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GENERALL DISCUSSIOK

Luminescence is the phencmenon of emission of electromagnetic radistion
in excess of thermal radiation. While the radiaticn is usually in the
visible portion of the spectrum, the luminescence phenocmencon can also give
rise to infrared or ultraviolet radiation. Luminescence is repgarded in
general as a low-temperature phenomenon totally divorced from incandescence.
Excitation of some luminescent substance is prerequisite to luminescent
emission as would be expected in sccordance with tﬁe principle of energy
conservation. OSome ccmmonly experienced luminescent processes are photo-
luminescence which depends upon electromagnetic excitation, cathodluminescence
which depends upon excitation by energetic electrons or cathode rays,
electroluminescence which depends upon an excitation voltage znd tribo-
luminescence which depends upon an excitation of a mechanical nature such as
crushing, straining, or grinding. Finally one has as the topic of interest
thermoluminescence which, with respect to the aforementioned luminescent
processes, is a misnomer in that while the prefixes of the previously
mentioned processes denote the means of excitation that prompts the emission
such is not the case in thermoluminescent emissicn. The thermal energy
supplied to a thermoluminescent substance serves merely to stimulate emissicn
from the substance which has been excited by another means.

Luminescence phenomena can be aivided into two categories: fluorescence
and phosphorescence. Fluorescence is that radiation which persists only
during excitation while phosphorescence réfers to the exponential afterglow
of a substance after excitation is removed. Thermoluminescence of course

belongs to the latter category and among the many substances which exhibit



thermoluminescence are the inorganic solids helpfully called the phosphors.

Thermoluminescence was first reported by Boyle over 300 years ago, and in
the early part of the present century it became a well recognized phenomena.
Not unlike the Edison effect, themmoluninescence was initially regarded as
a curiosity: but since, it has become an important and valuable research
tool to the archeologist, geologist, medical technologist, and physicist. A2s
thermoluminescence processes are more fully understood, surely more professions
will profit through thermoluminescent techniques and applications.

One would naturally pose the question of what substances exhibit
thermoluminescence. Very broadly it can be said practiczlly any non-metallic
crystaline or quasi crystaline substance, i.e., limestone, ice, bone, pbttery,
glass, as well -as many other materials may exhibit thermoluminescence.(l)

There are four ways a substance can get rid of the energy absorbed
during irradiation: |

(a) A1l the energy may be used to increase the thermal motion of the

atoms of the substance,

(b) Some of the energy may be used in photochemical reactions,

(c) Absorption of energy may result in the emission of photoelectrons,

(d) Absorption may give rise to luminescent emission.

Emission of luminescence then depends upon how effective a substance is
in protecting the absorbed energy from loss in (a), (b), and (c¢) above.
Unless the energy is absorbed and re-emitted at the same place in the
material, there must be an efficient means by which the energy can be
transported, without serious loss from its place of absorption to the place
at which emission occurs. The latter locations are generally called
luminescence centers. It is in these centers that electron transitions

responsible for luminescence emission can take place with a minimum of



disturbance from the surroundings. Such disturbances will increase the
probability of a non-radiative dissipation of energy and a quenching of the
emission is likely to occur.

Leaving the theoretical details until later, the thermoluminescence
phencmenon will be discussed now in general.(2) When a solid material such
as limestone or granite is heated in a dark place, it may be observed to emit
visible light as the temperature of the material is raised. The amount of
light may vary from so little that a device more sensitive than the eye may
be required to detect it to enough light by which to read a newspaper. The
intensity of the radiation depends upon the sample, the temperature, and the
rate of temperature increase. 4 rock tazken from the ground that exhibits
luminescence upon being heated will give no luminescence when cooled and then
heated againj however, exposing the sample to x-rays or gamma rays will
restore the sample's capacity to exhibit luminescence again upon heating.

Many minerals taken from the ground have color which disappears upon
heating. The color and thermoluminescence of the mineral can be restored by
X-ray or gamma ray radiation.

The equipment required to make quantitative measurements of thermo-
luminescence is, by today's standards, most modest and quite accessible to
most any of the smaller educational institutions desiring to do research in
this area. The equipment will be discussed in greater detail, but for the
present let it suffice to say that with a relatively small amount of time,
labor, and parts one can very readily assemble a satisfactory piece of
analyzing equipment.

One will generally make his analysis of the thermoluminescence studies
from what is called a glow curve, a plot of relative light intensity against

temperature; and it should be pointed out that the rate of temperature



increase is a constant since glow curves do not in general indicate this.
Figures 1 - I; below are taken from the works of Daniels and Saunders, (3)
early pioneers in the thermoluminescence studies. Figure 1 shows the glow
curves for a sample of limestone. The glow curve marked "natural" refers to
a fresh sample while the one marked "natural plus artificial" refers to a
fresh sample having been irradiated before the glow curve was obtained.
Readily appsrent in the latter are additional low temperature peaks. The
natural glow curve shows no peaks below 200°C, this resulting from the fact

that sometime during the history of

4 —
Natoral the sample, it had been warmed to the
aturo
3 -
vicinity of 200°C and the lower peaks
2 were annealed out. Experiment shows an
= : irradiated sample can have low-
20 ; . : , temperature peaks annealed out by
270 100 200 _ 300 400
2. ) warming to room temperature without
i Natural
P affecting the high temperature peaks.
3+
. In general the shape of the
2 -
glow curve depends upon the chemical
T nature of the crystal, the impurities
05 et o in it, the number of imperfectiocns in

Temperature — Centigrade

the lattice and the history of the
crystal with respect to x-ray or
Fig. 1 Thermoluminescence
glow curves.(2) gamma ray irradiation. Figures 2, 3,
and |} illustrate the chemical .
dependence and irradiation history dependence.

Increase of radiation may cause a rise then a fall in the intensity of

some of the peaks as Fig. l; indicates, radiation increase has brought about
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the stimulation of an additional higher temperature peak.

Thermoluminescent spectra generally
consist of series of bands, but some
materials such as the flourites show
both band and lines. |

A model which illustrates the

Relative Light Intensity

mechanism of thermoluminescence
Temperolure !

~ rather well, proposed by Meyer and

Fig. Ii» Typical glow curves for
varying amounts of radiation from Przibram, and described in theoretical

1 (minimum) to L (maximum).(2)
detail by Mott and Gurney (L), is
shown in Fig. 5. '

In a freshly grown crystal, electrons occupy fixed positions with
energies in the normally filled bands. When the crystal is irradiated with
X-rays or gamma rays, some electrons may be elevated into the conduction
band where they are free to move until captured bj an electron trap or F
center.

The electrons remain trapped until they receive thermal energy sufficient

to raise them back into the conduction band. The electrons move in the
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Fig. 5. Energy-band scheme

for electrons.(2) Natural minerals have had their
higher energy (low-temperature) traps emptied because of high ground
temperatures, but their lower energy (high-temperature) traps still contain
electrons in proportion to the total quantity of x-ray and gamma ray
irradiation in the history of the sample. The color lost through heating and

restored by irradiation is associated with the absorption of light by the

displaced electrons while in their metastable positions or F centers.
THE LUMINESCENCE CENTER

With this background of the general mechanism of the thermoluminescence
process, one can proceed to a closer look at a model for the luminescent
center.(5) In Fig. 6 is shown the variation in interatomic potential energy
of a luminescent center as a function of the generalized configurational
coordinate x which represents three-dimensional changes in the average

internuclear spacings and possible changes in the geometric arrangements of



atoms in the center. Note that the

change from one potential curve to
Close approach allows

nonradiative transition\

E another accompanies the excitation of
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to be in 2z configurstion where there
Fig. 6. Generalized energy-

level diagram of a typical is a high probability that it will
activater (luminescence) center '

2s a funetion of averaged inter- cross from E* to E without radiation
atomic configuration for the

ground state and one (lowest) and any excitation energy stored in

excited state.(5)
) the center or delivered to the center

will be quickly dissipated as heat
to the surrounding crfstal. An unexcited center in equilibrium at say room
temperature may be in the ground state vibrational level E, from which it can
be raised to the excited state level E**b by absorbing energy equal to E**b - E,.
The excited center gives up some of this energy E**b - E*a as heat in about
10'12 seconds and comes to équilibrium in the excited state level E*c. When
selection rules are favorable, the center may make a spontaneous radiative
transition in an average time, usually longer than lO"8 seconds, determined
by the nature of the center and the host crystal, by emitting the energy
E¥, - E; as a luminescence photon. At this point the center still has an
excess of vibrational energy above the initial equilibrium level; and, by
giving up the energy Ej - E, as further heat to the surrounding crystal, it
returns to the ground state. When the selection rules for a radiative

transition for E*c are unfavorable, that is, E*; is a metastable state,



additional energy (heat) may héve to be supplied to raise the center into a
higher excited state (not shown) from which a radiative transition is
permitted.

When the temperature of the solid is raised, the highest thermally
populated levels E, and E*b rise in proportion to the additional vibrational
and rotational energy in the center. When the center is in the indicated
excited state, the probability of being raised thermally into the crossover
level at f is equal to v, exp (-AE/KT) where v, is the frequency of vibration
of the system (on the order of 1012 sec-l) and AE = E¥; - E¥; is the
activation energy. It is seen then that this model shows that the center
can function as (1) an activator if it provides a highly probable radiative
transition from an excited state level well below f, (2) a trap if an
additional energy is required to raise the excited center into a state (not
shown) from which a radiative transition is probable, and (3) a quencher if
the excited state equilibrium level is sufficiently near or above f so that
radiationléss transitions predominate. According to the diagram a center
may operate predominantly as an activator and/or a trap at low temperatures
and become a quencher as the operating temperature of the solid is raised
thus increasing the probability of radiationless éfossover. The diagram
also shows that the average internuclear spacings and atomic configurations

of a center change during the luminescence process.
CRYSTALINE DEFECTS

Impurities and imperfections in crystals are responsible for many
luminescent phenomena; i.e., they give rise to luminescence centers. In some
cases luminescence transitions are defect state transitions; in other cases

they are inter-defect transitions. The electronic states of some systems may



be described in terms of atomic states of the impurity, perturbed by the
crystal field: in other defect systems the description relies on the terms
of states of the pure substance perturbed by the defects. In all cases
interactions between the crystal and the defect in various electronic states
must be considered in determining excitation and emission spectra.

Atomic imperfections in solids may be classified as native defects
and impurity defects. OSuch defects occur in any real crystal. Point defects
which may be eilther native or impurity defects are single lattice sites that
differ from those of a perfect crystal. Native point defects include
unoccupied sites {vacancies) which are occupied in a perfect crystel and
additional atoms (interstitials) a£ sites which are unoccupied positions in
a perfect crystal. Impurity point defects are foreign atoms at sites that in
a perfect crystal either are occupied by atoms or are unoccupied (interstitial
impurities).

Both native and impurity defects may be either neutral or charged
imperfections. The effective charge determining the long-range field of
the imperfection equals the difference in charge of the defect and the atom
of the crystal that it replaced. The effective charge of the interstitials
and the interstitial impurities then equals the charge of these defects.

Imperfections in semiconductors may be-classified according to whether,
when effectively neutral, they tend to donate electrons to the conductiocn
band and tﬁereby become positively charged or whether they tend to accept
electrons from the valence band and thereby beccme negatively charged. The
former are called donors and the lztter acceptors" Positively charged
acceptors -can capture electrons from the valence band and thus serve as

electrcn traps.
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Besides the perturbed-band states of doncrs and acceptors, the tight-
binding electronic states of localized defects such as rare earth impurities

contribute to the luminescence of inorganic solids.
THE BLOCH MODEL

Consider now the collective electron model of a crystalline insulator
first developed by Bloch.(6) It is sometimes known as the band or zone theory
of solids. In an isoclated atom the energy states for electrons consist of
discrete levels separated by regions of forbidden erergies; these allcwed
states are defined by Schrodinger's equation. However, when atoms or ions
are arranged in an orderly way and in close proximity to form a crystal, their
levels are disturbed by mutual interaction. As a result, thé discrete
states of isclated atoms are now broadened into bands of forbtidden energy;
these bands have a structure which may bear no resemblance toc the arrangement
of the original atomic levels. Consider Fig. 7 below, a typical energy-
band scheme for ﬁn insulator. The conduction bands zre assumed to extend
throughout the crystal lattice sc that electroms can move through the crystal
within the confines of these bands without needing an activation energy. In
an insulator the allowed bands are completely occupied by electrons or
completely empty. When a field is applied to the crystal, no current will
flow for although electrons are free to move, there are no available states
for them so they cammot change their mction in response to a field. 1In
order to contribute to current in the crystal, electrons must be raised into
unoccupied bands. Very high field strengths may accomplish this; however,
electrons may be raised into unoccupied bands by the crystal's absorbing
of radiation of the proper frequency. The separaticn between the bands

determines the maximum wavelength of the radiation which can be absorbed to
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Fig. 7. Electron energy-band
system for a perfect crys-
talline insulator. A,B,C,D bands
of permitted energy-levels; A,
empty permitted band; B,C,D
occupied permitted levels: E,F,G,
forbidder energy-bands.(6)
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effect these processes. The electrons
which occupy the highest filled band
are called the valence electrens of
the crystal atoms. Electrons
belonging to inner atcmic levels can
only take part in luminescence if

they are first raised into the
unoccupied band by absorption of high-
energy quanta such as x-rays or

gamma rays.

As previously discussed, the
crystal lattice is not perfect, but
rather its periodicity is destroyed
or perturbed by the presenrnce of
lattice defects. These non-periodic
systems give rise to additional
energy levels for electrons which
may lie in the forbidden region
between the highest filled band and

the next unoccupied band.

Models for Thermoluminescence--Single Trap Depth--No Re-Trepping

With the aid of Fig. 8 one can follow the theory presented here for

thermoluminescence where only one energy level of electron traps is

considered and such complications as retrapping of electrons and multi-

leveled electron traps are ignored.

The theory presented here conforms to

the behavior of several thermocluminescent substances, and more complex
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theory derives frcm an understanding of this presentation.

Absorpticn of exciting radiation

F 2 :
T by a luminescence center raises an
E

electron from the valence or ground

. state G into the excited state F. It

T may then either return directly to
Energy v the ground state G with the emission
of luminescence or it may fall into
the metastable state M lying just

below F. In the latter casse a

rearrangement cf the atoms of the

[+

center usually takes place and the

transition M - G is usually forbidden.
Fig. 8. Energy states for
fluorescence and phosphorescence Thus, trapped electrons in metastable
in a luminescence center. G,
ground state: F, excited state; states M can only return te the
M, metastable state or electron
trap.(6) ground states if they are first raised

into the excited states by receiving
sufficient thermal energy or by
absorption of long wave-length radiation. For the case of thermal excitatiocn,
the probability of the transition M - F per unit time is given by p = s exp(-E/KT
where s is some constant having the dimensions of frequency, E is the energy
separation between levels M and F, k is the Boltzmann constant, and T is
the sbsolute temperature. If the transition prcbability for F - G is high
compared with p above, then the phosphorescence emission cepends on the rate
at which electrons escape from metastable states and will be given by the

following, n being the mumber of electrons in M states at any instent:
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=_4n_ -E/i
I=- qf = DS exp (-E/KT)

where -dn/dt may be thought of as the rate at which electron traps are
depleted resulting in the intensity I. If the temperature is fixed, the

solution to these equations is:

I=ngs exp (-E/KT) exp[}st exp (-E/KTi] (0)

which is the form of the decay of phosphorescence with time, Ty being the
number of electrons in M states at the beginning of decay. Studies by
Bunger and Flechsiz (7) show agreement with the form of Eq. 0 above, and
they also reveal values for the constants of s and E for thallium-activated
potassium chloride to be 2.9 X 109sec"1 and 0.67 eV respectively. It could
be mentioned that experimentalists have established a value of s on the order
of 109380"1, and s may be conveniently thought of as the escape frequency,
i.e., the number of attempts to escape per second the electron maskes while

in its trap or metastable state. Randall and Wilkins (8) have investigated
the variation of thermoluminescence with temperature both experimentally and

theoretically. Consider Eq. 1 for the case of variable T.
- %? = s exp (-E/KT) dt (1)

If the warming rate is 43 in degrees/sec one has:

aT = fat

Integrating the expression:




1

yields T

I =n,s exp (-E/KT) exp[- Sgg- S exp (-E/KT)‘l (2)
A o

Figure 9 shows the graphical form of Eg. 2 for variocus values of the

constants s and E, the warming rate being 2.5 degrees/sec in all cases.

THERMOLUMINESCENCE
T

o
100

TEMPERATURE IN ®x

Fig. 9. Theoretical thermoluminescence curves
for phosphors with single trsp depths: _retrapping
neglected. ALE = 0.3 eV., s = 10 sec'lg B,E =
0.l eV., 5 = 107 sec'1; C,E = 0.4 eV., 5 = 108 sec—1:
D,E = 0.4 eV., s = 107 sec-l: E,E = 0.6 eV., s = 109
sec-l: F,E = 0.18 eV., s = 109 sec™ly G,E = 1.0 eV.,
s = 109 sec1.(6) '
The experimental curves shown in Fig. 10 are from the studies of
Randall and Wilkens, and the theoretical curve is obtained by using the values
of s and E found by Bunger and Flechsig.
The characteristics of thermoluminescence due to metastable étates
in luminescence centers can be summarized as follows:
1. As seen in Fig. 9 for fixed values of n,, s, and E- in Eq. 2,
the temperzture at which maximum emissiocn occurs is approximately proportional
to the activation energy E.

2. For fixed values of n, and E the emission maximum moves to higher

temperatures as s decresses.
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3. The area under each curve is proportional to n,, the number of
electrons initially in M states, however the shzpe of the curve for
given s, E, and B is independent of Nge

lj. At low temperatures the beginning of the curves follows the

relation I = ny s exp(-E/KT).

10 I N -
z /)
g li-‘ E
JAVARYAN
HARE
§6 « IJr
w
AViR
2 I \\_\
I} ! -
- /1 /)

2 j/_,;’/ { kqQ&.\

0 .{-1'“{{/_— /'I, 1= A&%!

260 280 300 320 340 360 380 400

TEMPERATURE IN %K.

Fig. 10. Thermolumirescence curves for Thallium-
activated potassium chloride after various times
of decay at room temperzture. A, after 10 sec.:
B, after 7 min.s C, after 3 min.: D, probable
distribution of trap depths about the mean value;
E, theoretical curve from Eq. 1 for s 2.9 X 107
sec=l: E 0.7 eV.(6)

Figure 11 below shows the experimental and theoretical comparison for

one particular phosphor.
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THERMOLUMINESCENCE

[lele] 200 300 400
TEMPIRATURE INSK.

Fig. 11. Thermoluminescence curve of SrSi0,-Eu
phosphor; excitation by 2,537 A radiation. "4,
experimental curve. B, theoretical curve

(Eq. 2): with E = 0.72 eV.; s = 1.5 X 107
sec~1.(6)

Single Trap Depth--Retrapping Considered

One can corsider now the effect of retrapping ¢f the electrons on the
phosphorescence and thermcluminescernce emission equations for a phosphorescent
substance of one depth of trap. For simplicity it is assumed that the
probability of electron capture in an empty trap is the same as that for
recombination of an electron with an empty luminescence center. Thus, if
there are N electron trzps of which n are filled, there are normally no
empty luminescence centers in the unexcited phosphor, then there will be
n empty centers and N-n empty traps. The probability of electrons in the

conduction band being captured by empty luminescence centers is given by

n -

P = ZN -n) +n -

=o
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The equations for luminescence are therefore

-dn _ ns .
I-= 7 o exp (-E/KT)

1

2 exp (-E/KT) 'le
N_{fl + no) st exp (-BE/KT)

Comparing Eq. 3 with Eq. 2 one sees that retrapping causes a marked
change in the decay characteristics of a phosphor.
To arrive at the variation of thermcluminescence with temperature for

a uniform rate of warming one uses the previous notation to find that

nozs exp (-E/KT)

1+ Sfi_ exp (-E/KT)dT]2 )
'1v ) 2

which may be compared to equation (2). The graphical form of Eq. (3) for

I:

different values of n, and E, other constants remaining fixed, is shown in

Fig. 12.

THEAMOLUMINESCENCE

TEMPCRATURE ™ 7K.

Fig. 12. Theoretical thermoluminescence curves for
phosphgrs w1th single trap depths assuming retrzpping:
sec” : n_, is number of electrons in the N
available traps. A.E = O.h eV.: n, = N3 B,E = 0.6 eV.;
= Ny C,E = 0.8 eV.: n, = N: D,E = 0. eV.:
1/l N; E,E = 0.6 eV.t ny = 1/l Nz F,E = 0.} eV.:
n, = 1/l N.(6)

S

o
nou

By comparison with Fig. 9 it will be seen that for saturation of the traps
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and for given values of the constants B s, S, end E, the temperature st
which maximum emission occurs is about the same. However, when retrzpping
is present the helf-width of the peak of the curve for the seme E value is
much larger. Other characteristics, to be compared with those already
ermumerated for the case when retrapping is absent, are summerized as follows:

1. For fixed values of ny, S, and 5 s the temperature of maximum
emission is approximately proportional to the trap depth E.

2. For fixed values of n, and E, the temperature of maximum emission
inereases with increase in B or with a decrease in s.

3. The area under each curve is proportional to the number of electrcns
initially trapped (i.e., no); the shape of the curve and the position of
its maximum is dependent on n,.

L. At the beginning of thermoluminescence the form of the emission

temperature curve is given by:

I-= ng s exp (-E/KT)
which differs in the pcwer of n, from Eq. 2.

Figure 13 shows the zgreement between Eq. 3 and sn experimentally

determined glow curve for two phosphors.



19

THERMOLUMINESCENCE INTENSITY

00 200 - 300 400
TEMPERATURE IN k.

Fig. 13. Experimental and theoretical thermcluminescence
curves for zinc sulphide and silicate phosphors. (i),
ZnS-Cu. ({ii) ZnySi0)-Mn. Curves: A&, experimental: B,
calculated assuming retrapping to ocecur during thermo-
luminescence process.(6)

THE EFFECT OF EXCITATION CONDITIONS UPON PHOSPHCRESCENCE AND THERMOLUMINESCEKCE
The form cf phosphorescence decay or variation in thermoluminescence with
temperature depends not only on the electron-trap distribution for a particular
phosphor but also on the degree of saturation of the traps when excitation is
removed. In most experimental work steps are taken to obtain saturstion
conditions. However, the study of rhosphors when the traps are not saturzted
provides additional evidence to determine the extent of retrapping and some
simple non-saturation conditions will be considered. If the phosphor is
excited by a constant incident radietion at a fixed temperzture its emission
reaches a steady value. One may then derive the number of electron traps
filled under such equilibrium conditions, first for the case in which no

retrapping occurs and then for the case in which it is present.



20

Case 1

The non-satursted filling of electron traps when retrepping is present.
If the phosphor specimen has only traps of one depth E and there is a total
number N of these traps, then for constant excitation by radiation of intensity
J a number ng will be filled at any instant. Excitation is assumed to excite
aJ electrons per second, where a is a constant. For such a process the number
of electrons entering traps will be the same as the number leaving traps,
and it is given by

dn/dt = 0 = abd (N - ny) - ny s exp (-E/KT)

where b is the prcbability of capture of an electron by an empty trap; N Ry
gives the number cf empty traps available. Rearrangement cof the above |

equation gives

9. N (4)
1 + (s/abd) exp (-E/AT

or

(N_ _ 1)= s exp (-E/KT)

ng abJ
In experimental tests of this relation the values of N and n, are given by
the areas under appropriate thermoluminescence curves. For complex trap
distributions the Eq. )} must be integrated over all values of N and E. If
N is almost constant or varies only slowly with E, then such integration is
straightforward and gives

ng = NkT 1n 2 %m *1

Afs + 1

where n; is the total number of electron traps filled, A = abJ and xp = (1/s)
exp (Egax/KT). For most experimental conditions A is much smaller than s and

the equation is simplified tc give
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ng = constent X ln (A' + 1)
where A' = A x; and is still proportional to the excitztion intensity.
At high intensities A' is much larger than unity which causes a further
simplification of Eq. 5. In experimental studies the form of the high-
intensity variation of my with J is used to determire the constent A'.
Figure 1l gives this variation for a2 long éfterglow zine sulrhide phosphor
and shows how the relation of Eq. 5 is obeyed over a2 wide rznge of excitation

intensities.

NUMBER OF FILLED TRAPS (ARB.UNITS)
o

od¥ ' '
1 o) 100
(axt 1)

Fig. 1llj. Variation in the number of filled traps
with excitation intensity for ZnS-Cu phosphor at
room temperature.(6)
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Figure 15 shows the saturazted thermcluminescence curve for this phosphor.

THERMOLUMINESCENCE
1

o 1 1 o
100 200 300 400
TEMPERATURE IN %K.

Fig. 15. Thermoluminescence curve for the
phosphor of Fig. 1L.(6)

Case ?

The non-saturated filling of traps when retrapping is present. When
excitaticn cf the phosphor ceuses electrons to leave the luminescence
centers and pass through the conduction band before becoming trapped, then
one has to consider the conditicns for eguilibrium of the electrons in the
conduction band as well as those of trapped electrons. By using the above
notation end assuming the retrazpping conditions that led to Eq. 3, one may
derive equations which give the equilibrium states fcr electrons in traps
and in conduction levels. If my is the equilibrium number of conduction

electrons, these equations are as follcws:

dm + n. ex =E/KT
O_O_a]' mb(m -]-n)_.mb(N nD) o P(/r)

dn, =0=mb (N-n) - n_s exp (-E/KI)

dt

where (mo + no) is the nmumber of empty luminescence centers.
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The solution of these equations tec give the variation of n, with the
excitetion intensity J is simplified for high intensities (i.e., for ny<< mg)
and beccmes:

N

1 + S exp (-E/KT)
h/ad/B

At lower intensities, when the electron traps are not near saturation conditions

n0=

and when n_ and m, may be of comparable magnitudes, a similar relation holds.
When more than one depth of trap is present in & phosphor it is not possible
to derive expressicns corresponding tc Egs. 5 and 6 because of the complexity

of the generzl equations for eguilibrium.

THERMOLUMINESCENCE ANALYZING EQUIFMENT

Figure 16 shows the various compcnents comprising a piece of thermo-

luminescence analyzing equipment.(9)

High voltage
power supply
Preampli - Shaping
ficator circuit
Copper tape
Photomultiplher in liquid nitrogen
Motor
i %
! ——_ | Quortz disc, filters
_( :.___,_'___L__1 . S
/ | [ l"-i Dark room
T N —
Heaoting ribban

Clock
{1sec)

Pulse height
ocnalyser

Printing
machine

Fig. 16. Thermoluminescence Apparatus.(9)
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The heating element is generally compcsed of a flat metallic ribbon such as
copper or nickel and heated directly by an electric current which increases
regularly as a function of time by means of variable transformer driven by

an electric motor. Temperzsture is monitored by a suitable thermocouple fixed
to the heating element. The light is detected by a photomultiplier tube which
is often cooled with a jacket at liquid nitrogen temperzture tc reduce
unwanted dark current.

The simplest scheme for measuring thermoluminescence is to integrate
the totel photocurrent and use an indicatirg meter to give 2 single value fer
the light sum: a system such as this is widely employed where only a knowledce
of the number of filled traps is sought such as in dosimetry where such an
indicaticn is directly related to the dosage received. However an x-y
reccrder providing a temperature-intensity plot augments the research
capabilities of the instrument. Figure 16 indicates a recording mechanism of
still greater sensitivity and sophisticaticn consisting of a pulse height
analyzer giving the researcher the capability of detecting isolated or
-grouped photons. Not indicated in Fig. 16 is a means for cooling the samrle
down tc liquid nitrogen temperatures in order to investigate the low-
temperature thermoluminescence properties of materials.

Depending upon the application or research needs, the thermoluminescerce
analyzing equipment may assume varying degrees of complexity. As menticned
earlier, the cost is not out of reach of a smaller educational institution
desirous of conducting some research in this area.(10) Various comrercial
units are now available at a cost of around $5,000.00, but given a little
time and ingenuity a more flexible piece of research equirment at an even

lower cost than the commercial units may be constructed.
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A PROPOSED RESEERCH PROJECT

There is an abundance of good problem materizl in therroluminescence
research. There are hundreds of non-metallic incrganic ccmpounds available
which may exhitit thermoluminescence, and many of these can be obtained
commercislly in single crystel form making an idesl sample for a research
progrem in the optical properties of impurities and defects in insulators.
Some of the alkali-hslides are simple enough to grow in the small laboratory.

The easily aveilable and relatively uncomplicated ccrmponents mekirg up
the equipment suggest an ideal group project for a small cliass of physics
students: namely, that of constructing the thermcluminescerce equipment fcr
a research project.

There is a tendency now to depart from the stodgy, rcte process of
lzboratory exercises and to replace the exercises with more independent
endeavor on the part of the student. This can be accomplished by supplying
students with various research projects. Thermoluminescence, being a rather
curiocous and fascinating rhencmenon should incdeed prompt some student
enthusiasm and initiative as a research project.

When one considers the physics that is involved, he may be even more
impressed with the thermoluminescence project. Singling out some of the
components of the equipment, one or more students could be involved with
making the thermocouple. Here the students would be confronted with the
problems of choosing the materials, making and designing the junction to
adapt to the sample heating component, and learring the cperation of a
potentiometer to read the output of the thermocouple. Obviously the group
assigned the task of constructing the thermocouple would have to work

clesely with the people assigned the task of constructing the sample heater,
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just‘as that group assigned the task of fabricating the sample chamber weuld
have to work closely with the group working cn the light detection system.
It is clear that the interdependence of the various single zssignments
would promote a large exchange of information between the groups. Not only
is 2 lot of physics being learred, but also experience with group effort is
being obtained by the participants. It goes without sesying that the inter-
discirlinary education and group effort constitute the bulk of progress in
science today. Terhaps even more imporiantly a group project such as this
permits student-student as well as student-teacher interactions to take
place. It is through such interactions that an individusl changes and
grows. In the "hard" sciences opportunity for such interaction is minimal

and any endeavor encouraging it should, by all means, be welcomed.

AFPLICATIONS

Dosimetry

Detection and measurement of ionizing radiations have long been
impertent in the physical and life sciences.(ll) Precise dosimetry has been
particularly crucial in the applicaticn of radiation in medicine; and, during
the last two decades, for reasons that are well known, radiation dosimetry
has become a mattér of considerable concern to many other groups: to the
civil and military branches of govermment and to many industrial enterprises.

One can formulate a 1list of genersl properties that a phosphor should
have if it is to be useful for thermoluminescence dosimetry:

1. A high concentration of electron traps.

2. A high efficiency of luminescence when the electrons are thermally

released and recombine.
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3. Long storage of trapped electreons at normal working temperatures
(large E and low s).

. A simple trap distribution, preferably a single type of trap for
greatest simplicity of operation and reading interpretaticn.

5. A spectral distribution cf luminescence which matches the detector,
generally a blue-sensitive PM tube, and which is separated as far as possible
from the incandescent emission of the heating source.

6. Stability of traps, activators, and host lattice to radiation, i.e.,
radiation should fill the traps but not create new traps or new activaters
or destroy traps or activators. Depending on the purpose, one may add still
other requirements, such as energy independence and sensitivity or insensi-
tivity to neutrons.

The thermoluminescent output may be measured in-two ways, either as
the integrated light output (the light sum) or as the glow-peak height.

The former measurement has the advantage, in principle of being independent
of the heating rate: therefore, this rate need not be accurately reproducicle
between one reading and the next. It has the disadvantage that a certain
degree of arbitrariness is introduced in deciding when the integration should
be cut off, particularly when one is dealing with small signal (i.e., a
signal resulting from a low dose) which runs into the incandescence signal
from the heater. The peak-height method of measurement requires that the
heating schedule be accurately reproducible from run to run and from
dosimeter to dosimeter because the peak height is a very sensitive function
of the heating rate as Fig. 17 shows. Practical advantage can be taken of
this dependence to increase the light signal from small exposures by hesting
the phosphor very rapidly (of the order of 20° per second). Reproducibility

of heating schedule is not hard to achieve in practice.



c
? /
E: /
5 /
& / //
: B /
) / 2
/ / y
s rd
/ f A Vs
/ P -
/ T >
e e TIME

Fig. .17+, Thermoluminescence brlghtness V5. time at
different rates of heating, B , (B >8, >B, )

____» thermoluminescence. - - -, thermal radiation
Trom- heater and/cr. phosphor. (11)

The. earliest. attempts to use thermoluminescence for desimetry centered
on.lithium fluoride as the sensitive material. The complexity of its
behavior. led to.the. sbandomment of this salt in favor of 111203 and CaSOL-Mn
The_former. suffered. from ipgpffigignt,sensitivity for most purposes, and the
latter. from a.too-ghallow trap depth; therefore, the thermoluminescence
method. of -dosimetry remained for.years in a state of suspended animation,
mg;g?oqflgsszas_a.1§b9;atory‘curipsity.‘ The situation was suddenly changed
w§§@3t@gfdg?e}ppmep§iofja,mgnganese-activated calcium fluoride phosphor,
which. had. high radiation. sensitivity and a relatively simple distribution
of-stable trapping.centers. With the employment of this phosphor in an
agg;pgg@gpe;yfdggigngd:dqsi@eter_cppfiguration, most of the tremendous
ppteptisl- of -thermoluminescent. dosimetry was achieved, and interest in this

method -was.abruptly revived. In. this revival studies of the rather complex
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behavior of this salt proliferated. Although Can-Hn can be used as a loose
powder or encapsulated in a high melting glass matrix spurious luminescence
effects from friction between phosphor grains (triboluminescence) or inter-
action with atmospheric gases are avoided if the phosphor is sealed in a
vacuum or other inert enviromment. This arrangement permits the detection
of very low exposures of the order of milliroentgens or less.

The glow curve of synthetic manganese-zctivated CaF, phosphor is shown
in Fig. 18. The relatively high temperature of the glow peak implies the

existence of deep stable traps.
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Fig. 18. Glow curve of synthetic CaF,-Mn.(11)

The remarkable sensitivity and range of the dosimeter is shown in
curves A and A' of Fig. 19. Curve A refers to a dosimeter with a "non-
browning" glass window, and A' refers to a dosimeter bulb made entirely of

pyrex, which darkens at high doses. Exposures of 1 mRéOC gamma rays can be
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Fig. 19. Thermoluminescence peak height vs.
dose for CaFy-Mn dosimeters.(11)

clearly measured, and the response is linear over more than eight decades
up to approximately 3 X 105 R when a "non-browning" window is employed. The
device is useful over a range that extends well below znd well above the
range encompassed by the photographic film badge normally employed in
personnel monitoring. Interpretable results can thus be obtained even in
the event of severe accidental overexposures of personnel.

It has been found that the short heating period used in the reading
operation dees not completely expel all the stored energy from dosimeters
that have received large doses. Thus, if a dosimeter has been exposed to
100 R and read by 2 rapid heating method, it is not immediately useful for

registering exposures in the milliroentgen range. To exhaust the stored
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energy completely, it must be held at elevated temperature for lLonger pericds
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of time. A heat treatment at L0O02C for 15 minutes is found to be suffiecient
for this purpose. The open circles on curves A and A' of Fig. 19 refer

teo measurenents made after large exposures follcwed by this bake-out
procedure. It will be seen thet this treatment leaves the dosimeter
sensitivity unchanged.

Modification of the calciurm fluoride dosimeter has resulted in con-
siderable minizturization of the device as Figs. 20_and 21 clearly reveal.
The first consists merely of a needle-shaped sezled glass tube filled with
phosphor under an argon atmosphere; the second is identical in construction
except for a coaxizl platimum filament that is sealed through both ends of
the tube: and the third, shaped like a small bulb, is about twice the diemeter
of the other two and contains z filament bent in a V shape, with the two
ends of the filament emerging from the same end of the dosimeter where they

terminate in a2 contracting base. Reading of the first type of miniature

CoFz: Mn POWDER, ~S0 MILLIGRAMS

CEMENTED 7O CARBON HEATEP WITH

DOW CORNING NO 805 SILICONE CEMENT

CARBON HEATER (16 x 16 X 0.38 MM)
NICKEL SUPPORT LEADS

Fig. 20. Early calcium fluoride dosimeter.(1l)
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dosimeter is accomplished by placing it in & Nichrorme strip holcder that is
electrically heated. Except for this external heatirg scheme, its operation
is identical with the other miniature dosimeters. The power supplied to the
internally heated dosimeters is of the_order of 1 to 2 Watts, end the
measurenent time is 30 seconds. As shown in Fig. 17 the minimum detecteble
exposure with all three minizture modifications is of the order of 1Cm®,
measured with the same reading apparatus. In 2ll cther respects the three
minizture versions perform identically with the larger prototype model.

The relatively high temperzture of the glow peak in CaFp-kn would lead
one to expect that the traps in this phosphor ere deep &nd that there should

be no lcss of signal on room-temperature storage of the exposed phosphor.

There is some loss as shown in Fig. 22. Approximstely 6 to 1C percent of the
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Fig. 22. Loss of stored signal in thermoluminescent
dosimeters using synthetic CaFZ-Mn.(ll)

initial-exposure indication is lost during the first 16 hours of storzage at
room temperature. Further loss on storage thereafter proceeds very slowly,
amounting to only a few percent more in a month. This loss, comparable in
magnitude to the image fading observed with photographic film is tolerable

for personnel dosimetry. Other natural mireral CaF, phosphors show no

fading over very long periods of time. The fading observed with the synthetic
CaF,-Mn depends on the heating rate used in the thermoluminescence mezsure-
ments: no fading is observed when the phosphor is heated at the slow heating
rate (1°C per minute) normally used in phosphor-chemistry research.

It is characteristic of all thermoluminescent dosimetry systems that
the process of reading the dosimeter expels the stored energy and makes the
dosimeter ready for reuse. Although the reading can te obtaired in the form
of a chart record or printed number, which can be referred to repeatedly,

the dosimeter itself can be read only once. In view of the speed of the
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reading operation, the very wide dose range encompassed by the dosimeter and

the usuel lack of prior infermation concernirng the dose to be encountered,

the recording instrument must be able to respond rapidly and automztically

to a wide output range, lest the readirg be inaccurate or lost altogether.
Dosimetry methods based upcn the thermoluminescence of solids have

many advantages in sensitivity, range, simplicity of reading, ruggedness,

small size and potentially lcw cost. The utility of thermolumirescence

type devices is only now beginning to be appreciated.

Ceologic Age Determiration Using Thermoluminescernce Technioues

Basically, the assumption is made that the thermolumirescence ofrrocks
and minerals can be used as a type of natural radiation dosimeter. Certainly
if the totzl accumulated radiation dose can be measured and the rate 2t which
it is supplied is known, the length of exposure cen be easily calculated.
However, this means of dating a geological specimen is still not a routine
investigation, though some success has been encountered. The reasons for
this slowness in the development and application are twofold: First, the
details of the basic physics of the pﬁenomenon are highly complex and not
fully understood. This absence of knowledge has_not particularly stood in
the way of radiation dosimetry applications since dosimetry does not involve
very large spans of time or very slow rate processes, and it is possible to
select or prcduce artificially material for dosimetry which has standardized
radiation sensitivity and glow curve charzcteristics.

The second set of factors which contributes to the difficulties of
applyirg thermoluminescence to problems in zsge determination is geological
in nature. The large variations in compositicn and the complexity of the

geologic history of many samples precludes a simple direct relationship
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between thermoluminrescence and time. For instance, recrystallizaticn znd
structural stress are only a few of the factors which are known to produce
marked changes in the thermoluminescence of materials. While these feacters
tend to operate against the use of thermolumirescence for determirning the
original age of samples, much valuable infermation can be gaired zbout the
detziled geologic history of specific areas. For example the discordance of
thermoluminescence ages can provide evidence for the metamorphic changes or
structural effects which are of such low level that they would ordinarily be
overlooked.

There are two different types of age determiration using thermolumirescence
methods. In the first case, the natural thermoluminescence of the sample is
used as an indicator of the accumlated radiztion dose. It is necessary to
assume that the number of charge trapping centers is essentially constant
throughout the geoclogic history of the sample. The second technigue is
based upon the assumption that natural radiation precduces new traps as well
as filling those which are already present. In this case, the natural
thermoluminescence is not used and only the artificially induced luminescence
is measured. It will be found that a combination of both of these methods
will produce a more practical age determination technique.(12)

The Natural FKethod. This method is based on the assumpticn that the

natural high temperature thermcluminescence of samples is zn indiecator of
the geologic age. The assumption is correct only if the number of trapping
centers remains essentially constant throughout the geolegic histery of the
sample and the trapping centers progressively accumulate charges resulting
from ionization caused by the decay of natural radicactive imnurities.

Unless the trap depth is sufficient to retain virtually all of the
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charges which enter the high temperature traps, a true age dependence will
not exist. It is important to note that the term "trap depth" inveolves mcre
than the activation erergy of the traps. Considering the eguation dn/dt =

s exp (-E/KT) one sees that s, the escape frequency is also invelved in
determining that rate of loss of charges from the traps. If the frequency
factor is sufficiently low and the activation energy (E) is sufficiently
high, the rate of loss of trapped charges will be smzll even over geologic
time pericds.

Early studies have shown that any significant loss of charge from high
temperature peak traps would introduce substantial errors in the calculated
ages. The conclusion was reached, however, that the presence of a lower
temperature peak provided assurance that no appreciable drainage from the
high temperature peak had taken place. The difference in the rate of
drainage of the two peaks was fcund to be approximately 6000 to 1. Thus, if
one has a sample exhibiting three temperature peaks and a large nztural middle
temperature peak, he can conclude that the high temperature pezk has not
been significantly drained in the geologically recent past.

In order to determine the age of a sample, it is first necessary to
measure the natural thermocluminescence. Since this vslue is especially
critical to thé calculations, it is customary to make at least three
determinations to permit the average value to be obtained. The meszsurements
are usually made on powdered material, although there are several theoretical
advantages to be gained from using sawed and polished slabs. The best
technique is essentially dependent upon the nature of the apparatus which
is available.

The natural thermoluminescence of the sample must next be compared with

the thermoluminescence induced in it by meons of an artificial radiation
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dose. In most of the age determinations, this is done by heating the samples
to around 350°C to remove the existing naztural thermoluminescence. The
drained material is then irradiated artificially with a2 series of four or
five progressively increasing radiation doses. The induced thermclumines-
cence is measured after ezch dose and the subsequent data used to plot a
calibration curve. A value terr:ied the relative equivalent radiation dose,
is then obtained by projecting the natural thermoluminescence tco the curve
and finding the corresponding artificial dose necessary to duplicate it.
The nstursl radioactivity of the sample must next be determined and this is
usually done by alpha or betz counting. The relative equivalent radistion
dose is then divided by this numerical factor and the resultant value-is
considered to be a function of the geologic age or, if alterstion has taken
rlace, a function of the zge of the alteration.

The Artificial Method. This method is based upon the theory that new

charge trapping centers are developed by radiation damage caused by radio-
active impurities contained within the crystals. The middle temperature peag‘
of a three peaked glow curve is used, and no zttempt is made to measure the
natural thermoluminescence. It is assumed that the charge trzpping centers
which are responsible for the middle temperature-peak are essentially absent
from the freshly precipitated materiasl. Studies have been made which
indicate that the middle temperature peak results almost entirely from
radiation-produced trapping centers in many geological materiszls.

The critical value to be determined in this method is the so-cal”ed
saturation thermoluminescence of the middle temperszture pezk. In order to
obtain this value, five or six powdered sarples are subjected to increasing

doses of high energy radiation. Since it is unnecessary to remove the

naturzlly trepped charge, one of the problems encountered in the natural



thermoluminescence method can be aveided. The artificially induced thermo-
luminescence in each of the irradisted szmples is corefully messured and the
curve of glow-curve peak growth with radiation is determined. Tﬁe form of
this curve veries considerably among samples, but it commonly rises steevly
to a platezu which has a low angle of upwarcd slope with increasing radistion.
The peak height at saturation, which is considered to be the point at which
the plateau is attained, is then divided by the numerical value that
represents the natural radicactivity of the sample. The resultant value is
considered to be a functicn of the geologic age.

It is assumed that the slcpe of the plateau is an accurate mezsure of
the relative trap production efficiency. It is known that large additicnal
doses of radiation beyond the amount necessary to reach the platesu usually
produce a decrease in the amount of thermoluminescence induced in the
sample. The fact that the decrease occurs does not prevent determination cf
the trep production efficiency because the radiation dose necessary to do
this is substantially smaller than that required to produce the reduction.
| The theoretical basis for this method is definitely less secure than
in the case of the natural thermoluminescence method. The hypothesis that
the middle temperature peak results solely from the charge trarping centers
produced by radiation damage has not been adequately tested and cznnot be
considered to be firmly established.

The ¥odified Natural Thermoluminescence Method. Although both of the

previously described methods have been used for relative zge determination
studies, each has practical as well as theoretical disadvantages.{13) For
this reason, a combination of the two methods has been developed in an
effort to eliminate the weaknesses of each of them. Some of the modifi-

cations have arisen frcm improved knowledge of the basic nature of the
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thermoluminescence phenomenon. Most, however, come directly from experience
gained from experimental testing of the older methods and procedures.

In the natural thermoluminescence metncd one of the most important
theoretical objections is the requirement that the number of traps remain
constant throughout the geolcgic history of the sample. In fact, it is
most probable that radiation can produce traps and that they are not confined
to the middle temperature pesk. For this reason, it is unsafe to conclude
that the number of traps present in a given crystal has nct changed since
lattice was formed.

Figure 23 illustrates the idealized growth of both the natural and the
artificizlly produced traps in the sample. In this illustretion, the sample
is assumed to have an initial number of traps (a) after lithification, of
which essentially none are filled. The natural radiation to which the sample
is subjected in the course of its geologic history will cause the number cf
traps to increase. At the time the age determination is made, the number of
traps (b) present in the lattice contains roughly B0 percent of the total
possible charge filled traps.

It is assumed that the sample is drained in such a manner that no
trap destruction takes place. After deactivation, the sample is artifi-
cially irradiated to determine its calibration curve. If the artificial
dosé could be equilibrated with the natural dose, the teotal number of traps
would increase (b-d) as the mumber of filled traps approached saturation.

The earlier thermoluminescence age determination attempis show a
systematic deviation of the points from their true relative positicns.
Points from samples having low radicactive impurity content show ages which
are too old, wheress those having higher than usual radicactive impurity

content show ages which are too young. The naturzl thermcluminescence
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method is based upon the assumption that the relative equivalent radiation
dose cen be obtained by projecting the netural thermoluminescence to the
calibration curve and finding the corresponding srtificial dose necessary to
produce it. Thus, if the numbter of trans remains constant throughout the
geologic history of the ssmple znd the loss of trapped charges is insignifi-
cant, and if no trap destruction tzkes place during drainage, the value R,
(relative equivalent radiation dose) will be equal to R, (true natursl
radiation dose). The equation t,. = Rg/et will be adequate to determine the
relative ages (t,.) of a series of samples if the mmerical factor which
represents the naturzl radicactivity of the material (K ) is accurately

known.
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Fig. 23. Geological Dating.(9)

Figure 2); is a hypothetical representation of two calibration curves
of samples of equal age and trap production efficiency, but differing
radioactive impurity content. Although both samples are assumed tc have the
same number of natural trapping centers after crystallizaticon, new traps are

produced at differing rates owing to the differing radicactive impurity
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Fig. 2. Geological Dating.(9)

contents. The growth curves of natural thermcluminescence show that the
sample having the higher radiocactivity can attain a higher natursl thermc-
luminescence because mcre new traps have been formed in it. However, when
age determination is made, the fact that this sample contains a larger number
of traps will be reflected in the steepness of the rise of the calibration
curve.

In the illustration shown here in Fig. 2l;, the value obtained for R,
is essentially the same for both samples, but the ages calculated will not
be the same because the values for A are different. The errors which zre
produced will be exactly the same type as those found in the esrlier studies.
The sample having the lower radicactivity will show a calculated age which
will deviate from the ﬁrue age by being too old, and the sample having the
higher radioactivity will appesr to be too young. In any case, the real
radiztion dose to which the sample has been subjected during its geologic
history (Hn) will always be larger than the value cbtained for Ra’ because

of the continuous growth in the numbter of traps.
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It is possitble to correct this error only by empirical means. It can
then be said that R, = ZR, where the function Z is directly proportional to
the radicactive impurity content, the age and the lattice charzscteristics
of the sample. By successive approximations, it is possible to obtain =
value for Z which will be valid for samples having roughly the same lattice
characteristics. Values for pure limestones can be expected to be relatively
consistent but will differ from those say of pure dolomites.

| In determining R,, it is necessary-to remove the natural thermo-
luminescence and then reactivate the szmple with an artificial radistion
source. In the past the samples were usually heated to a temperature
adequate to remove all of the thermoluminescence from the high temperéture
peak. It is clear, however, that the heating process can do more than
merely free trzpped charges. In some samples, chemical changes can take
place, and the color and transparency can be substantially altered. Further;
more, an actual reduction in the number of traps present may occur because
of annealing effects. See Fig. 25. Studies show that heating produces

marked changes in the thermo-

e
luminescence characteristics of a
£ - o ) :
g ”’,a”" material. In addition, studies show
% //,/”‘» that the peaks are unequally affected,
g //; indicating that the reduction in
; ] luminescence is not only the result
; of changes in transparency but also
" involves internal shifts in the
o 6 T;i‘m, " * lattice structure.
Fié. és; Upper curvé, ultraviélé;i Drainage of the natural thermo-

drained. Lower curve, thermally . .
drained.(12) luminescence can be accomplished by
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irradiation with ultraviclet. Almost any intense source of ultraviolet will
serve to remove about 95 percent of the natural thermoluminescence from
powdered minerals in less than one hour. Low pressure mercury vapor lamps
with quartz or high ultraviolet transmission glass envelcpes are entirely
satisfactory for this purpose. A convenient technique is to place the lamps
one zbove the other and spread the powder on a quartz plate which is then
inserted between the two lamps. In this manner the grains are irradiated
from both sides simultzneously. This is the best method found to date to
permit the removal of the natural thermoluminescence without heating the
sample. One should be mindful that the high susceptibility of samples to
ultraviolet drainage requires that special care be taken to avoid unintentionsl
exposure of the powdered samples to sources of ultraviolet. Both sunlight
and light from ordinary fluorescent and incandescent lamps zre rich enough

in ultraviolet to produce significant reductions in the thermoluminescence of
varicus samples, even after periocds of exposure of less than one minute.
Figure 26 indicates the effectiveness with which a sample may be drained
using ultraviolet.

Grinding is known to induce
high temperature thermoluminescence
in some materials in such a way that

5 the induced effects may overlap the
peak which is used for age deter-

mination. The effect cen be minimized

PEAKS MEIGHT ARBITRARY UNITS

if the prain size of the powders is

hﬁ_hﬁ_“_ﬁ____ﬁ______ﬁ
= —— = ard .
0 0 20 3 @ s held nearly constant and particles
X . . TIME {min)

under 10 microns are screened out.

thermoluminescence produced by .
ultraviolet irradiation.(12) The remcval of Tine particles is
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especially important because the grinding effects have been shown to be
inversely prﬁportional to grain size. In most cases, rencval of the very
fine particles will be adequate to eliminate the problem rresented by the
grinding effects. If careful sieving does not eliminate the effect, the
powdered material can be etched very lightly with very dilute HCL so that
the outermost layer of the grains is removed. This techrique will usually
serve to remcve almost entirely the grindirg effects.

Only two applications of thermoluminescence have bteen discussed, but
it is apparent that many other applicaticns exist. It seems to be only a
matter of time until the mechaznics of the process are fully realized. Then

thermoluminescence will become an analytical tool of profcund importance.
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Thermoluminescence, wihich is the release cf stored energy in a
crystalline substance in the form of light through heating, was discovered
over 300 years ago by Boyle. Remaining for a long period of time as a mere
curiosity, thermoluminescence is now being used as a tool in many scierntific
disciplines as a more thorough understanding of the phenomenon lends itself
to applications in these fields. The field c¢f dosimetry has been greatly
refined through the use of detection of radiaticn by thermoluminescent
materials. Dating of geological specimens and archeological artifacts heas
met with some success using thermoluminescent techniques.

The process of luminescence in general along with associated definition
and differentiation between phosphorescence and fliuorescence is briefly
introduced. A discussion of the luminescence center is presented to augment
understanding of the mechenisms of the thermoluminescence models, which are
then discussed.

The theory associated with some of the uncomplicated models is presented
to the extent of the understanding of the process possessed to date. The
theory aceompanying the more eomplicated models still remains to be developed.

The paper concludes with a brief summary of the applications of thermo-
luminescence to the fields of dosimetry and geological dating.

The intent of the paper is to givé the reader a concise overview of

thermoluminescence in general.



