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Equa tions for the cal cu la tion of ki netic pa ram e ters of thermoluminescent pro cesses are the o -
ret i cally de rived for a model of an ideal phos phor. The val ues used in the cal cu la tion are ob -
tained from glow curves and the func tion that de scribes the nor mal ized glow curve gen er ated. 
On the ba sis of this func tion, the equa tions for ac ti va tion en ergy, fre quency fac tor, and
retrapping fac tor, were de rived. All ex pres sions are valid for a gen eral case, when the fill ing
fac tor of traps is f0 £ 1.
The con cept of ki net ics or der was used for the cal cu la tion of pa ram e ters and the pa ram e ter of
ki net ics or der was de fined by means of real phys i cal pa ram e ters. Re sults ob tained by the anal -
y sis of syn thetic curves and ex per i men tal glow curves of phos phor ma te ri als pro vide a deeper
un der stand ing of thermoluminescent ki net ics.
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IN TRO DUC TION

The en ergy band the ory is the ba sis of the mod ern
the ory of sol ids. It of fers an un der stand ing and ex pla na -
tion of the im por tant prop er ties of thermoluminescent
(TL) semi con duc tors and in su la tors. The im por tant fea -
tures of the be hav ior of  TL ma te ri als can be cor re lated
by means of a mech a nism based on the en ergy of the
band the ory of solid semi con duc tors and in su la tors. For 
ex am ple, in the first phase af ter ex ci ta tion, which is es -
sen tially an ion iza tion of a lu mi nes cent cen ter, the dis -
so ci ated elec tron is very likely to be trapped and held lo -
cal ized in a dis crete en ergy level within the for bid den
re gion. Later on, the trapped elec tron re com bines with
the lu mi nes cent cen ter and emits the char ac ter is tic lu -
mi nes cence only af ter it has been freed from this
trapped state by ther mal ex ci ta tion. 

The sim plest phys i cally pos si ble pro cess, which
is de scribed by a sim ple curve with one max i mum, oc -
curs in the case of phos phor that con sists of one type of 
traps and one type of lu mi nes cent cen ters. This model
is known as the OTOR model (One Trap-One Re com -
bi na tion cen ter) [1] or the model of ideal phos phor [2].

The net rate of change in con duc tion band elec -
tron con cen tra tion nc [cm–3] is the ther mal gen er a tion
rate sn exp(E/kT) mi nus the re com bi na tion rates gt nc n
and gl nc pl
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where in time t [s], n [cm–3] is the elec tron trap con cen -
tra tion, N [cm–3] – the con cen tra tion of  traps, pl [cm–3]
– the con cen tra tion of empty lu mi nes cent cen ters, s
[s–1] – the fre quency fac tor; E [eV] – the en ergy depth
of a sin gle ac tive trap, T [K] – the ma te rial tem per a ture, 
k [eVK–1] is the Boltzmann con stant, where gt [cm3s–1]
and gl [cm3s–1] are the re com bi na tion prob a bil i ties be -
tween the con duc tion band elec trons and the traps or
the lu mi nes cent cen ters, re spec tively.

As sum ing a very short life time of con duc tion band 
elec trons, we can write re la tions: |dnc/dt|n|dn/dt| and
|dnc/dt|n|dpl/dt|. Then, due to the charge neu tral ity re -
quire ment, the con cen tra tion of trapped elec trons n is
equal to the con cen tra tion of empty lu mi nes cent cen ters
pl. The de pend ence of the ra di a tive re com bi na tion rate or 
TL in ten sity ITL [cm–3s–1] on the con duc tion band elec -
tron con cen tra tion nc and con cen tra tion of empty lu mi -
nes cent cen ters pl is de scribed by the for mu las
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If we take that  r = gt/gl is the retrapping fac tor,
the dif fer en tial equa tion de scrib ing the model of ideal
phos phor is given as [2, 3]
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An ap prox i ma tion, de scrib ing the quasi-sta tion -
ary equi lib rium of elec trons in the con duc tion band is
used to ob tain the equa tion of an ideal phos phor
model. The ap prox i ma tion as sumes that the rate of
change of elec tron con cen tra tion in the con duc tion
zone is much smaller than the speed of change of the
elec tron in the traps (the con se quences be ing that
dnc/dt = 0 and pl = n). These as sump tions seem rea son -
able in many cases.

The so lu tion of dif fer en tial eq. (3) is a glow-curve
func tion of three pa ram e ters (s, rt and E) and ini tial con -
di tions (heat ing rate of the sam ple and the ini tial trap fill -
ing).

The dif fer en tial eq. (3) can not be solved an a lyt i -
cally. This prob lem has cre ated dif fi cul ties in the anal -
y sis of the TL pro cess and cal cu la tion of TL pa ram e -
ters. A rea son able so lu tion was to use the gen eral or der 
ki net ics model [4-6]. The ap pli ca tion of the gen eral or -
der ki net ics model is quite sat is fac tory in ra di a tion do -
sim e try, but it can not be used to char ac ter ize the ma te -
rial since it does not pro vide ac cu rate data for the
ac tual pa ram e ters of the phys i cal pro cess.

The value cal cu la tion of trap ac ti va tion en ergy
by the gen eral or der ki net ics method is sub ject to er ror
if the best fit ted value of the ki net ics or der is found to
be dif fer ent from 1 and 2 [1]. The method based on the
ki net ics or der has se ri ous de fi cien cies: first, a fixed
pa ram e ter to rep re sent an evolv ing pro cess and, sec -
ondly, in stead of an ex per i men tal value, an as sumed
value which can not cor re spond to re al ity [7].

A num ber of meth ods for the cal cu la tion of par -
tic u lar ki netic pa ram e ters of phos phors ex ist in lit er a -
ture. How ever, no cal cu la tion model or method is
based on the dif fer en tial eq. (3) which at the same time
con tains an a lyt i cal so lu tions for all pa ram e ters.

The cal cu la tion model, known as the Ini tial Rise
Method, uses the gen eral char ac ter is tic of the TL pro -
cess. Namely, that start ing part of the glow curve is a
part of ex po nen tial growths. This method uses only the 
start ing part of the glow curve de scribed by the dif fer -
en tial eq. (3) to cal cu late ac ti va tion en ergy val ues.
This is the so-called an a lyt i cal-graph i cal cal cu la tion
method. In fact, eq. (3) in this method is used only to
prove and af firm the gen eral char ac ter is tic of the ex po -
nen tial phase of the TL pro cess. Cal cu la tions of pa -
ram e ters based on other men tioned meth ods lack the
ki netic anal y sis of pro cesses with phos phors as a ba sis
and are not com pa ra ble with the so lu tion ob tained di -
rectly from the dif fer en tial eq. (3) for an ideal phos -
phor. The best and most ac cu rate val ues for ki netic pa -
ram e ters of ideal phos phors could, con se quently, be
ob tained only by solv ing the dif fer en tial eq. (3). In this
re port, we dem on strate the method for the so lu tion of
the equa tion which gives the most ac cu rate cal cu la tion 
of ki netic pa ram e ters of ac ti va tion en ergy, fre quency

pa ram e ters, and retrapping fac tors. To the best of our
knowl edge, our method of fers an ac cu rate cal cu la tion
of pa ram e ters not only by de scrib ing the glow curve,
but the TL pro cess it self as well. At the same time, our
method of fers ex act cal cu la tions of ki netic pa ram e ters
ob tained from the ex per i men tal glow curve while fol -
low ing the changes in pa ram e ters with the changes in
start ing con di tions.

KI NET ICS OF AN IDEAL
PHOS PHOR MODEL

TL emis sion is a re sult of the heat ing of phos phor. In 
case of a con stant heat ing rate R [K/s], tem per a tures T [K]
are given by T = Rt + T0, where t [s] is time and T0(K) is the
ini tial value of TL ma te rial tem per a ture. Then, the emis -
sion in ten sity of thermoluminescence is
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The in te gral of the func tion of the TL glow curve 
for the tem per a ture in ter val from zero to in fin ity
equals n0 by def i ni tion. Pa ram e ter n0 is the ini tial elec -
tron trap con cen tra tion. The ini tial value of tem per a -
ture can be zero, be cause the value of the part of the in -
te gral in the range of 0 to T0 al ways equals zero.

First, a new pa ram e ter weff [cm–3] is de fined. Pa -
ram e ter weff is the in te gral of the nor mal ized TL curve
iN from ini tial un til the end of TL emis sion [4]. Pa ram -
e ter weff [cm–3] can be de fined as
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where Im is the max i mum of TL in ten sity in the ex pres -
sion I = ImiN. In this case, Im is a dimensionless pa ram e -
ter. From eq. (5), it is ev i dent that Im equals to one
when n0 = weff. The max i mum value for the ex per i men -
tal TL func tion Im is dif fi cult to ob tain; for prac ti cal
cal cu la tions of ki netic pa ram e ters, nor mal ized curves
are used. Sub sti tu tion N = weff in eq. (4) gives the func -
tion
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From this func tion, its nor mal ized form iN could
be ob tained by tak ing n0 = weff. The in te gral of func -
tion (6) for heat ing tem per a ture in ter val from zero to
in fin ity equals weff, and, as sum ing that other pa ram e -
ters rest un changed, the value of the func tion max i -
mum equals 1. The func tion (6) has its max i mum Im =1 
only if f0 =1, for other val ues of f0, the func tion max i -
mum is less than 1 (mean ing that the con cen tra tion of
elec trons in traps could not ex ceed the trap con cen tra -
tion). If the value of the trap fill ing at start is f0 < 1, the
in te gral in eq. (5) could be cal cu lated and the start ing
con cen tra tion of elec trons in traps  is n0 = w.  Re la tion
N = weff also holds. On the ba sis of the eq. (5), it fol -
lows
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where Imf is the max i mum of TL in ten sity if f0 < 1.
From this equa tion it is ob tained that Imf = f0, since
w/weff  = n0/N = f0.

Also,  char ac ter is tic  and  im por tant  pa ram e ters
in  equa tions  for  ki netic  pa ram e ters  cal cu la tions  are
beff [cm–3], b [cm–3], and ms. Pa ram e ter beff is the in te -
gral of the nor mal ized TL curve (6) from Tm un til the
end of TL emis sion for f0 = 1 and is equal to the con -
cen tra tion of elec trons in traps at the mo ment T = Tm

[4]
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For f0 < 1, the same pa ram e ter is re ferred as b,
and the re la tion b/beff = f0 holds in that sit u a tion. Sym -
me try fac tor ms is ob tained by di vid ing pa ram e ters beff

and weff. It should be noted that the value for sym me try
fac tor ms is al ways the same for the same phos phor en -
tity, re gard ing dif fer ent val ues of f0, so beff/weff = b/w.
The nor mal iza tion of the TL glow curve does not
change this re la tion ship [2, 4]
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Dif fer en tial eq. (6) can be solved by sep a ra tion
of vari ables
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When the ki netic pro cess is mon i tored from the
ini tial heat ing tem per a ture T0 = 0 (n0 = w = f0weff) to the 
tem per a ture of the max i mum glow curve T = Tm (the
max i mum con cen tra tion of elec trons in traps is nm =
b), def i nite integrals are ob tained
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This equa tion can be re ar ranged and tab u lar
integrals ob tained by the left-hand ex pres sion
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fol lowed by
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The in te gral on the right side of the ex pres sion (13)
is known as the in te gral of the Boltzmann fac tor. For an
in te gral of this type there is no ex act an a lyt i cal so lu tion,
but a num ber of ap prox i ma tions could be suc cess fully
used: Frank-Kamenetskii ap prox i ma tion [8]
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or, a more ac cu rate Gorbachev ap prox i ma tion [8, 9]
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Based on eq. (13), and by us ing the ap prox i ma -
tion (15), the equa tion for cal cu lat ing the value of the
fre quency fac tor is ob tained
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By re plac ing the term D = 2kTm/E in the above
equa tion we ob tain
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When the re sult ing ex pres sion (17) is sub sti tuted 
into (6), the equa tion de scrib ing the glow curve of the
ideal phos phor model is fi nally ob tained
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EQUA TIONS FOR THE
CAL CU LA TION OF TL PA RAM E TERS

The first de riv a tive of the model func tion of ideal
phos phors (6) is one of the equa tions that con nect the
ki net ics pa ram e ters [10]. The po si tion of the glow curve 
max i mum is at the point where the first de riv a tive
equals to zero. By dif fer en ti at ing eq. (6) we ob tain
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The first de riv a tive of the func tion (6) is ob -
tained by the dif fer en ti a tion of the com plex func tion
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Af ter per form ing the dif fer en ti a tion, the fol low -
ing ex pres sion is ob tained
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The re quire ment that re la tion (21) equals to zero
means that the nu mer a tor of this ex pres sion equals to
zero. When the func tion (6) reaches its max i mum, then 
T = Tm, i = f0i = f0 [cm–3K–1] and nm = b 
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It should be noted that the vari able i is ex pressed
in cm–3K–1 units, so that f0i is not dimensionless. Af ter
re ar rang ing the ex pres sion (22), it is ob tained
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Now, a new pa ram e ter deff [K] is in tro duced.
This pa ram e ter is called: part of the ef fec tive value of
halfwidth from the right side of the glow curve and
was de fined by the fol low ing re la tion [4, 5]

deff Ndd= ò
+

i T
Tm

4

(24)

In eq. (24) iNd is the same func tion as iN but
dimensionless. More de tails re lat ing to pa ram e ter deff

can be found in the fol low ing pa pers [4, 5]. For f0 < 1,
the same pa ram e ter called part of ef fec tive value of
halfwidth from the right side of the glow curve is re -
ferred as d. By com par ing eqs. (8) and (24), it could be
seen that pa ram e ters deff and beff, then d and b, are nu -
mer i cally iden ti cal but dimensionally dif fer ent. It is
ev i dent for a fac tor Eb/(f0ikTm

2) from eq. (23), that the
fol low ing iden tity ap plies
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Based on eq. (25), eq. (23) could be re ar ranged.
The value of ac ti va tion en ergy may now be cal cu lated
from the re ar ranged ex pres sion (23)
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As pre vi ously dis cussed, deff = d/f0.  Now, a new
pa ram e ter is in tro duced, de fined as
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We call this pa ram e ter ki net ics or der l, as it is de -
fined with the same re la tion which was ear lier ob -
tained for first-or der ki net ics, sec ond-or der ki net ics,
mixed-or der ki net ics and gen eral-or der ki net ics mod -
els [4-6, 11-13]. It should be noted that pa ram e ter l, de -
fin ing the ki netic or der, is not de fined through the
model of gen eral-or der ki net ics dif fer en tial equa tion
and is not con nected to this model.

From eq. (26), the ki net ics or der pa ram e ter can
be writ ten as
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TL in ten sity can be cal cu lated at the point of
max i mum T = Tm, us ing eq. (18). It is ob tained
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As in the case of eq. (22), it should again be
noted that the value for i has its di men sions cm–3K–1,
giv ing di men sions to f0i at the point of TL in ten sity.

Ap ply ing the def i ni tion of l (27) and iden tity
(25), eq. (29) is writ ten as fol lows
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When pa ram e ter rt from eq. (30) is sub sti tuted in
eq. (28), the equa tion for the cal cu lat ing ki net ics or der
is ob tained

l
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( )[ ln( )]
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The at tained equa tions show that the cal cu la tion
of the ki net ics or der pa ram e ter does not de pend on the
fill ing fac tor of traps. It is, there fore, pos si ble to cal cu -
late the value of ac ti va tion en ergy from the data ob -
tained from the nor mal ized glow curve. How ever, the
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Fig ure 1. De pend ence of the sym me try fac tor ms on the
ki net ics or der l, for dif fer ent val ues of D



ex act val ues of the fre quency fac tor and retrapping
fac tor can, in gen eral, be cal cu lated only in the case
when the value of the fill ing fac tor of traps is known.
Equa tion (31) al lows the cal cu la tion of the ki net ics or -
der pa ram e ter to de pend on the sym me try fac tor ms and 
fac tor D (fig. 1).

Fur ther re plac ing D, from eq. (27)

D = =
2 2kT

E T l
m eff

m

d
(32)

in eq. (31), a qua dratic equa tion for the an a lyt i cal cal -
cu la tion of the value of ki net ics or der is ob tained
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Equa tion (29) can be writ ten as
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From (28) it is cal cu lated
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and sub sti tuted in (34)
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Us ing eqs. (36) and (27), the equa tion for the fre -
quency fac tor (17) is given in the fol low ing form
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In cases where f0 n 1, when this value is three or -
ders of mag ni tude smaller than one, e. g. f0 < 0.001, it
turns out that (2 – l) o msf0(l – 1) and the fol low ing equa -
tion could be used for fre quency fac tor cal cu la tion
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At the same time, eq. (35) could be re ar ranged as
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In gen eral, eq. (37) is one and in cludes so lu tions
for both first and sec ond-or der ki net ics. For l = 1, us -
ing eq. (27), eq. (37) is trans formed in eq. (40) [14]
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rep re sent ing the equa tion for cal cu lat ing the fre -
quency fac tor in a first-or der ki net ics model.

For l = 2, anal o gously, and with ap prox i ma tion
used in sec ond-or der ki net ics cal cu la tions, that sym me -
try fac tor is re garded as ms » (1 + D)/2, so that one ob tains
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Equa tion (41) is a well-known in stru ment for

cal cu lat ing the pre-ex po nen tial fac tor s(2) for sec -
ond-or der ki net ics cal cu la tions [15].

Equa tion (28) de scribes all of the three
well-known con di tions gov ern ing the ki net ics pro cess 
for an ideal phos phor:
– The sit u a tion when the retrapping prob a bil ity is

in sig nif i cant: retrapping fac tor rt = 0, and one ob -
tains l = 1.

– The sit u a tion when the trap fill ing is small and

there is retrapping: f0 » 0, rt > 0, and l = 2.
– The sit u a tion when the retrapping prob a bil ity

equals the prob a bil ity of re com bi nant lu mi nes -
cence; retrapping value rt = 1, and l = 2.

Equa tion (28) also de scribes the cases re lated to
the  high  val ues  of  the retrapping fac tor, i. e. when rt
(1 – f0ms) o f0ms. In that case, the retrapping fac tor tends 
to in fin ity, r ® 4. As sym me try fac tor val ues are about
0.5,  f0 val ues are in a 0 to 1 in ter val. It could thus be
con cluded that the max i mal value for l is ob tained for
max i mal f0, i. e. when f0 = 1. At the same time, this is
the fi nal limit of the ideal phos phor model ki net ics
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(42)

Equa tion (42) de ter mines the max i mal value of
the pre se lected ki net ics or der D. From fig. 1, it can be
seen that for D = 0.1, the value lmax = 3.04 is ob tained.

It turns out that, for high val ues of rt, the value of
the ki net ics or der pa ram e ter is in de pend ent of the
retrapping fac tor, but could be de pend ent of trap fill ing.
Equa tion (31) (fig. 1), shows that ki net ics or der val ues
have their max i mal value for ev ery sin gle value of D. In
prac tice, this means that in the vi cin ity of this max i mal
value even a high in crease in the retrapping fac tor value
has no in flu ence on the ki net ics or der. Ki net ics or der
val ues could not be higher than 3.2 for sym me try fac tor
ms in the range 0.38 < ms < 0.6 (D = 0.15).

The value of the retrapping fac tor, as seen from
eq. (35), is very high and tends to in fin ity when (2 – l) »
».msf0(l – 1). In fact, in this sit u a tion, it is im pos si ble to
cal cu late pa ram e ter rt from the shape of the glow
curve.

In cases of high val ues of the retrapping fac tor in
eq. (16), one can ob tain
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i. e., the pre-ex po nen tial fac tor s' is ob tained as a quo -
tient of fre quency fac tor s and rt/f0.

CAL CU LA TION METHOD

For the cal cu la tion of ki netic pa ram e ters l, E, s,
and rt, the heat ing rate should be known, while other
pa ram e ters are ob tained from the nor mal ized ex per i -
men tal glow curve. The ki netic or der is cal cu lated
from eq. (33). For cal cu la tion of ki netic or der l based
on eq. (33), it is nec es sary to nor mal ize the ex per i men -
tal glow curve by putt ing Im = 1, and then de ter mine
the value Tm of the max i mum tem per a ture and
integrals weff and beff (deff). The weff value is ob tained
from eq. (5) by the in te gra tion of the nor mal ized ex -
per i men tal glow curve from start ing tem per a ture T0 to
the tem per a ture at which all traps are empty. The in te -
gral beff and deff is ob tained from (8) and (24), re spec -
tively, by in te gra tion of the nor mal ized ex per i men tal
glow curve from max i mum tem per a ture Tm to the tem -
per a ture at which all traps are empty. It is clear that
both of these val ues are iden ti cal.

The value of sym me try fac tor ms is cal cu lated
from (9) as re la tion beff/weff. Pa ram e ter weff is ob tained
by the nu mer i cal in te gra tion of the nor mal ized glow
curve. There are a num ber of meth ods of nu mer i cal in -
te gra tion; in this re port, the Romberg method was
used. By solv ing qua dratic eq. (33), two val ues for ki -
netic or der l are ob tained. 

Of the cases pre sented in fig. 1, some times two
real so lu tions are ob tained.  When so, one should cal -
cu late the pa ram e ters for both sit u a tions and take the
so lu tion which cor re sponds to the ex per i men tal glow
curve. In most cases, only nu mer i cal re sults be tween 1
and 2 are taken into ac count. 

The ob tained ki netic or der value l is fur ther used
for cal cu lat ing ac ti va tion en ergy E, ac cord ing to eq. (27).

The val ues for retrapping fac tor rt and fre quency
fac tor s could not be ex actly cal cu lated if the trap fill -
ing fac tor f0 is not known. If f0 is known, then rt is cal -
cu lated from eqs. (30) or (35), and s is cal cu lated from
eq. (37). Both eqs., (30) and (35), give the same re -
sults.

In prac tice, with thermoluminescent ma te ri als or 
do sim e ters, the val ues of the trap fill ing fac tor are of -
ten very small. For f0 < 0.001, the in flu ence of the trap
fill ing fac tor on the fre quency fac tor could be ig nored
and the fre quency fac tor could be cal cu lated from eq.
(38). The ra tio rt/f0 ob tained from eq. (39) is un der the
same re stric tions.

RE SULTS

The equa tions for cal cu lat ing the ki netic pa ram e -
ters of a TL model for an ideal phos phor were tested on a
num ber of com puter-sim u lated glow curves. The val ues
of pa ram e ters that char ac ter ize phos phors (r, E, s) and pa -
ram e ter f0, which de ter mines the ini tial value of re lax -
ation, were se lected for the model of the ideal phos phor,
shown by the dif fer en tial eq. (6). For sim plic ity of cal cu -
la tion, it was taken that, in all cases, the heat ing rate of
phos phors is R = 1 K/s. Pa ram e ter val ues were cho sen so
that the val ues of the ki net ics or der were be tween 1 and 2
and cor re sponded to the val ues that char ac ter ize phos -
phor in do sim e try. For cer tain char ac ter is tic cases, these
val ues are shown in tab. 1. Sim u lated glow curves were
ob tained for pa ram e ter val ues given in tab. 1 and, us ing
the nu mer i cal method of Runge Kutta IV or der, for solv -
ing the dif fer en tial eq. (6). Pa ram e ter val ues beff, weff, and
ms were  nu mer i cally cal cu lated and are also shown in
tab. 1. Romberg's method was used for the cal cu la tion of
beff, and weff integrals. The val ues of max i mum tem per a -
tures were read from the glow curve and are shown in
tab. 1.

Based on pa ram e ter val ues of beff(deff), ms and Tm

from tab. 1, and by us ing the pro posed pro ce dure for
cal cu la tion, it is pos si ble to cal cu late the val ues of pa -
ram e ters of glow curves E, l, r, D, and s. Ta ble 2 shows
the cal cu lated val ues of these pa ram e ters, Ec, lc, rc, Dc,
and sc. The rel a tive er rors of cal cu la tion of pa ram e ters
E, s, and r can be de ter mined since their ex act val ues
are known. The ex act val ues of pa ram e ters l and D are
not known, so it is not pos si ble to cal cu late their rel a -
tive er rors. The ac cu racy of in di vid ual pa ram e ters cal -
cu la tion can be es ti mated by an a lyz ing the val ues of
the rel a tive er ror. The said anal y ses also pro vide an as -
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Ta ble 1. Pa ram e ter val ues for com puter sim u la tions of glow curves for the model of an ideal phos phor

No. E [eV] s [s–1] f0 r weff [cm–3] beff [cm–3] ms Tm [K]

1 1.00 1012 1 0.08 34.525 14.684 0.4253 383.871

2 0.10 105 1 0.18 17.516 8.4388 0.4818 86.1556

3 0.14 3×106 1 0.3 17.094 8.4697 0.4955 96.7878

4 0.20 108 1 0.433 17.922 9.0800 0.5066 114.479

5 0.40 1010 1 0.6 24.932 12.817 0.5141 184.696

6 0.20 108 0.5 0.2 17.503 8.6551 0.4945 115.441

7 0.20 108 0.1 0.04 17.403 8.5124 0.4891 116.112

8 0.20 108 0.01 0.004 17.391 8.4903 0.4882 116.254

9 0.20 108 0.001 0.0004 17.391 8.4888 0.4881 116.268



sess ment of the va lid ity of the method used for the cal -
cu la tion of pa ram e ters.

For a typ i cal glow curve of do sim e ter TLD700H
(7LiF: Mg, Cu, P) [16-19], the same pro ce dure of cal -
cu la tion is ap plied, as well as the sim u lated glow
curves. Val ues weff = 21.871 cm–3, beff = 9.0078 cm–3

(deff = 9.0078 K), ms = 0.41187, were cal cu lated from
the glow curve. The heat ing rate of phos phor was R =
=.1 K/s. Fi nally, the val ues of the TL pa ram e ter were
cal cu lated lc = 1.15, Ec = 2.564 eV and, as sum ing that
f0 = 1, the fol low ing val ues were ob tained: sc

(0) =
=.7.05×1025 s–1 and rc

(0) = 0.06776.
The re quire ment f0 = 1 is never ful filled in

dosimetric ap pli ca tion. In cases where f0 n 1, when this 
value is three mag ni tude or ders smaller than one, e. g.
f0 < 0.001, one can use the eq. (38) to cal cu late the fre -
quency fac tor. In that case, the value of the retrapping
fac tor de pends di rectly on the fill ing fac tor of traps and 
can be cal cu lated from eq. (39).

When eqs. (38) and (39) are used, the fol low ing
val ues of pa ram e ters sc = 7.56×1025 s–1 and rc/f0 =
=.0.07268, are ob tained. Based on these re sults and the 
above as sump tions, it can be con cluded that rc =
=.0.07268×f0, or rc < 0.07268×10–3. This means that all

glow curves with the above cal cu lated val ues of pa -
ram e ters are al most iden ti cal.

Based on the cal cu lated val ues of ki netic pa ram -
e ters of the pro cess, it is pos si ble to re con struct the real 
phys i cal pro cess by us ing dif fer en tial equa tion mod els 
and cal cu lated pa ram e ters. The ob tained pa ram e ter
val ues  E  =  2.564 eV,  f0 = 0.001, s = 7.56×1025 s–1, and
r = 0.07268×10–3 were sub sti tuted in the dif fer en tial
eq. (6). The dif fer en tial equa tion was solved nu mer i -
cally with these pa ram e ters in or der to ob tain the glow
curve. The re sults are shown in fig. 2. The fig ure
shows that the cal cu lated glow curve com pletely co in -
cides with the ex per i men tal curve. It can thus be con -
cluded that the dom i nant peak of the glow curve for
TLD700H phos phor may be de scribed by us ing the ki -
net ics of the ideal phos phor model.

For a prac ti cal il lus tra tion of the TL curve ki net -
ics pa ram e ter for cal cu lat ing ex per i men tally ob tained
val ues, the glow curve of TLD700H do sim e ter was se -
lected.

The mea sure ment er ror for TL do sim e ters de -
pends on a num ber of fac tors. Be sides the in her ent in -
sta bil ity of traps which boost the lab o ra tory mea sure -
ment er ror to about 2%, sta tis ti cal un cer tainty should
also be cal cu lated; it is usu ally less than 5% [20, 21].
So, the to tal ex pected mea sure ment er ror for the
TLD700H do sim e ter is con sid ered to be less than 10%
[22].

The glow curve of the TLD700H do sim e ter is
con ve nient for dem on stra tion of the cal cu la tion
method be cause it has a sin gle iso lated dom i nant max -
i mum re sem bling the ideal glow curve. Con se quently,
ex per i men tal and cal cu lated glow curves re vealed
prac ti cal iden tity in shape. 

In ter est ingly, the value of the fre quency fac tor
was un ex pect edly high, some thing also noted in cal cu -
la tions based on other mod els.

It should be in di cated that our pro posed model
for cal cu la tion has noth ing in com mon with cal cu la -
tions based on the gen eral ki net ics or der model of cal -
cu la tion. Namely, among equa tions based on gen -
eral-or der ki net ics, the retrapping fac tor rt does not
ex ist at all, so there is no pos si bil ity for rt to be cal cu -
lated [6]. It has also been shown ear lier that, based on
the gen eral-or der ki net ics model, the value of the fre -
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Ta ble 2.  Cal cu lated val ues of glow curve pa ram e ters

No. lc Dc Ec [eV] dE/E [%] sc [s
–1] ds/s [%] rc dr/r [%]

1 1.156 0.0662 1.000 3.93×10–4 1.01×1012 –0.75 0.07310 8.63

2 1.308 0.1498 0.099 0.86 8.88×104 11.15 0.17655 1.91

3 1.462 0.1197 0.139 0.47 2.78×105 7.58 0.29844 0.52

4 1.605 0.0989 0.200 0.21 9.59×107 4.05 0.43656 –0.82

5 1.737 0.0800 0.398 0.42 8.99×109 10.06 0.58994 1.68

6 1.507 0.0995 0.200 5.99×10–3 1.01×108 –0.63 0.20291 –1.45

7 1.467 0.1001 0.200 –0.10 1.03×108 –3.43 0.04108 –2.70

8 1.460 0.1000 0.200 –0.13 1.04×108 –3.47 0.00444 –3.54

9 1.459 0.1001 0.200 –0.13 1.05×108 –4.51 4.15×10–4 –4.15

Fig ure 2. Ex per i men tal TL glow curve for a TLD700H
do sim e ter (7LiF: Mg, Cu, P) (solid line) and glow curve
ob tained by cal cu la tion with the use of a model of an
ideal phos phor (solid square)



quency fac tor s could not be cal cu lated. Only the value
of the pre-ex po nen tial fac tor s(l) = sfo

l–1 [4, 23] could
be cal cu lated. Ac cord ingly, only val ues ob tained in
cal cu la tion of trap depth or ac ti va tion en ergy E could
be com pared. This value is cal cu lated by use of em pir i -
cal in ter po la tion-ex trap o la tion Chen's equa tions [5,
23]; the ex act ness of cal cu la tion is, af ter all, re flected
in the name of the method.

As an il lus tra tion, the val ues of ac ti va tion en ergy
are cal cu lated in frames of in ter po la tion-ex trap o la tion
equa tions for the emis sion curve at points 4 and 8 from
tab. 1, and the fol low ing re sults, re spec tively, ob tained:
E = 0.228 eV (rel a tive er ror 14%) and E = 0.236 eV (rel -
a tive er ror 18%). As for pre-ex po nen tial fac tor val ues,
the re sults are s(l) = 2.155×109 s–1 (rel a tive er ror 20.55%) 
and s(l) = 3.31×109 s–1 (rel a tive er ror 32.10%). For the
first cal cu la tion, the value for f0 was taken to be f0 = 1,
mean ing that the pre-ex po nen tial fac tor value is the
same as s(l) = s1l-1 = s. How ever, in the sec ond case, the
value for f0 was f0 = 0.01 and, in fi nal cal cu la tion, the
rel a tive er ror was greater for an or der of mag ni tude. A
sim ple com par i son with our re sults re veals the qual i ta -
tive and quan ti ta tive su pe ri or ity of our method of pa -
ram e ter cal cu la tion.

DIS CUS SION

The method for pa ram e ter cal cu la tion de scribed
in this re port is based on the con cept of ki net ics or der.
In or der to ob tain the value of the ki net ics or der which
would be cor rect for the ideal phos phor model, it is
nec es sary to de fine this pa ram e ter in a new man ner.
This is done through the equa tion for cal cu lat ing ac ti -
va tion en ergy. This form of equa tions is known from
mod els that have pre vi ously been in ves ti gated in de -
tail (mod els of first, sec ond, gen eral and mixed-or der
ki net ics) [1-6,12-15, 23-25]. It has been as sumed that
the ki net ics or der pa ram e ter is not char ac ter is tic of the
TL pro cess, while the glow curve is. In this man ner, the 
vari a tion of the value of ki net ics or der pa ram e ter dur -
ing TL re lax ation is avoided. The pa ram e ter of ki net ics 
or der in the model of ideal phos phor has noth ing in
com mon with the model of gen eral-or der ki net ics.

This con cept al lows sim ple equa tions for the cal -
cu la tion of pa ram e ters and a better un der stand ing of
the TL pro cess.

Equa tions for the cal cu la tion of pa ram e ters E
(32), rt (30 and 35), and s (37) are ob tained di rectly
from dif fer en tial eq. (6) which de scribes the ideal
phos phor model. For known start ing val ues of f0 and
heat ing rate R, all pa ram e ters of the dif fer en tial equa -
tion, or TL ki net ics de ter min ing the glow curve, could
be cal cu lated. The cal cu la tion method de scribed
above in cludes all pa ram e ters pres ent in the dif fer en -
tial equa tion and rep re sent a com plete al go rithm. All
equa tions for the cal cu la tion are de rived from the ba -
sic dif fer en tial equa tion and should, there fore, be re -

garded as pre cise. The re quire ment for cal cu la tion cor -
rect ness is that the spec i men has char ac ter is tics close
to the ideal phos phor i. e., that con tains one kind of
trap and one kind of cen ter of lu mi nes cence.

Be cause of its ac cu racy, the de scribed model
could not be used as an uni ver sal model or a non-se lec -
tive one for all phos phors. How ever, for the same rea -
sons, the de scribed model could be used for rec og niz -
ing ideal phos phors.

For the ideal phos phor model, only the ac ti va -
tion en ergy value E could be de ter mined di rectly from
the glow curve. To de ter mine the val ues for pa ram e -
ters rt and s, the trap fill ing fac tor f0 should be known.
How ever, this is not a sig nif i cant ob sta cle as, for f0 val -
ues start ing from f0 < 0.001, it is pos si ble to cal cu late
the fre quency fac tor s (in re al ity, con di tion f0 < 0.001 is 
gen er ally ful filled). If f0 < 0.001, it is pos si ble to ob tain 
the equa tion for rt/f0 quo tient cal cu la tion, eq. (39).
This quo tient is al ways the same for the de ter mined ki -
netic or der l and for all val ues f0 < 0.001. This con di -
tion en ables the cal cu la tion of all pa ram e ters of the dif -
fer en tial eq. (6) which de ter mine the TL curve. With
the cal cu lated re la tion rt/f0, the value f0 that sat is fies f0
< <.0.001 could be ar bi trarily cho sen. For this par tic u -
lar value of f0, rt is cal cu lated, and both f0 and rt are in -
serted into eq. (6), re sult ing in a glow curve with the
same shape for all val ues of rt/f0 and f0 < 0.001. The re -
la tion rt/f0 is sig nif i cant for de ter min ing the glow
curve shape.

De tailed anal y sis re veals that the ki net ics or der
value could be higher than 2, but not sig nif i cantly. For
val ues of fac tor D be tween 0.05 and 0.15, the ki net ics
or der value is less than 3.2, mean ing high trap fill ing
(f0 > 0.01).

Qua dratic eq. (33) has two so lu tions. The pos si -
ble so lu tions for pa ram e ter l com pared to ms are pre -
sented in fig. 1. From fig. 1, it can be seen that the two
so lu tions of (33) are real val ues near the func tion max -
i mum. For val ues ob tained for pa ram e ters Tm, ms, and
deff there are two dif fer ent vi a ble real val ues for l. To
de ter mine the proper value, ob tained TL curves are
com pared to the ex per i men tal curve. The cal cu la tion
curves for Tm = 114.53 K, ms = 0.528, beff = 10.27 cm–3

(deff = 10.27 K), and f0 = 1 are pre sented in fig. 3. The
cal cu lated curves are very sim i lar. How ever, the so lu -
tion on the right side of the curve max i mum (fig. 1)
gives higher val ues of halfwidth (FWHM- fullwidth at 
half max i mum).

The cal cu la tion al go rithm could be sim pli fied if
the trap fill ing is very small (f0 < 0.001), so the l value
could not be higher than 2. With this as sump tion, all
so lu tions are on the left from the max i mum of the func -
tion ms(l) in fig. 1. This as sump tion is al most al ways
ful filled in prac tice.

Re sults show that the pa ram e ters of sim u lated
glow curves for the model of ideal phos phors can be
cal cu lated with great pre ci sion. The er ror, ob tained by
cal cu lat ing the value of ac ti va tion en ergy, is gen er ally
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be low 1%. The re sult ing rel a tive er ror of the fre -
quency fac tor is the great est be cause of the ex pres sion
for its cal cu la tion that in cludes the ex po nen tial func -
tion. The larg est rel a tive er rors are ob tained for the
val ues of fac tors D > 0.15 and val ues l » 2, be cause in -
creas ing the value of pa ram e ter D causes a de crease in
the ac cu racy of the ap prox i ma tion (15).

In prac tice, it is very dif fi cult to find ma te ri als
with an iso lated TL peak which can be de scribed by a
model of an ideal phos phor. Clos est to this model is the 
dom i nant peak that oc curs dur ing the pro cess ing of
do sim e ter TLD700H. Ki netic pa ram e ters are, in this
case, of ten cal cu lated by us ing the first-or der ki net ics
model or the gen eral-or der ki net ics model. Some au -
thors, us ing the deconvolution method, proved that the 
shape of the dom i nant peak cor re sponds to the model
of first- or der ki net ics. As small peaks over lap with the 
dom i nant peak in the deconvolution pro cess, it is pos -
si ble that such changes in shapes of small peaks will
make the shape of the dom i nant peak to cor re spond to
the first-or der ki net ics model. It has also been noted
that deconvolutions with a gen eral-or der ki net ics
model at tain better com pat i bil ity with the ex per i men -
tal curve. Since the model of gen eral or der ki net ics is
an ap prox i ma tion of the model of an ideal phos phor,
better ac cu racy and com pat i bil ity with the ex per i men -
tal curve is ex pected when the model of the ideal phos -
phor is ap plied. Re sults ob tained show that the model
of an ideal phos phor faith fully de scribes the dom i nant
peak, not only in re la tion to the asym me try of the
curve, but also to its shape.

CON CLU SIONS

A new method for cal cu lat ing the re lax ation of
ki netic pa ram e ters in an ideal phos phor is de vel oped.

The cal cu la tion re sults are close to real sit u a tions and
cor re lated to the re al is tic phys i cal pa ram e ters.

Equa tions for the cal cu la tion of ki netic pa ram e -
ters rt, s, and E of TL pro cesses are the o ret i cally de -
rived for the model of an ideal phos phor. The cal cu la -
tion method of TL re lax ation pa ram e ters for the ideal
phos phor is based on the ki net ics or der con cept. The
ki net ics or der is de fined by an ap pro pri ate equa tion for 
mod els of the first, sec ond, gen eral and mixed-or der
ki net ics. In this re port, it has been proved that the same
form of the equa tion can be used in the ideal phos phor
model.

In our re search, the o ret i cally grounded on phys i -
cal prin ci ples, the ki net ics or der is re de fined as a pa -
ram e ter de fin ing the glow curve in stead of be ing a pa -
ram e ter that de fines the TL pro cess. The ki net ics or der
pa ram e ter has a phys i cal in ter pre ta tion which is given
by eq. (27) and cor re sponds to in ter pre ta tions by the
first and sec ond or der ki net ics the ory. Equa tion (27) is
a gen eral equa tion, the o ret i cally de fin ing the ki net ics
or der pa ram e ter for an ideal phos phor model. The val -
ues of ki net ics or der pa ram e ters are cal cu lated ac cord -
ing to eq. (33). Their ac cu racy de pends on the com pat -
i bil ity be tween ex per i men tal and the o ret i cal glow
curves.

Equa tion (27), which de fines the ki net ics or der
pa ram e ter of the ideal phos phor model, is iden ti cal in
form with the equa tion which de fines the ki net ics or -
der pa ram e ter for the gen eral-or der ki net ics model.
How ever, while be ing for mally iden ti cal, some fun da -
men tal dif fer ence ex ists. The ki net ics or der pa ram e ter
for the gen eral-or der ki net ics model is cal cu lated by
the dif fer en tial equa tion of the gen eral-or der ki net ics
model. This cal cu la tion method is of ten treated as a
math e mat i cal for mal ism be cause it can not be suc cess -
fully ap plied in a real phys i cal model. At the same
time, some sig nif i cant pa ram e ters are not in cluded in
the gen eral-or der ki net ics model. Nev er the less, the
over all cal cu la tion is very pre cise within the lim its of
the gen eral-or der ki net ics model. The main ob sta cle is
that cal cu la tion does not cor re spond to any known real
phys i cal model de scrib ing TL ki net ics. There fore, the
ac cu racy of cal cu la tion us ing this model is fun da men -
tally in fe rior to the cal cu la tion based on the phys i cal
model, which we pro pose. We dem on strate it by com -
par ing the re sults ob tained by these two meth ods of
cal cu la tion in par al lel.

The re sults ob tained prove that the cal cu la tion
method for the model of the ideal phos phor may be
used for cal cu lat ing the tar geted pa ram e ters with high
ac cu racy. How ever, in or der to ob tain the most pre cise
cal cu la tion re sults, ac cu rate de ter mi na tion of Tm, beff,
and weff pa ram e ters is nec es sary.

The val ues of phys i cal pa ram e ters for a dom i -
nant peak of a TLD700H (7LiF: Mg, Cu, P) do sim e ter
are eval u ated based on the method for pa ram e ters cal -
cu lat ing the ideal phos phor model. The re sult ing glow
curve co in cided with the ex per i men tal curve. The ob -
tained ex per i men tal glow curve cor re sponds to the
the o ret i cal model of ideal phos phor and the val ues of
phys i cal pa ram e ters de scrib ing the TL pro cess can ac -
cu rately be cal cu lated.
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Fig ure 3. TL glow curves ob tained from dif fer en tial eq.
(4) for fol low ing pa ram e ter val ues: Tm = 114.53 K, 
ms = 0.528, beff = 10.27 cm–3 (deff = 10.27 K) and f0 = 1.
Ob tained so lu tions are E = 0.2, D = 0.1, l = 1.82 for curve
1, and E = 0.314, D = 0.063, l = 2.85 for curve 2 



AU THORS’ CON TRI BU TIONS 

All au thors have con trib uted to model anal y sis and
the anal y ses and dis cus sion of re sults. The manu script
was writ ten and fig ures pre pared by Z. M. Vejnovi}.
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IZRA^UNAVAWE  PARAMETARA  ZA  MODEL  IDEALNOG  FOSFORA

Teorijski su izvedene jedna~ine za izra~unavawe parametara kinetike termo-
luminiscentnog procesa za model idealnog fosfora. Za prora~un su kori{}ene vrednosti
parametara koje su dobijene iz krivih isijavawa i funkicija krive isijavawa u normalizovanom
obliku. Na osnovu ove funkcije izvedene su jedna~ine za izra~unavawe aktivacione energije,
frekventnog faktora i faktora retrapovawa. Svi izrazi va`e u op{tem slu~aju kada je vrednost
faktora popuwenosti trapova f0 £ 1.

Koncept reda kinetike koristi se za prora~une parametara, a parametar red kinetike
defini{e se pomo}u realnih fizi~kih parametara. Rezultati dobijeni analizom sinteti~kih i
eksperimentalnih krivih isijavawa za fosforne materijale omogu}avaju dubqe razumevawe
procesa termoluminiscentne kinetike.

Kqu~ne re~i: termoluminiscencija, red kinetike, kriva isijavawa, model kinetike, .......... 
..........           .....aktivaciona energija


