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Abstract. The order of kineticsb of the thermoluminescence (TL) glow peak is usually
determined once its symmetry factorµg is known. In the present work, an equation is suggested
to estimate directly the order of kineticsb of the glow peak. The value ofb can be obtained
by using the values of the temperaturesTm (K), T1 (K) and T2 (K) at the maximum intensity
and half maximum intensities of the peaks, respectively and the peak areasAm, A1 and A2

estimated fromTm, T1 andT2 to the final temperature of the glow peak, respectively. Also, the
activation energyE (eV) can be obtained after evaluating the order of kineticsb. The methods
were checked for numerically computed TL glow peaks. The results are in good agreement with
the given values of the order of kineticsb and activation energyE.

1. Introduction

Thermoluminescence (TL) is the thermally stimulated light emitted from an insulator or
semiconductor when it is heated as a result of previous exposure to ionizing radiation.
Experimental results are usually presented as a light intensity as a function of temperature
or time. The resulting curve of intensity against temperature, or time, is called a glow
curve and contains one or more glow peaks. The glow peaks are analysed usually by
assuming first- [1], second- [2] and general- [3, 4] order kinetics. The shape, position and
intensity of the TL glow peaks are related to various trapping parameters of the trapping
states responsible for the TL emission. These parameters include the frequency factorS

(s−1), the activation energyE (eV) and the order of kineticsb. For a characterization of the
single TL peak Halperin and Braner [5] introduced a parameter called the symmetry factor
(see figure 1):

µg = T2 − Tm

T2 − T1
(1)

whereTm (K) is the temperature corresponding to the maximum of TL intensity,Im, of the
glow peak;T1 (K) and T2 (K) are the temperatures at which the TL intensity is equal to
half of the maximum intensity on either side ofTm (T2 > T1).

A number of research workers [6–18] have used the symmetry factorµg to determine
the order of kinetics of TL glow peaks in various materials. Also, the determination of the
order of kinetics from the symmetry factor has been the topic of discussion in several papers
[14, 19–24]. Moreover, other forms of the symmetry factor rather than the form appearing
in equation (1) are obtained and a discussion of their validities for the determination of
the order of kinetics has been given by several authors [14, 25, 26]. For example, Balarin
[25] has suggested checking(T2 − Tm)/(Tm − T1) which should be 0.7 to 0.8 for first-order
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Figure 1. An isolated glow peak showing the glow curve shape parameters.

and 1.05 to 1.2 for second-order kinetics. Also, Gartiaet al [14] have pointed out that
the symmetry factor should be checked not only at a point where the intensity is equal to
one-half, but at any other suitable point selected in [14] such as two-thirds or four-fifths
of the intensity. Gartia and Singh [26] have studied the change ofµg with n0/N , where
n0 (cm−3) is the concentration of trapped carriers at the beginning of the read-out, andN

(cm−3) is the concentration of traps. They have found that the value of the symmetry factor
µg of the second-order glow peaks is not independent of the ration0/N .

In the present work, an expression is suggested in which it becomes possible to estimate
easily the kinetics orderb of the TL glow peak. Also, the value of the activation energy
(E) can be obtained after evaluating the order of kineticsb.

2. Theoretical background

2.1. First-order kinetics

The first theoretical treatment for a well isolated TL peak was given by Randall and Wilkins,
who mainly considered the non-retrapping case and assumed a TL intensity proportional to
the concentration of trapped electrons [1]. This case is usually called first-order kinetics.
The rate of release of electrons per unit time (s) at a temperatureT (K) is given by

I = −dn

dt
= nS exp(−E/kT ) (2)

whereI (in arbitrary units) is the TL intensity,n (cm−3) the electron concentration trapped
at time t (s) andk (eV K−1) the Boltzmann constant. The equation describing TL intensity
for first-order kinetics is then given by [1]

I = n0S exp(−E/kT ) exp

[
− S

R

∫ T

T0

exp(−E/kT ′) dT ′
]

(3)

whereR (K s−1) = dT/dt is the linear heating rate andn0 (cm−3) is the concentration of
traps populated at the starting temperatureT0 (K).
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2.2. Second-order kinetics

Taking into account the retrapping process, Garlick and Gibson assumed that the TL intensity
is proportional to the squared concentration of trapped electrons [2]. This case is referred
to as second-order kinetics. The rate of release of electrons per unit time at a temperature
T (K) is given by [2]

I = −dn

dt
= n2S

N
exp(−E/kT ) (4)

whereN (cm−3) is the concentration of traps. The equation describing TL for second-order
kinetics according to equation (4) is given by [2]

I = n2
0S exp(−E/kT )

N

[
1 +

[
n0S

NR

] ∫ T

T0

exp(−E/kT ′) dT ′
]2 . (5)

2.3. General-order kinetics

The first- and second-order equations for TL are special cases of a more general equation
given by Halperin and Braner [5]. May and Partridge [27, 28] and others [3, 29–33] have
proposed the following empirical equation when neither conditions for first order nor those
for second order are satisfied:

I = −dn

dt
= nbS ′ exp(−E/kT ) (6)

whereb is the order of kinetics andS ′ (cm3(b−1) s−1) the pre-exponential factor. Usually
b is assumed to be between one and two, but sometimes it can exceed this range [3]. The
solution of equation (6) for a linear heating rateR and forb 6= 1 is given by [3]

I = n0S exp(−E/kT )[
1 + (b − 1)S

R

∫ T

T0

exp(−E/kT ′) dT ′
]b/(b−1)

(7)

whereS, defined by Chen [34], has the units of s−1

S = S ′n(b−1)

0 . (8)

Recently, and for some difficulties related to the dimensions in equations (6) and (8), we
have presented a modification of the general-order equation as [4]

I = −dn

dt
= nb

Nb−1
S exp(−E/kT ) (9)

which includes the better known first- and second-order cases given in equations (2) and
(4), respectively. The solution of equation (9) for a linear heating rateR and forb 6= 1 is
given by [4]

I = nb
0N

1−bS exp(−E/kT )[
1 +

[
S(b − 1)(n0/N)(b−1)

R

∫ T

T0

exp(−E/kT ′) dT ′
]]b/(b−1)

. (10)
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3. The basis of the present work

We now present the mathematical details of the present work based on which it is possible to
calculate the area of a part from the glow curve at certain temperature. Following Moharil
[35–38], it is assumed that the glow curve consists of a single glow peak, corresponding to
traps of only one kind. It is also assumed that at the end of the glow curve all the traps
are emptied. Then, the concentration of traps populated at the beginning of the glow curve,
n0, is proportional to the area under the glow curve. Again, the concentration of traps
emptied up to the temperatureTi is given by the area under the glow curve up toTi . Hence,
the concentration of populated traps at temperatureTi during the TL run is proportional to
the areaAi which is equal to the total area under the glow curve less the area under the
glow curve between the initial point andTi . Thus,Ai is equal to the area under the glow
curve between theTi andTf , whereTf is the temperature at which the TL intensity falls to
zero after reaching a maximum value as shown in figure 2. Now, consider the maximum
intensity of the glow peak,Im; equation (6) thus becomes

Im = (Am)bS ′ exp(−E/kTm) (11)

whereAm is the area under the glow curve betweenTm andTf . In analogue to equation (11),
using equation (9) one obtains

Im = (Am)b

Nb−1
S exp(−E/kTm). (12)

Now, assuming thatI1 = (Im/2) and I2 = (Im/2) are the half-maximum intensities, and
these occur at temperaturesT1 (K) and T2 (K), respectively, then, similar to equation (12),
the following equations may be written:

I1 = Im/2 = (A1)
b

Nb−1
S exp(−E/kT1) (13)

I2 = Im/2 = (A2)
b

Nb−1
S exp(−E/kT2) (14)

whereA1 andA2 indicate the areas under the glow curve from temperaturesT1 to Tf , and
T2 to Tf , respectively, in whichTf is the final temperature of the glow peak.

From equations (12) and (13) one obtains

ln(2) = b ln

[
Am

A1

]
− E

k

[
1

Tm

− 1

T1

]
(15)

and from equations (12) and (14) one obtains

ln(2) = b ln

[
Am

A2

]
− E

k

[
1

Tm

− 1

T2

]
. (16)

Equation (15) can be rewritten as

E =
[

ln 2 − b ln

[
Am

A1

]] [
kTmT1

Tm − T1

]
. (17)

Also, equation (16) can be rewritten as

E =
[

ln 2 − b ln

[
Am

A2

]] [
kTmT2

Tm − T2

]
. (18)

Now, equating equations (17) and (18) one can easily obtain

b = Tm[T1 − T2] ln(2)

T1[Tm − T2] ln

[
Am

A1

]
− T2[Tm − T1] ln

[
Am

A2

] . (19)
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Figure 2. An isolated TL glow peak. The shaded area betweenTi andTf is Ai as defined in
the text.

Now, the order of kineticsb can be obtained after evaluating the values of the parameters
involved in equation (19). Also, the activation energyE can be obtained after evaluating
the order of kineticsb by using equation (17) or (18).

4. Results and discussion

Earlier authors have suggested several analytical methods to obtain the kinetics order of
an isolated TL glow peak which cannot be explained by the usual first- or second-order
kinetics. The most important method for obtaining the order of kineticsb is the use of the
symmetry factorµg described in equation (1). Chen [39] has shown that a first-order peak
is characterized by a symmetry factorµg ' 0.42 and a second-order one byµg ' 0.52,
whereµg is only slightly dependent on the activation energyE and the frequency factor
S. Later, Chen [3] numerically solved equation (7), and calculated the symmetry factorµg

for values ofb ranging from 0.7 and 2.5 in the range ofE between 0.1 eV and 1.6 eV and
in the range ofS between 105 s−1 and 1013 s−1. The resultant variation ofµg with b is
represented here in figure 3 [3]. In this graph the upper and lower curves give the limits of
variation ofµg values when the activation energyE and the frequency factorS are varied,
whereas the centre curve shows the average values. The possible error for a given value of
the order of kineticsb for extreme values ofE andS has been found not to exceed±7%
[3]. The order of kinetics can thus be estimated by using this graph.

The technique of TL has been widely used by a number of workers as a tool to determine
the trapping parameters, namely, the activation energyE, the frequency factorS and the
order of kineticsb. Among with the other trapping parameters, the determination of the
order of kineticsb has special importance, since most of the experimental methods of
obtaining the activation energyE require a priori knowledge of the order of kinetics.
These methods include the glow curve shape methods, different heating rate methods and
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Figure 3. Calculated symmetrical factorµg as a function of the given kinetics orderb. The
solid line is the average value, whilst the dashed lines correspond to the largest possible variation
(for various values ofE andS). (After Chen [3].)

isothermal decay methods. Detailed explanations of these methods are given in the literature
[12, 15, 17, 34, 40–43]. Therefore, a major drawback of these methods to obtainE is that
one has to know in advance the order of kinetics involved in the process.

On the other hand, the frequency factorS (s−1) in the case of first-order kinetics is
given by equating the derivative of equation (3) to zero, thus:

S = (RE/kT 2
m) exp(E/kTm). (20)

Similarly, the frequency factorS (s−1) in the case of second order is obtained by equating
the derivative of equation (5) to zero, thus:

S = (N/n0)RE exp(E/kTm)

[2kT 2
m] − Eφ[exp(E/kTm)]

(21)

where

φ =
∫ Tm

T0

exp(−E/kT ′) dT ′. (22)

Recently [44, 45], we have discussed the methods and conditions for obtaining the
frequency factorS (s−1) in the case of first- and second-order kinetics and we found that
the maximum condition of first-order kinetics obtained by equation (20) is not adequate to
determine the frequency factor in the case of second-order kinetics as reported by several
authors, which should be determined by using equation (21). Hence, in the absence ofa
priori knowledge of the order of kineticsb the determination of the frequency factorS is
not possible.
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In spite of the graph depicted in figure 3 having been used by several authors to obtain
the order of kinetics, we believe that this graph can give a rough but not exact value of the
order of kinetics. Hence, any error in estimatingb will be followed by several errors in
estimating the other trapping parameters involved, e.g.,E andS. On the other hand, values
of symmetry factors other than that depicted in figure 3 are given in the literature [16, 46].
For example, Ramana and Sastry [16] have obtained a value ofµg = 0.61. According to
figure 3, this value ofµg cannot be ascribed to any order of kinetics. Also, it is worth
noting that Ramana and Sastry in their paper [16] have used equation (20) to estimate the
frequency factorS in spite of usingµg = 0.61. This may mean thatµg = 0.61 corresponds
to first-order kinetics or it may mean ignorance in the use of the exact equation to determine
the frequency factor as we have mentioned [44, 45]. Also, several authors have reported
values of the symmetry factorµg which are not equal or approximately equal to 0.42 and
0.52 for the first and second order, respectively [15, 17]. For example, Azorinet al [17]
have reported a second-order glow peak with symmetry factorµg = 0.54±0.09 and reported
two first-order glow peaks with symmetry factorsµg = 0.41± 0.09 andµg = 0.42± 0.07.
These values of the symmetry factors with their errors exceed the values of the order of
kinetics reported in figure 3 in the case of first and second order, respectively. Also, Azorin
et al [11] have determined the order of kinetics of the main peak appearing at 190◦C of
two materials. According to Azorinet al [11], the symmetry factors of the main peak in
both materials are 0.48 ± 0.02 and 0.55 ± 0.02. These symmetry factors, as reported by
these authors, correspond to a kinetic order of 1.63 and 2.31, respectively. As shown in
figure 3, there is an inconsistency between the symmetry factors appearing in this paper and
the meeting order of kinetics obtained from figure 3. Also, according to Chen [3], figure 3
is calculated for values of the activation energyE ranging from 0.1 to 1.6 eV and for values
of S ranging from 105 s−1 to 1013 s−1. In the literature (see for example [34, 42, 43]), glow
peaks are characterized withE and S values higher or lower than the range ofE and S

mentioned above. These values may not be included in the graph given by Chen [3].
Considering all these aspects of the problem and instead of finding the symmetry factor

µg, equation (19) will be used in the present work, which is easier in use for obtaining
the order of kineticsb and equation (17) or (18) will be used thereafter to obtain the
activation energyE. To check the present method, generated TL glow peaks are used as
the experimental data. Values ofb, n0 (cm−3), N (cm−3), E (eV), S (s−1) andR (K s−1)
are chosen and the corresponding TL intensitiesIi (in arbitrary units) are calculated using
equations (3), (5) and (10), for the first-, second- and general-order kinetics, respectively,
and the values of the peak temperaturesTm (K), T1 (K), T2 (K) and the peak areasAm,
A1, andA2 (in arbitrary units) are evaluated. Then, equation (19) is numerically solved for
these peak parameters to obtainb. Thereafter, equation (17) or (18) is numerically solved to
obtain the activation energyE (eV). The results of these calculations are presented in table 1,
where(b1) is the order of kinetics of the generated peak,(b2) the order of kinetics obtained
by the present method,E1 (eV) the activation energy of generated peak andE2 (eV) the
activation energy obtained by the present method. The other termsn0, N , S, R, A1, Am,
A2, T1, Tm andT2 remain as previously defined. Table 1 includes also the symmetry factor
µg for the different values of the order of kineticsb.

Close inspection of the results appearing in table 1 show values ofµg 6= 0.42 for the
first order andµg 6= 0.52 for the second order (samples (103), (104), (105), (115), (116)).
Also, table 1 shows several peaks having different values of the order of kineticsb with the
same value ofµg: samples (115) and (118) and (116) and (117). Therefore, for the same
value of the symmetry factorµg, a set of kinetics orders may be obtained, which cannot be
guessed easily by using figure 3. Therefore, equation (19) gives more accurate information



1298 M S Rasheedy

Table 1. Check of equation (19) for obtaining the order of kinetics and equation (17) or (18)
for obtaining the activation energy using generated TL glow peaks, whereb1 andE1 (eV) are
the order of kinetics and the activation energy of the generated peak, andb2 andE2 (eV) are
the order of kinetics and the activation energy obtained by the present method, respectively.

(101) (102) (103) (104) (105) (106) (107) (108) (109)

b1 0.9 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.5
n0 (cm−3) 1015 1016 1016 1015 1015 1015 1016 1014 1015

N (cm−3) 1015 1016 — — — — — — 1015

S (s−1) 1013 105 104 100 600 3× 104 3 × 1012 1024 104

E1 (eV) 1.6 0.1 0.5 0.35 0.146 0.13 0.9 1.6 0.1
R (K s−1) 0.5 0.5 2.0 2.0 0.967 11.67 0.2 2.0 0.5
A1 (a.u.) 20 089.8 82 296.3 66 811.3 83 470.0 40 578.8 195 594.0 64 985.4 80 500.0 86 720.1
Am (a.u.) 9294.07 39 396.6 33 576.0 43 197.6 20 868.4 99 456.7 31 197.4 38 055.4 50 436.7
A2 (a.u.) 1627.37 7224.94 6921.44 9049.85 4324.91 20 532.1 6036.32 7274.78 14 288.5
T1 (K) 533.36 75.71 427.91 431.66 157.56 127.36 306.835 321.48 86.16
Tm (K) 555.56 83.06 476.41 503.66 180.36 144.01 320.26 329.72 96.36
T2 (K) 570.56 88.36 514.16 563.46 198.96 157.31 329.885 335.46 107.01
b2 0.900 78 0.903 64 1.007 66 0.991 49 0.997 14 1.000 94 1.0019 1.001 21 1.583 66
µg 0.403 23 0.418 97 0.437 68 0.453 72 0.4493 0.444 07 0.417 57 0.410 586 0.510 79
E2 (eV) 1.5953 0.100 14 0.502 00 0.350 17 0.145 61 0.130 01 0.900 61 1.599 27 0.108 78

(110) (111) (112) (113) (114) (115) (116) (117) (118)

b1 1.5 1.7 1.7 2.0 2.0 2.0 2.0 2.3 2.5
n0 (cm−3) 1017 1016 1016 1017 1016 5 × 109 1016 1016 1018

N (cm−3) 1017 1016 1016 1018 1016 1018 1016 1016 1018

S (s−1) 103 1013 105 3 × 109 104 1011 104 1013 1017

E1 (eV) 0.1 1.6 0.1 0.8 0.1 0.316 0.1 1.6 2.0
R (K s−1) 0.5 0.5 0.5 0.2 0.2 2.0 0.5 0.5 2.0
A1 (a.u.) 26 031.30 21 452.3 87 466.8 87 510.3 354 782 44 058.9 22 206.3 44 042.6 176 826
Am (a.u.) 15 351.80 12 388.3 52 645.2 54 036.1 224 638 28 402.7 14 149.2 27 794.1 113 512
A2 (a.u.) 4413.33 3540.42 15 934.9 17 251.8 7602.19 9858.06 4869.78 9336.26 39 251.3
T1 (K) 100.16 529.16 74.310 362.16 80.110 334.56 84.76 526.86 540.76
Tm (K) 114.827 554.96 82.560 387.16 90.110 389.96 95.96 554.46 564.46
T2 (K) 129.827 579.96 91.260 414.76 101.71 456.96 108.96 586.26 592.76
b2 1.494 11 1.7026 1.697 14 2.0107 1.991 90 1.9522 1.999 56 2.296 78 2.500 95
µg 0.505 61 0.492 13 0.513 28 0.5247 0.537 04 0.547 39 0.537 19 0.535 35 0.544 23
E2 (eV) 0.100 11 1.596 19 0.099 59 0.8032 0.099 71 0.314 48 0.099 74 1.595 89 1.998 84

than the symmetry factor for estimating the value of the order of kineticsb.
As a test case of the present work, we have taken an isolated 282◦C TL glow peak

of the 1.0 rad60Co gamma-irradiated CaF2:Mn, figure 4. The experimental details can be
found elsewhere [47]. The areasAi under the glow peak betweenTi andTf are calculated.
The following data are obtained from the glow curve of figure 4, and used to calculate the
trapping parameters:T1 = 518.33±1.23 K,Tm = 555.16±1.23 K andT2 = 582.46±1.23 K;
A1 = 57 288± 1920,Am = 28 005± 1330 andA2 = 5539± 925 (in arbitrary units).

The order of kineticsb obtained from equation (19) is 1.001 61± 0.093 66. The
activation energyE (eV) is obtained after evaluating the order of kineticsb using
equation (17) or (18),E = 0.948 95±0.0265 eV. The frequency factorS (s−1) is calculated
according to equation (20),S = (1.856± 1.079) × 107 s−1. The theoretical peak with
b = 1.001 61± 0.093 66,E = 0.948 95± 0.0265 eV,S = (1.856± 1.079) × 107 s−1 and
the heating rateR = 1.25 K s−1 fits well to the experimental one as shown in figure 4.

The advantage of the present method is that it directly gives the exact value of the order
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Figure 4. Isolated 282◦C TL glow peak of 1.0 rad60Co gamma-irradiated CaF2:Mn [47].
Solid line, experimental peak; points, numerically generated peak withb = 1.001 61±0.093 66,
E = 0.948 95± 0.0265 eV,S = (1.856± 1.079) × 107 s−1 andR = 1.25 K s−1.

of kinetics b and the activation energyE and the present method is appreciably simpler
than the graphical method mentioned by Chen [3]. We suggest that one should estimate the
order of kineticsb from equation (19) and use it to estimate the activation energyE using
equations (17) or (18) and finally use these two parameters to fit the experimental peak to
a numerically computed one.

5. Conclusion

The most important method for obtaining the order of kineticsb is the symmetry factorµg.
The difficulties with respect to using the symmetry factor for obtaining the order of kinetics
are demonstrated during this work. As a result an equation is derived which gives the order
of the first-, second- or general-order glow peak in terms of its peak temperatureTm, T1,
T2 and the peak areasAm, A1 andA2. Also, the activation energyE (eV) can be obtained
after evaluating the order of kineticsb using the maximum intensityAm andTm (K).

The validity of this method is examined for a broad range of values of kinetic orders. The
applicability of the present method is demonstrated by taking some numerically computed
general-order TL glow peaks.
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