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ABSTRACT

The properties of thermoluminescence glow curves, containing omne or
more glow peaks, have been determined for situations where the assumptions
invoked to obtain the usual first and second order kinetics do not apply.
First order kinetics occurs only when retrapping is negligible. If more
than one glow peak is present and retrapping occurs between.different types
of traps the glow peaks can be approximated, except in the "wings,"” by the
usual first and second order expressions; but often physically unrealistic
parameters are obtained. These studies indicate that dating is best accom—~

plished with minerals exhibiting first order kinetics.
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INTRODUCTLON

The thermoluminescence kfi) properties of materials exhibiting a
single glow peak that iz not described by the usual firgt and second order
kinetics were described previously (Levy, 1980). Described here are TL
systems with more than one glow peak that are uot subject to the assump-
tions invoked to obtain the usual f;rst and second order kinetics. Simple
generalized kinetic equations have been obtained, for systems with more
than one glow peak, which are analogous to the equations which are the
basis for the usual first and second order expressions. The properties of
these systems have been studied by obtaining numerical solutions of the
generalized equations. In turn, glow curves computed from the general
expressions were subjected to a best-fit procedure to obtain the usual
first and second order kinetic parameters. The results show that glow
peaks, that are neither first nor second order, are often approximated by
first and ;econd order kinetics in a way that provides misleading kinetic
information.,

As emphasized previously (Levy 1980), the usual first and second kine-—
tic expressions are based on a number of assumptious. These are contained
in the original papers, Randall and Wilkens (1945) for first order and
Garlick and Gibson (1948) for second order, amd described--with varying
degrees of emphasis—in a mumber of books (Garlick, 1949; Curie, 1963;
Briunlich, 1979). Inasmuch as the properties of a single glow peak, not
subject to the usual assumptions, was described previously (Levy 1980),

only those earlier results needed for comparison with glow curves with more

than one peak will be reviewed here. This will be followed by a derivatiomn



of the simplest possible equations, for materials with more than one glow
peak, which.describes the glow curves obtained when none of the usual equa-
tions apply. The more obvious properties of these glow curves will be des-
cribed. Finally, these computed glow curves will be regarded as measured
curves and analyzed as if they were "data.” This demonstrates the degree
that glow curves, for materials not subject to the usual assumptions, are—
or are not--described by the usual first and second order kinetics. It
also provides the kinetic parameters, the E and s values, which would be
obtained from the_cnmmonly used methods for determining glow peak kinetics

parameters, e.g those described by Chen (1969,1976).

PROPERTIES OF GLOW CURVES WITH A SINGLE GLOW PEAK
Ia a material exhibiting a single glow peak, the simplest equation

describing the shape, peak temperature and other properties of the TL curve

is based on the equations

dn o, (N )

I = (*Dlnysjexp(-E kO] 1 - ctl(ul-nl)-:»arnr] (h
and

I(t) = -dnlldt or I(t) = -dnr/dt, (2)

where n) = trapped electron concentrationat time, t
n)jg = trapped electron concentration at time t = 0
S) = preexponential or "attempt-to-escape” frequency
E} = activation energy for thermal untrapping, in eV.
k = Boltzmann's constant
T = temperature, in degrees Kelvin fof all computations amd in

degrees Celcius for zll figures
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gp] = cross section for electron retrapping by empty electron
Eraps
ogr = cross section for electron-hole recombimation resulting in
light emission
N; = electron trap concentration
Ny = hole trap coﬁcentration; Nr does not appear explicitly in
the simple cases considered in this paper
Oro = trapped hole concentration at t = 0
o1 = ary/op.
For linear heating T = Tg+8t, where T¢ = temperature when heating commences
and B = heating rate.
As mentioned above, the use of equations (1) and (2) includes the
impliéd assumption that there is only omne type of hole trap and ome type of
electron trap. It is also implicitly assumed that s and E are constants.

The usual first order TL glow curve expression:

If it is assumed that opnp » orj(N};-n}), i.e. if retrapping is
negligible, then eqs. (1) and (2) become
I(t) = -dn/dt = njs]exp(-E/kT). (3)

Using T = Tg+Bt the well-known first order glow curve expression is

obtained

: Ts
I(t) = s exp(-E,/kD)exp(~] =+ exp(-E /kD)de). (4)
0

The usual second order TL glow curve expression:

1f retrapping occurs and if, in addition, it is assumed: 1) The cross

section for electron retrapping is equal to the cross section for hole
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retrapping, i.e. gy} = Op, and, 2) The number of trapped electroms is
equal to the number of trapped holes, i.e. n) = rp, or equivalently, nj
= n., then eqs. (1) and (2) become

I(t) = -dn;/dt = n)>s exp(-E/kT). (5)

Using T = Tg+fAt one obtains the usual second order glow curve expression

n.. s*exp(-E,/kT) n
I(t) = ol 1 1 , where st = Egi Se (6)
T 1
* )
(1 +3= [ exp(-E /kT)dT)2
8 0 1

Pruperties of the usual first and second order glow curve expressions:

Glow curves computed from eqs. (4) and (6) are shown in Fig. 1 for E;
= 1.0, 1.25 and 1.50 eV, the trap concentrations N} = Ny = N3y = 1016, and
all other parameters unchanged. For comparison with glow curves to be des~
cribed below, one or more of cthe curves will be included. In these cases
the shape and position on the temperature axis is significant but the size
or peak height is not significant. As emphasized earlier (Levy 1979,
1980), the shape and peak temperature of a single first order curve is
independent of the initial trapped charge concentration. However, the
height-—or area--is proportional to the initial trapped charge concentra-
tion. 1In contrast, while the area-—not the height--of 2 single second
order glow peak is proportional to the initial trapped charge concentra-
tion, other properties depend strongly on the initial trapped charge con-
centration., As the initial trapped charge concentration increases 1) the

peak temperature occurs at lower temperature, 2) the shape of the glow

curve changes, and 3) the glow curves tend to sSuperimpose at high tempera-

tures.



‘Properties of single glow peaks not restricted to the assumptions made to

obtain the usual first and second order kinetic expressions:

Glow curves computed from the general kinetic expression for a single
peak, eqs. (1) and (2) are Figs. 1 to 5 in the 1980 paper (Levy, 1980).
These figures demonstrate that the glow peak properties depend om the
dr/ 0y} ratio, i.e. on the degree of retrapping. The first order curve
i1s obtained when op » orj. When op/0dg) = 1 the usual second order
curve is obtained. The usual second order TL expression requires that nj =
oy (or, mjg9 = npg). Figure 3 in the 1980 papér demonstrates that the
glow peak shape is a strong function of the n)/n, ratio. To reiterate,
all resuits for single glow peak are described in considerable detail in

the earlier paper.

THERMOLUMINESCENCE IN MATERIALS EXHIBITING MORE THAN ONE GLOW PEAK

All of the single peak results described above invoke an important
assumption that is seldom mentioned explicitly. Namely, it is assumed
that, in materials exhibiting more than one peak, there are no interactions
between the different peaks. In other words, it is assumed that thermally
released charges oroducing one peak do not become trapped by, or otherwise
interact with, the traps associated with the other peaks. In this section
equations will be derived which describe glow curves with more than one
peak and, most importantly, includes cases im which charges reieased from
one type of trap can be trapped by other types of traps.

Glow curves with two types of interacting traps:

Consider the simplest possible situation which will permit inter-

actions between differemt types of traps, a material containing two



types of electron traps and a single type 6f hole trap. Also, TL is pro-
duced when thermally released electrons recombine with holes at the hole
traps. Let E; and s) and E2 and sy be the kinetic parameters describing
thermal untrapping at the two types of electron traps. Let Gt} and opp
be the cross sections for electron trapping on the (Nj;-n)) and (N3-nj)
empty electron traps of each type. Of course N; and Nj are the trap
concentrations, assumed independent of t, and nj} and nj; are the trapped
electron concentratiooms at time t. The corresponding quantities for the
single type of hole trap are Np and np. The constant Ny will not
appear in the simple cases considered here. The initial trapped charge
concentrations are njp, npp and npy and nyginzg = fpg. Assume that the
material was irradiated at 'a temperature where thermal untrapping 1is negli-
gible.

Then, after heating is begun, the equations describing the trapped
charge concentrations in the two types of traps are ’

dn
rrnlis -n)s1exp(~E1/kT)

[ ) [ 91 (N7my) ]
+{ajs jexp(~E1/kT)+nss 2exp(-E2/kT)] x — — (7)
Oy (N) 78y )¥o ) (Ny=ny )+ o,
dn
i - -n3sexp(~E3/ kT)
[ [ 92 {Ny72y) ;
+[{nis 1exp(~E/kT)+n28 2exp(-E2/kT)] x — -+ (8)
Opy (N0 )*0, (Ny=ny )4 o,
dnr dn1 dn2
We) = =g = -l + &) (9



The first terms in egs. (9) and (10) reﬁresent the release of elec-
trons to the conduction band by thermal un%rapping. The second terms
represent the charges retrapped. The first part of the second term is the
total charge released and the second part is the fraction of charge
retrapped. Egquation (l1) gives the TL intensity, I(t), as heating
progresses., The intensity is proportioned to the total hole concentration
charge change, i.,e. dr = dnj+dnj, in time dt. As is usual, T = Ty +8T.

Glow curves with two or more interacting traps:

Quite general kinetic equationg for materials exhibiting two or wore
glow peaks can be obtained by considering a material with j different trpes
of electron traps and one type of hole trap. To consider the simplest pos—
sible case, it will be assumed that the hole trap concentration is equal to
or greater than the sum of the electron trap concentrations. Then, in
strict analogy with the two trap derivation given above, the corresponding
equations for j different types interacting electron traps, i.e. for j

interacting glow peaks are:

dni j X ai(Ni-ni)
- -nisiexp(-Ei/mT) + (izlnisiexp(-EixI), 3 (10)
[} ui(Ni—ni)]+nr
i=]
where
) 3
i= 1,2,.--,_‘], Gi = Uti/Gr, izlnio = nr (11)
and
I(t) = -'dnr/dt = - % dni/dr.. (12)

im=]



The term interacting kinetics will be used to describe the kinetics of glow

curves obtained when retrapping occurs between different types of traps.

THERMOLUMINESCENCE PROPERTIES OF MATERIALS EXHIBITING THREE INTERACTING
GLOW PEAKS
To illustrate the TL properties of materials in which charges released

from one type of trap can be retrapped on the same type and other types of

traps, a number of different situations will be counsidered.

Role of the retrapping to recombination cross section ratios:

Consider a material with threg types of electron traps having equal
concentrations, i.e. N} = Np = N3. Also, let the inmitial trapped charge
concentrations be equal, i.e. njp = ngp = n3g and njg + npg + n3g = ng.

The corresponding glow curves, computed from egqs. (10)-(12), are shown in
Fig. 2 for various retrapping-recombination cross section ratios, i.e. for
various values of g; = g3 = 03. Clearly the glow curves depend very
strongly on the oj values. When retrapping is large almost all of the
charges released by the low temperature traps are retrapped and the inten-
sity of the low temperature peaks is very low. Clearly, when trapping pre-
dominantes thermally released charges have a tendency to becoue retrapped
until light emitting recombination is the only available process.

Glow curves computed from the three trap equations, Fig. 2, for vari-
Ous 0¢}/0p = 0¢3/0r = O¢3/ 0y ratios illustrate two important
points. First, for op » oy}, 0¢3, O3 the curves resemble those

for first order peaks that do not interact, i.e. the computed curves

resemble first order kinmetic curves. Second, aven if 01 = g2 = g3 = 1,
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which might be expected to produce curves approximating second order kine-
tic curves, the computed curves are quite different from the usual second
order kinpetic curves.

Dependence of the glow curves on the initial trapped charge concentration:

The dependence of the glow curves on the initial trapped charge con-
centration in the lowest temperature trap is shown in Fig. 3. The peak
temperature, shape, and intensity (area) of all of the peaks is related to
the initial low temperature charge. Similar changes occur when only the
initial high temperature trap charge concentration is changed (Fig. 4).
Finally, Fig. 5 describes the three trap situatiom when the initial trapped
charge concentrations are equal but are at different initial concentra-
.tions. The glow peak characteristics depend on the imitial trapped charge
levels. Also, a new feature appears., At low initial charge levels the
relative peak heights increase from low to high temperature. At high ini-
tial charge levels the opposite occurs. Together, Figs. 3 to 5 demonstrate
that the height (area), relative height, shape, peak temperature, etc., are

functions of the initial trapped charge concentrations when interactive re-

trapping occurs. In practical terms these results show that the glow
curves depend on the dose received by the sample, and any untrapping which
might occur prior to measurement. A relatively large number of additional
cases could be considered, e.g. cases with the initial charge concentration
at three different levels. However, gpace is not available to include them
here.
FIRST AND SECOND ORDER KINETIC PARAMETERS DESCRIBING GLOW CUKvES COMPUTED
FROM INTERACTIVE KINETICS

In practice, onme would not know--at least initially-—if a measured

glow curve was described by interactive retrapping kinetics or the usual
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first and second order kinetics. If the measured glow peaks were described
by the ugsual kinetics any of the well-known procedures should establish the
kinetics and provide E and s values; assumiﬁg that the individual peaks
were "separated” sufficiently. Also, if they are not wwell separated compu-
terized best-fit procedures wil., most likely, determine the order of the
kinetics and the E and s values. For examples of these computerizad proce-
dures see Mattern et al. (1970, 1975) and Feirchild et al. {1978).

Furthermore, it is important to determine if interactive kinetics glow

peaks are approximated by the usual first and second order expressioms. To
obtain information om this point the four computed glow curves shown in
Fig. 5 were regarded as "data” and analyzed using the bdest-fit procedure
referenced above. An example of the resulting "best-fit"” first and second
order glow peaks, and the parameters obtained are shown in Figs. 6. The
parameters obtained by "analyzing” aii four curves in Fig. 5 are summarized
in Table I. Numerous comments can be made about Fig. 5 and Table I.

1) The first and second order glcw peaks match the interactive kine-
tic "data” quite well in a number of respects. The peak temperatures, the
full width at half maximum and the upper half of the peaks nearly conincide.

2) Neither the first-nor second order curves account for the intean~
sity occurring in the "tails" or "wings" of each peak. An additional ~om-
ment on this point is included bvelow.

3) As might be expected, since it is the siruation leading to the
least retrapping, the nigher the inttial twvapped chtarge conceatration, for
a fixed trap concentration, the more closely the first and second order

parameters resemble those used to compute the curves.
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4) Table I demonstrates that the first and second order parameters
depend on the initial charge level. The values range from physically
realistic ones to some that are very unlikely, Furthermore, these values
change in a regular way, becoming more unlikely as the initial charge
concentration decreases.

5) As mentioned above, the first and second-order curves match the
computed "data" quite well at the peak, at the half-height and over the
upper half-—or more—of the peaks. Thus, any of the methods regularly used
to determine kinetic order and kinetic parameters that are based on peak
temperature and full and/or half-width, e.g. those summarized by Chen
(1969, 1976), and to a lesser extent any best-fit results which do not
account for observed intengity in the glow peak "wings” are likely to give
*he impression that a measured glow curve is described by first or second
order kineties whem, in fact, it contains too much intensity in the wings
to be attributable to either kinetics. Alsc, the usual kinetic procedures
are likely to provide physically unrealistic parameters. These conclusions
appear to apply to previous measurements on quartz (Fuller and Levy,
1977a ; 1977b, and 1978) and the granite TL results included in these

proceedings (Schwartzman et al, 1982).

APPLICATIONS TO DATING AND AUTHENTICATION

The results described above indicate that TL materials used for dating
and authentication can be divided into categories. First, the ideal TL
dating material should exhibit a single first order glow peax at a tempera-

ture sufficiently above ambient temperature to preclude ambient temperature
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thermal untrapping over a period appreciably longer than the cating time
span. Second, since materials exhibiting only one glow peak appear to be
extremely rare, the next best substance could coun:ain several first order
glow peaks. It would be best if these peaks dZ3 not overlap and occurred
at the highest measurable temperatures. Third, in principle materials
exhibiting single or multiple second order glow peaks can be used for
dating; probably more easily for authentication than for accurate dating.
In fact, a material exhibiting a single second order glow peak canm be used
for accurate dating if the peak area, not the height at the peak or at a
fixed temperature, is carefully measured. However, it is likely that a
material exhibiting more than one second order peak would exhibit inter-
active kinetics. The retrapping producing second order kinetics in a
single peak is the same process giving rise to interactive kinetics when
more than one type of trzp is present.

Materials exhibiting wore than one glow peak and interactive kinetics
can, in principle, be used for dating if the response to radiation, the
redistribution of charge during ambient temperature thermal charge release
and retrapping, and other parameters in the kinetics can be established or
closely approximated. It is possible, or even likely, that reasonable
dating can be accomplished with materials showing interactive kinetics in
spec 2l caseas. For example, if the initial trapped charge concentrations
are much smaller than the trap concentrations, and the retrapping-
recombination cross section ratio is high, nearly all of the trapped charge
may appear as a single high temperature peak; see Fig. 2. Such a peak may
appear to be a single second order peak. To some extent, these possibili-

ties are supported by measurements indicating that reasonable dates are
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obtained by materials, e.g. the feldspars, which exhibit second order kine-
tics, light induced charge redistributiom, exhibit glow curve shapes and
other indications that they follow interactive kinetics.

At this stage in the development of TL dating techniques, there is
little point in further speculation about che TL cﬁaracteristics that

materials must possess to be useful for accurate dating unless they exhibit

first order kinetics. The usefulness, for dating, of materials not

exhibiting first order kinetics can be ascertained only by determining the

details of the TL kinetlcs of each mineral used for dating.



15

Table I

Activation energies, Ej, in eV, and pre—exponential factors,
sy for first order and s* = (ng/N)s for second order,
obtained from a "best-f£it” of the usial first and second order
TL kinetic expressions to a 3 glow peak glow curve
computed from interactive TL kinetics

Ey Ez Ej3 S sz 53

Assumed Values(2) 1.00 1.25  1.50 1010 100 1017

F.rst Order

Initial Fraction

Trapped of Traps -
Charge, Initially
1)) Filled,
ng/N
5x10 13 0.5 0.984 1.225 1.311 6.1x10°  5.4x10%  2.4x108
1x1015 9.1 0.978 1.236 1.158 4.6x10°  6.0x10°  8.9x10°
5x101" 0.05 0.981 1.259 1.106 4.7x10°  9.3x16°  2.6x10®
10" 0.01 0.989 1.361 1.032 5.2x10°  8.2x10%% 3.2x10°
Second Order
E) Ez Ej s*(D) sg* s3*
sx1013 0.1 1.432  1.778  2.125  2.7x10%%  2,1x101%  1.8x10!S
10%° 0.05 1.413  1.754 1.850 1.3x10%°  9.4x10'* 5,7x1012
sx101* ~0.05 1.410 1.758 1.745 1.1x10%% 9.0x10'*  5.7x10!!
10" 0.01 1.399 1.808 1.576 6.6x10%* 2.1x10*° g8.7x10°

(2) Values used in the interactive TL kinetic expressions, eqs. (10)-(12) in
the text, to compute the glow curves analyzed on the basis that they
coutain non—interactive first ?E gsecond order glow peaks.

(b) The trap concentration N is 10°° for all cases. The values of si*
which should be obtained from non-interacting second order kineties is
given by sj* = (ng/N)sy, i.e. si* is always less thar 10
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FIGURE CAPTICNS
Glow curves computed from the usual first and second order kine-
tics on the basis that charges released from ome type of trap are
not retrapped by other types of traps. For comparison, these
curves are shown on other figures. The trap concentration is
10t,
Glow curves computed from interactive kinetics, in which charges
releaseﬁ from one type of trap may be retrapped by other types of
traps, for various values of the trapping-recombination cross
section ratios. Except where indicated, the kinmetic parameters
showa in Fig. 1 are used for all curves.,
Glow curves computed from interactive kinetics for different
initial charges in the lowest temperature trap. Note that both
the relative intensities and peak temperatures change.
Slow curves computed from interactive kinetics for different
initial charges in the highest temperature trap.
Interactive kinetic glow curves for different initial trapped
charge levels. Figures 3-5 and additional curves (not shown)
demonstrate that the glow peak properties are strong functions of
the initial charge levels whén interactive kinetics apply.
The ng; = ngz = ng3 = 1013 interactive kinetics glow curve in
Fig. 5 regarded as "data" and best-fitted to the usual first and
second order kinetics. Also shown are the best~-fit parameters.
The usual kinetics fit the upper half of the glow peaks quite

well, but not the "wings® at the base of the glow peaks.
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