materials, however the annealing
procedures are quite similar. Just few materials, like LiF:Mg,Ti, need a complex
annealing procedure.

The thermal treatments normally adopted for the TLDs can be divided into three
classes:

= initialisation treatment: this treatment is used for new (fresh or virgin) TL
samples or for dosimeters which have not been used for long time. The aim of
this thermal treatment is to stabilise the trap levels, so that during subsequent
uses the intrinsic background and the sensitivity are both reproducible. The
time and temperature of the initialisation annealing are, in general, the same
as those of the standard annealing.

= erasing treatment or standard annealing (also called pre-irradiation
annealing or post-readout annealing): this treatment is used to erase any
previous residual irradiation effect which is supposed to remain stored in the
crystal after the readout. It is carried out before using the TLDs in new
measurements. The general aim of this thermal treatment is to bring back the
traps - recombination centers structure to the former one obtained after the
initialisation procedure. It may consist of one or two thermal treatments
(in latter case, at two different temperatures).

= post-irradiation or pre-readout annealing: this kind of thermal treatment is
used to erase the low-temperature peaks, if they are found in the glow-curve
structure. Such low-temperature peaks are normally subjected to a quick
thermal decay (fading) and possibly must not be included in the readout to
avoid any errors in the dose determination.

In all cases, value and reproducibility of the cooling rate after the annealing are
of great importance for the performance of a TLD system. In general, the TL sensitivity
is increased using a rapid cool down. It seems that the sensitivity reaches the maximum
value when a cooling rate of 50-100°C/s is used. To obtain this, the TLDs must be taken
out of the oven after the pre-set time of annealing is over and placed directly on a cold
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metal block. The procedure must be reproducible and unchanged during the whole use of
the dosimeters.

It must be noted that the thermal procedures listed above can be carried out in
the reader itself. This is important for TL elements embedded in plastic cards as the
dosimeters used for large personnel dosimetry services. In fact, the plastic cards are not
able to tolerate high temperatures and the in-reader annealing is shortened to a few
seconds. However, its efficiency is very low when high dose values are involved. The in-
reader annealing procedure should be used only if the dose received by the dosimeter is
lower than 10 to 20 mGy. Driscoll suggests in this case a further annealing in oven during
20 hours at 80°C for cards holding LiF:Mg,Ti; at this temperature the plastic holder does
not suffer any deformation. Any way, excluding cards, for bare TL solid chips or TL
materials in powder form, the annealing must be performed in an oven.
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Annealing procedures

When a new TL material is going to be used for the first time, it is necessary to perform
at first an annealing study which has three main goals:

= to find the good combination of annealing temperature and time to erase any
effect of previous irradiation,

= to produce the lowest intrinsic background and the highest sensitivity,

= to obtain the highest reproducibility for both TL and background signals.

The suggested procedures are the following:

I* procedure

irradiate 10 TLDs samples to a test dose in the range of the field applications,

= anneal the irradiated samples at a given temperature (e.g., 300°C) for a given
period of time (e.g., 30 minutes),

= read the samples,

= repeat steps 1), 2) and 3) increasing the annealing temperature of 50°C each
time up to the maximum value at which the residual TL (background) will
remain constant as the temperature increases,
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= plot the data as shown in Fig. 1. As it can be observed, after a threshold
temperature value, i.e., T, , the residual TL signal remains constant,

= repeat now the procedure, keeping constant the temperature at the value T,
and varying the annealing time by steps of 30 minutes and plot the results.
The plot should be similar to the previous one,

= choose now the best combination of temperature and time.

= carry out a reproducibility test to verify the goodness of the annealing, in the
sense that background must be unchanged during the test.

Rn

Background level

Annealing temperature

Fig. 1. Decrease of TL response, after irradiation,
as a function of the annealing procedure.

2" procedure

This procedure has been suggested by G. Scarpa [1] who used it for sintered Beryllium
Oxide. With this procedure both informations concerning annealing and reproducibility
are obtained at once. The procedure consists in changing the temperature, step by step, at
a constant annealing time. After annealing at a given temperature, the samples are
irradiated and then readout. For each temperature 10 samples are used, cycled 10 times.
So that each experimental point in Fig. 2 is based on 100 measurements. From the figure
it can be seen that the best reproducibility, i.e., the lowest standard deviation in %, is
achieved at around 600°C, whereas the absolute value of the TL output is practically
constant between 500 and 700°C. The same procedure can be now carried out for a
constant temperature and changing the annealing time. Finally, as before, the best
combination of time and temperature should give the optimum annealing procedure.

HANDBOOK OF THERMOLUMINESCENCE - Second Edition
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/7187.html



12 HANDBOOK OF THERMOLUMINESCENCE

To be sure that the annealing procedure is useful at any level of dose, it is
suggested to repeat the procedure at different doses, according to the specific use of the
material.

Figs. 3 and 4 gave other examples of this procedure [2]. Each experimental point
correspond to the average over ten samples. The annealing time at each temperature was
1 hr.
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Fig. 2. TL emission (peak area) and corresponding S.D.% Vs
annealing temperatures.
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Fig. 3. Behaviour of the TL response and the corresponding standard deviation
as a function of the annealing temperature (Ge-doped optical fibre).
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Fig. 4. Behaviour of the TL response and the corresponding standard deviation
as a function of the annealing temperature (Eu-doped optical fibre).

The following Tables la, 1b and Ic list the annealing and the post-annealing
procedures used for most of the thermoluminescent materials.
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material annealing procedure
in oven in reader
LiF:-Mg,Ti 1 h at 400°C + 2 h at 100°C [4] or 30 sec at 300-
(TLD100,600,700) 1 h at 400°C + 400°C
20 h at 80°C [4] (+20h at 80°C in
fast anneal: oven)
15 min at 400°C +10 min at (3]
100°C [5]
LiF:Mg,Ti in 1 h at 300°C + 20 h at 80°C [6] 30 sec at 300°C
PTFE (+20h at 80°C in
(polytetrafluoroethylene) oven)
LiF:Mg,Ti,Na 30 min at 500°C + fast cooling
(LiF-PTL) [7]
LiF:-Mg,Cu,P 10 min at 240°C [8-11] or 30 sec at 240°C
(GR-200A) 15 min at 240°C [12]
CaF,:Dy 1 h at 600°C or 30 sec at 400°C
(TLD-200) 30 min at 450°C or
h at 400°C or
1 h at 400°C or
1 h at 400°C + 3 h at 100°C
[13,14]
CaF,:Tm (TLD-300) 1¥2 - 2 h at 400°C or
30 min at 300°C [15]
CaF,:Mn (TLD-400) 30-60 min at 450-500°C [16]
CaS0,4:Dy (TLD-900) 12 -1 h at 400°C
CaS0O4:Tm 30 min-1 h at 400°C
(PTFE: 2 h at 300°C)
BeO (Thermal ox 995) 15 min at 400 or 600°C [17,18] 30 sec at 400°C
Li,B407:Mn (TLD-800) 15 min - 1 h at 300°C
Li,B407:Mn,Si 30 min at 400°C [31]
Li,B,O7:Cu 30 min at 300°C [31]
Li,B407:Cu,Ag 15 min - 1 h at 300°C
Li,B407:Cu,In 30 min at 300°C [31]

Table la. Annealing treatments [3].
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1 hr at 400°C [32]

material annealing procedure
in oven in reader
a-ALOs:C 1 h at 400°C + 16 h at 80°C
Al,O5:Cr 15 min at 350°C
Mg,SiO4:Tb 2 -3 hat 500°C
1 h at 300°C
MgB,07:Dy/Tm 1 h at 500-600°C
[19,20]
MgB,O;:Dy,Na 30 min at 700°C + 30 min
at 800°C or 2 h at 550°C
[21,22]

CVD Diamond

Y2 h at 300°C [23]

KMgF;
(various dopants)

1 hr at 400°C
[24-28]

semiconductor-doped
Vycor glass

several seconds at 400°C

RbC1:OH
RbCl:OH

30 min at 600°C [33]

Table 1b. Annealing treatments [3].
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material

pre-readout treatment
(post-irradiation anneal)

in oven

in reader

LiF:Mg,Ti
(TLD-100,600,700)

10 min at 100°C

20 sec at 160°C

LiF:Mg,Ti in
PTFE

10 min at 100°C

10-20 sec at 160°C

LiF:-Mg,Na
(LiF-PTL)

10 sec at 130°C

LiF:Mg,Cu,P
(GR-200A)

10 min at 130°C
[29]

20-30 sec at 160°C
[29]

CaF,:Dy
(TLD-200)

10 min at 110°C or
10 min at 115°C

16 sec at 160°C

CaF,:Tm
(TLD-300)

30 min at 90°C or
10 min at 115°C

16 sec at 160°C

CaSO4:Dy
(TLD-900)

20 - 30 min at 100°C
or 5 min at 140°C

16 - 32 sec at 120°C

CaSO,:Tm

20 - 30 min at 100°C

16 - 32 sec at 120°C

BeO
(Thermalox 995)

1 min at 140°C

L12B 407 :Mn
(TLD-800)

10 min at 100°C

Li2B4O7:Mn,Si

20 sec at 160°C

Li2B407:CU,Ag

20 sec at 160°C

A1203:CI'

15 min at 150°C

MgB,0;:Dy/Tm

few sec at 160°C [30]

KMgF;
(various dopants)

30 - 60 min at 50°C
[24-28]

Table 1c. Post-irradiation treatments.
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Anomalous fading

The expected mean lifetime, 7, of a charge in a trap having a depth E is given by the
following equation, according to a first order kinetics:

T=s5"ex (ij
P kT

where s is the frequency factor and T is the storage temperature.

For many materials it is often found that the drainage of traps is not accounted
for by the previous equation: i.e., the charges are released by the trap at a rate which is
much faster than those expected from the equation and the phenomenon is only weakly
dependent on the temperature. This kind of fading is known as anomalous fading and it is
explained by tunnelling of carriers from the trap to the recombination centre [1,2].

The anomalous fading is observed in natural minerals, as well as in TL materials
as ZnS:Cu, ZnS:Co, CaF,:Mn, KCI:T1, etc.

The characteristic of the anomalous fading is an initial rapid decay followed by
a decrease of the decay rate over long storage periods.

The experimental way for detecting a suspected anomalous fading is to perform
a long-term fading experiment in order to accumulate a measurable signal loss and to
compare the experimental amount of fading to the one calculated taking into account the
quantities E, s and the storage temperature.

References
1. McKeever S.W.S., Thermoluminescence of Solids, Cambridge University Press
(1985)
2. Chen R. and Kirsh Y., Analysis of Thermally Stimulated Processes, Pergamon
Press (1981)

Anomalous thermal fading

This effect has been encountered in dating of meteorites. When very long periods of
storage/irradiation are involved, a thermal fading of the TL corresponding to very deep
traps becomes significant. This means that the thermal detrapping of these traps takes
place at the same time of their filling due to the irradiation. In case of very long periods it
can be possible to reach an equilibrium condition between the filling rate and the
detrapping rate although a saturation level has not reached.

Area measurement methods (generality)

The area methods are based on the measurements of the integral of the glow-peak; it can
be applied when a well isolated and clean peak is available.
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Assuming a first order kinetics, the Randall-Wilkins relation in the time domain

gives
J. ldt=n= ! 1)
° sexp(— =)
kT
In the temperature domain the same relation leads to
I s E
= 5exp(———) @
| “ar B K
T
E
I l=ln>-— 3)

n——
j “ur B KT
T

where the integral is calculated as shown in Fig. 1.
Again, the In term is a linear function of I/T and can be plotted on a semilog
paper to obtain the slope —FE/k and the intercept In(s/f3).

Fig. 1. How to calculate the integral comparing in Eq. (3).

Area measurement method (Maxia et al.)

Maxia et al. [1] have suggested a rather complicated area method for the evaluation of
both activation energy and frequency factor. It essentially stems from the fact that the
filled traps density, at any temperature T, is proportional to the remaining area of the
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glow-peak. The main assumption is that the various peaks in a complex glow-curve result
from the escape of electrons from a single trap and their recombination into various
recombination centres. The mathematical treatment is based on the equation proposed by
Antonov-Romanovskii [2]:

dm, ( E B.nm,
—+t=—sexp| —— — (1
dt kT JA(N —n)+Bm,

where, in particular

; 1s the concentration of luminescent centers,
is the probability factor for retrapping,

is the probability for recombination,

is the electron trap concentration,

is the trapped electron concentration.

Sz 3

Using a constant heating rate one can write

dm.
—=al(T 2
T al(T) ()

where & being a constant depending on the light collection efficiency and the used units.
From Eq. (2) one has

T
m (T) = af " 1(TdT = aS(T) 3)
T
and
Tf 4 4
m,=af 1T)ar = as, )
Ty
in which

T, = temperature at beginning of the glow-peak,
Ty =temperature at the end of the glow-peak,

T = temperature between Ty and Ty,

So = total area from T, to T,

S = areafrom T and 7.

Introducing now the areas o and ¥ defined as

n,=ao ®)
N=0oX 6)
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from a single glow-peak one obtains

n, =m, (N
and then

c=S5, ®)

where ny and m,, represent initial values.
By straight-forward calculations, using Eq. (1) to Eq. (6), one gets

cos@+S(T)sinf E
In| I(T =—— 9
n{ @ S*(T)+S(T)A } i ®

where
ang=— =4 (10)
AZ-0+S,)
A=0-S§, 1)
1 B ? ) 2 2

ﬂ__Eln{(B_sj [A (Z-0+S,) +(B-A) }} (12)

The plot of Eq. (9) will be rectilinear if an appropriate value of & is chosen. The
angle @ depends on unknown parameters, as one can see from Eq. (10). To determine &
one can put

cos@+S(T)sinf
=In| I(T 13
Y n{ @ S*(T)+S(T)A } (13)
x—l (14)
T

The searched value for @ is the one corresponding to a linear behaviour of y
versus X. Such a behaviour can be carried out considering the covariance, cov(x,y), and
the variances, v(x) and v(y), for x and y respectively. In this way the correlation
coefficient can be numerically computed as a function of 6. Then, using the angular
coefficient of the straight line described by Eq. (9), the activation energy can be found as

-k cov(x,y) _ i cov(x,y)

= 15
v(x) v(y) (1
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The Authors claim that this method is also applicable when overlapped peaks
are present.

References

1. Maxia V., Onnis S. and Rucci A., J. Lum. 3 (1971) 378
2. Antonov-Romanovskii V.V., Isvest. Akad. Nauk. SSSR Fiz. 10 (1946) 477

Area measurement methods (May and Partridge: general order)

May and Partridge proposed the area method in the case of a general order b is
considered. In this case the equation is

E

1
IH(F) :ln(s)—ﬁ (1

which is graphically processed in the usual way. By visual examination of such plots, the
value of b which gives the best straight line can be ascertained.

Reference
May C.E. and Partridge J.A., J. Chem. Phys. 40 (1964) 1401

Area measurement methods (Muntoni et al.: general order)

Muntoni and co-workers suggested a method base on the glow prak area and on the fact
that the filled traps density, at any temperature 7, is proportional to the remaining area of
the glow-peak S(7'). They used the general order kinetics equation in the form

dm » E
I =—a— =aAm’ exp(—— 1
” p( kT) )

where m is the concentration of recombination centres, A is a proportionality factor, b
represents the kinetic order and a is a constant. The integral area, S(7T') in the interval
from T to T, in the glow-curve, is given by

S(T):J':flde—aﬁjodm:aﬁm @)

from which, considering the order b,
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Equation (1), using Eq. (3), yields to

ln—l —c—£ “4)
[s)]’ kT

A plot of the first term against //T gives a straight line when the best value for b
is chosen.

Reference
Muntoni C., Rucci A. and Serpi A., Ric. Sci. 38 (1968) 762

Area measurement method (Moharil: general order)

This method [1] uses the peak area and it is based on the Antonov-Romanovskii
equation [2]:

—@—s Bnm
dt Bn+A(N —n)

E
- = 1
exp( kT) (D

Considering that:
ng is proportional to the area under the total peak (= Ap); n is proportional to the
remaining area, Ay, under the glow peak, from a given temperature 7T to the end of the
peak. If ny = N, saturation case, A, is proportional to N: in this case the area is denoted Ay
instead of A,

Eq. (1) transforms in, with the conditions n =m, n = ny

_ BA;
(B—A)A, + AA,

E
sexp(— E) @

Considering the intensity at the maximum, 7, and the half maximum intensities,
I; and I, from Eq. (2) can be derived the following two expressions:

A
A2 A+ (A —ADS
In2= f[i—ijﬂn Ty . B

R

M

3)

Ty AT, +(AS —AT])%

A
E(l 1] AL An, A=A
—In L.
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For different values of the ratio A/B, E can be calculated. The correct value of
A/B is the one which gives the same value of E from both equations.
The same procedure can be carried out in the case of non-saturation doses [3].

References
1. Moharil S.V., Phys. Stat. Sol. (a) 73 (1982) 509
2. Atonov-Romanoski V.V., Bull. Acad. Sci. USSR Phys. Res. 15 (1951) 673
3. Moharil S.V. and Kathurian S.P., J. Phys. D: Appl. Phys. 16 (1983) 2017

Area measurement method (Moharil: general order, s =s(7))

Moharil suggested a new method to obtain the trapping parameters which does not
require a priori knowledge of the order of kinetics. Furthermore, he assumes a
temperature dependence of the frequency factor.

Starting from the general order equation, he modifies it as following, taking into
account the temperature dependence of the frequency factor:

dn « b E
I=——=5T%n"exp(—— 1
dt 0 p( kT) (1)

and assumes that the glow-curve consists of a single glow-peak corresponding to traps of
only one kind.

If it is assumed that at the end of the glow-curve all the traps are emptied, the
number of traps populated at the beginning of the glow-curve, ny, is proportional to the
area under the glow-curve. As a consequence, the number of traps emptied up to the
temperature 7T is given by the area under the glow-curve up to 7. Hence, the number of
populated traps at temperature 7T is proportional to the area Ar which is equal to the total
area under the glow-curve less the area under the curve between the initial point and 7.
So, Eq. (1) becomes

E
I =Bs T*A’ exp(——— 2
soT“ A7 exp( kT) ()

where B is a constant.

Let us say T), be the temperature at which the TL intensity is maximum and
T, and T, be the temperatures at which the intensity falls to half of its maximum both on
the low and high temperature sides of T, respectively. Fig. 1 shows the different
parameters. Equation (2) gives then
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E
I, =Bs,Ty{A; exp(——j

kT,
I ., E
I, ZTMBsoTl A;’I exp(—k—le (3)

I ., E
I, =7MBSOT2 A;’z exp(—EJ

2

From the previous expressions one obtains
A
In2=—aln| 22 |+pin| 2 |- Ef L _1
T, AT2 k\T,, T,
A
In2=—aln| D |4 pin| 2o | Ef LT
T, Ar, k\T, T,

The terms containing o can be neglected because In(7»/Ty,) and In(7,/T;) are of

the order of 107 and o lies between -2 and +2. Using Eq. (4) E and b can then be
obtained. The value of a is obtained by Eq. (2):

lnI=lnB+alnT+blnAT—£ ®)

Because at T=T),, d(Inl)/dT=0, one gets

E

- 6
) ©)

d
o= _(bTM d—T(ln AT )T:TM j

where d(InA7)/dT is know experimentally and will be negative. The sign of o depends
upon whether E/kT), is larger or smaller than [bTMd (InA, )dT]T=T .
After having determined the values of o, » and E, one can now obtain the

frequency factor starting from the general order equation including the temperature
dependence of the frequency factor:

dn b E
B nPs T exp| —— 7
s en| ®

. . . : : T
which can be written as, using a linear heating rate f=—
dt
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_dn_ Soge exp(—%)dT (®)

n” B

Integrating this equation between 0 and T and using the condition n=n, at

T=0:
I dn_ SOI T”’exp[ E de'
ng I’l T
1-b)¢T
n'"=n" ——SO( )I T%exp| — ¢ -~ |dT’
R T
and the expression of 7 is obtained:
e
b 1 , |1
n=n, 1+°”°—j T exp| ——2= |ar ©)
Ji] kT’

so that the expression of the intensity / is now

}Z

where songflTa is similar to the frequency factor s of the first-order equation.

b-1)s
I=n’s.T* exp(—%){l (—0”0 I T exp

Using the substitution
RT“ =5 with  R=sn)"

the previous equation for the intensity becomes

_b
b1
} (10)

E (b-1)R
I=nRT%exp(—)| 1+ 22 .f T?
n, p( kT)|:

Because dI/dT =0 at T =Ty , Eq. (10) gives
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E
oa+——
R= KTy (11)
b\ o E E \b-1|(T ., E ,
— T ———0{+——IT ——dT
(ﬂ] U TR T {ﬂ} o

where the integral is evaluated by graphical method or using the Newton-Raphson
method. The frequency factor at any temperature is then calculated by s=RT*.
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Fig. 1. In this figure the channel number
is proportional to the temperature.
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Reference
Moharil S.V., Phys. Stat. Sol. (a) 66 (1981) 767

Area measurement method (Rasheedy: general order)

M.S. Rasheedy developed a method for obtaining the trap parameters of a complex TL
glow-curve including several peaks [1]. His method is based on a development of
Moharil's method. The trap parameters are obtained starting from the higher
temperature glow peak. The procedure begins by determining the order of kinetics, b, of
the higher temperature peak of the glow curve.

It is assumed, at first, that the glow curve consists in a single glow-peak,
corresponding to only one kind of traps. Furthermore, it is also assumed that all the traps
are emptied at the end of the glow-curve. As usual, the concentration of the trapped
charges, at the beginning of the glow-curve, ny, is proportional to the area A under the
glow-curve; then, the concentration of trapped charges at any temperature 7;, during the
read out run, is proportional to the area A; under the glow-curve between T; and the final
temperature, Ty at which the TL light falls to zero. Fig. 1 gives a sketch of an isolated
peak with indication of the different parameters.

Taking into account the equation for a general order kinetics written as
following [2]:

dn _ n’
dt N

E
s eXP(—E) ey

and considering the maximum intensity of the peak, I, the previous equation becomes

AL E
[ =—m sexp| ——— 2
m NHSXP( ij 2)

m

According to the quantities shown in Fig. 1, the following equations can also be
written

I Al E

I, ="M ="2_gexp(——

2T TP ( sz)
/ , E 3)

=M =2 gexp(———

Y4 N ( kT)

4

where A, and A, are the areas under the glow peak from 7, to T; and from T, to T
respectively.

HANDBOOK OF THERMOLUMINESCENCE - Second Edition
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/7187.html



CHAPTER A 29
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Fig. 1. An isolated glow-peak with the parameters of interest.

Making now the logarithm of Eqs. (2) and (3) one gets

[n2-b ln(i—M)]kTM T,

E= 2 4
T, T, 4)

[In2-b ln(i—M)]kTM T,

E= 1 5
= 5)

Eliminating E from the two previous equations, it is easy to find an expression which
gives the kinetics order b:

T,(T, —T,)In2-T,(T, —T,)In4

b= " 1 (6)
T,(T, =TI =T, (T, ~T,)In( )

2 4

The previous equations can be arranged to determine E and b using any portion
of the descending part of the glow-peak. Let us indicate I, the TL intensity at a
temperature 7, of the descending part of the peak and 7", and T, the temperatures at
which the TL intensities are equal to /,/2 and I,/4 respectively; the new equations are then
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A
In2-bIn(—*
[ (A

E= 2
Tx _T2

A
In2-bIn(—*
[ (A

E= 4
T -T,

KT T,

JIKT.T,

T,(T,~T,)In2~T,(T,~T,)In4

b=
T T T Ty
LT ~T)hCH -1, ~T,)InC=)

2 4

)

®)

The same method is then applied to glow-curves having peaks more than one. In
particular, the Author applies his method to BeO which presents a glow-curve with two
well resolved peaks. The first step of the method consists in determining the trap
parameters of the higher temperature peak. The value of b of the peak is evaluated at
different intensities of the descending part of the peak starting from 7). The pre-

exponential factor

and the relative value n, are estimated by the equation

E
PE eXP(k?)

S’ = M
E
bkT; —E(b-D®exp(——
w — EMb—D®exp( KT, )
and where
Ty E
o =I exp(— dar’
. p( kT,)

Eqg. (10) is obtained by equating the derivative of the following equation to zero

I(T)= nos”exp(—k%j {1 +$I:exp(— ki,de'} "

Now, substituting s” in Eq. (11) one obtains
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” E
o exp(— )
I= M ; (12)

(b-Ds"¢7  E |
{1+[ﬁ Lf"p( kT)dT]}

Furthermore, the relative value of ny can be found using the maximum intensity
Iy In this case the procedure is the usual one, which means to make the logarithm of Eq.
(11), then its derivative respect to the temperature 7 and finally to equate to zero the
derivative at T = Tj,. In this way the maximum of the intensity, /), is given by the
following expression:

” E
oS CXP(—F)
I, = M (13)

b
kT 2bs” E )}b—'

{ pe

from which the value of n, is obtained

b
E =
1, exp(——

weXPCr I k2

n,= (14)

”

E
S

Eexp(———
b XP(kTM)
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Arrhenius equation

The Arrhenius equation gives the mean time, 7, that an electron spends in a trap at a
given temperature 7. It is

. E
= —_— 1
T=s¢ exp[k j 1)

where s is the frequency factor (in the case of thermoluminescence the frequency factor is
also called attempt-to-escape frequency), E is the energy difference between the bottom
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of the CB and the trap position in the band gap, also called trap depth or activation
energy, k is the Boltzmann’s constant.
Eq. (1) can be rewritten as

p=1" 2

which gives the probability p, per unit of time, of the release of an electron from the trap.

According to Eq. (1), if the trap depth is such that at the temperature of
irradiation, let us say 7;, E results to be much larger than kT;, electrons produced by
irradiation and then trapped will remain in the trap for a long period of time, even after
the removal of the irradiation. The Arrhenius equation introduces the concept of an
activation energy, E, seen as an energy barrier which must be overcome in order to
reach equilibrium.

Reference
Bube R.H., Photoconductivity of Solids, Wiley & Sons, N.Y. (1960)

Assessment of random uncertainties in precision of TL measurements (general)

The reproducibility of TL measurements depends on the dose level. The following Fig. 1
shows how the standard deviation, in percentage, behaves as a function of the dose.

From the figure it can be observed that the relative standard deviation in
percentage decreases very fast as the dose increase. As the dose increases, the relative
standard deviation assumes a minimum constant value.

This behaviour is justified by the competition of two components:

= the intrinsic variability of the TL system, given by the standard deviation of
the zero dose readings (background),

= the variation of the TL system at high doses, expressed in terms of standard
deviation.

Burkhardt and Piesh [1] and Zarand and Polgar [2,3] used a mathematical
formalism to describe the effect of the two components so far introduced. They proposed
the following expression

2 2 N2
Op=1Opkg T O-r,DD (n
where
o, = standard deviation of the evaluated dose D,
Ouxc = standard deviation of the zero-dose readings, expressed in unit of dose,
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O-r,D
high.

= relative standard deviation of the readings obtained at the dose D, relatively

Eq. (1) can be re-written as
O _ |Fske + 0-2’ )

From Eq. (2) it can be observed that:

= the ratio O, / D becomes almost zero for doses quite large respect to
O ks and then O, / D= O,p> which takes into account of the minimum and

constant value observed,

= for very little doses, the term O, , becomes negligible and the Eq. (2)

assumes the form

a

y= 3)
X

= expression (3), on a log-log scale, is a straight line having a unity negative
slope (in the region 1 — 10 pGy of the Fig. 2).

= furthermore, modifying Eq. (2) as in the following

— 2
Dy D | o

or better

o, 1 2
—-£=/—+B 4
D B “)

From Eq. (4) results that o, / D is independent by the standard deviation,
expressed in terms of dose, of the zero-dose readings, but only depends by R and ©, ;,

as it is shown in Fig. 3
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Fig. 1. Behaviour of the Rel. Stand. Dev. of the TL readings
as a function of dose.
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Fig. 2. Same plot of Fig. 1 but in log-log scale.
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Atomic number (calculation)

For some practical dosimetric applications, as the wide range of radiological dosimetry,
two properties of the TL dosemeters are advantageous for precise measurements. These
are high sensitivity and tissue equivalence. High sensitivity thermoluminescent phosphors
(i.e. CaF, and CaSO,) have high effective atomic numbers, Z., so that at photon energies
below about 100 keV, the response to a given absorbed dose of radiation becomes
significantly greater than that at higher energies. In this region the photoelectric effect is
predominant and the cross section per atom depends upon approximately Z* for high
atomic number materials and on Z** for low Z materials. Since each atom contains Z
electrons, the coefficient per electron depends upon Z* and Z*® for high and low Z
materials respectively.

It is important to know a priori the effective atomic number of a
thermoluminescent material, Z, for getting an approximated idea of the expected TL
response at different energies. The behaviour of different materials to X and gamma rays
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depends on the atomic number of the constituents and not on the chemical composition of
these constituents.

Z=3aZi +a,Z; +... 1)
0, =il @

D n(z)
n,=N, Z 3

where a,, a,, ... are the fractional contents of electrons belonging to elements Z,;, Z, , ...
respectively, n; is the number of electrons, in one mole, belonging to each element Z; and
N, is the Avogadro’s number. The value of x is 2.94.
A numerical example concerning LiF is given below:

1 mole of compounds contains 6.022 - 10* atoms so that 1 mole of LiF has 6.022-10*
atoms of Li and 6.022 - 10* atoms of F. Now, the number of electrons belonging to each
element in 1 mole of compound is given by the atomic number of the element multiplied
by the number of atoms:

forLi: 3- 6.022-10% = 1.81-10* electrons,
for F: 9. 6.022-10% = 5.41 - 10* electrons.

The total amount of electrons in LiF is then 7.23 - 10,
The partial contents, a,, are respectively

0 = 1.81-10*
' 7.23.10*
; =5.41-1024
" 7.23.10%

=0.25

=0.75

Then
Z2.94 — 32.94 — 25 28

Li
Z*=9""=638.96

from which

L2 =6.32

a, Z;=479.22

a

and finally
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7 ~8.2

Alternatively, the number of electrons per gram can be acalculated as follows

N, Z,
= LW, 4
nl [ A ] I ( )

w,i

where N, is the Avogadro’s number, Aw’ is the atomic number, W, is the fractional

i

weight and Z, is the atomic number of the i-th element in the compound.

The following table shows the atomic number of the main TL materials.

phosphors effective atomic number
LiF:Mg,Ti LiF:Mg,Ti,Ma LiF:Mg,Cu,P 8.14
Li,B,07,:Mn Li,B,07:Cu Li,B,07,:Cu,Ag 7.4
MgB4O7:Tm MgB,0,:Tb 8.4
CaSO,4:Dy CaSO4:Tm CaSO4:Mn 15.3
CaF,:Dy CaF,:Mn CaF, (nat) CaF,:Tm 16.3
BeO 7.13
Al,O3 10.2
710, 35.6
KMgF; (various activators) 134
CVD diamond 6
CasF(POy); 14
MgF, 10
Mg,SiO, 11
Na,P,0, 11
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