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Abstract

The physical principles which are the basis of thtrmoluminescence techni-
ques for dating and authenticating archaeological and fine arc objects are
described in non-technical terms. Included is a discussion of the interaction
of alpha particles, beta rays, i.e. energetic electrons, and gamma rays with
solids, particularly electron-hole ion pair formation, and the trapping of
charges by crystal Imperfections. Also described is the charge-release pro-
cess induced by heating and the accompanying emission of luminescence result-
ing from charge recombination and retrapping. The basic procedure for dating
and/or authenticating an artifact is described in a "how it is done" manner.
Lastly! recently developed apparatus is described for simultaneously measur-
ing luminescent light intensity and wavelength and sample temperature.
E:tam<>les of studies made with this "3-0" apparatus are given and applications
to dating and authenticating are described.

Iliermoluminescence techniques for dating and
authenticating archaeological and fine arts objects
are tased on physical principles which can be readily
understood by persons who are not familiar with the
underlying physics, chemistry, and mathematics. Famil-
iarity with the basic science provides an improved
appreciation of the techniques involved but it is
definitely not essential for a surprisingly complete
understanding of the method and its limitations. Con-
sequently, this presentation will be as free as pos-
sible from technical jargon and descriptions. A few
essential technical considerations will be included in
a clearly marked section which may be omitted without
diminishing the overall understanding.

Presented at an International Seminar on Application
of Science to the Dating of Works of Art. Museum of
Fine Arts, Boston, Mass., Sept. 23-25, 1974.

*Research supported by U.S. Energy Research and
Development Administration

Tihe Basic Thernoluminescence Process

If a newly grown synthetic crystal, e.g. synthetic
quartz or sodium chloride (table salt), is rapidly
heated from room temperature to 400 or 500C the sample
will not emit detectable light. However, above 350 or
400C a red glow will be observed from the heating ele-
ment or oven which will increase in intensity as the
temperature increases. If this measurement is made
in the usual thermolumiuescent apparatus, consisting
of a heating element and a phototube with suitable
electronics to record the emitted light, a curve of
light output vs. heating element temperature is obtain-
ed resembling the uppermost curve in Fig. 1. Next,
the measurement may be repeated with a crystal which
has been subjected to x-ray irradiation. Either the
original crystal (after it has cooled down) or a simi-
lar new crystal may be used. For example, if the
crystal has been exposed to a 10.000R, or rad, x-ray
irradiation the lieht output vs. heating element tem-
perature curve will resemble the upper one in the
middle diagram of Fig. 1. At high temperatures the
curve will contain contributions from both the oven
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glow and the light emitted from the crystal. If the
heated crystal, or a similar new crystal, is exposed
.'o a SOOOR irradiation a light output, or thermolumi-
nescence, curve is obtained which is approximately
one half the height of the previous curve. Such a
curve is also shown in Fig. 1. Next, if the oven glow
is subtracted from the 5000 to 10.000R curves, the
result is the lowermost plot in Fig. 1. For most of
the minerals which are found in pottery, e.g. quartz,
calcite, zircon, etc., the lO.OOOR curve will be almost
exactly twice as intense as the 5.000R curve.

Consider an alternative sequence of measurements
on natural quartz which also demonstrates thermolumi-
nescence in solids. If a piece of natural quart: is
heated in the themoUminescence apparatus, a light
output vs. sample temperature curve, or "glow-curve"
is obtained resembling the middle curve in Fig. 1,
When the sample is reheated, without subjectinR it to
any kind of treatment, a curve resembling the upper
curve in Fig. 1 is obtained. In fact, the crystal may
be reheated numerous times without observing light
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Fig. 2--Distribution of ionization produced by ener-
getic electrons, or beta rays, and alpha particles
entering a crystal. The ionization distribution of
recoil-electrons, created by interactions with gamma
rays, in the interior of a crystal is identical with
the distribution produced by beta rays of the same
energy. In fact, equal energy recoil electrons and
beta rays are indistinguishable. The ion-pair density
produced by alpha particles is very much larger than
the electron-produced ionization. Alpha-particle
ranges are very much less than electron ranges for
equal particle energy.
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Fig. l--1he basic thermoluminescent phenomena. A newly
grown crystal does not exhibit light emission even
though it is heated to a high enough temper'iture to
cause the detection equipment to record red light from
the heater. However, if the crystal is exposed to
x rays after it has cooled and then reheated, thermo-
luminescent glow curves will usually be observed. The
height of the curves is roughly proportional to the
radiation exposure (or dose), A surprisingly large
fraction of transparent or translucent minerals
exhibit some degree of thermoluminescence.

emission. Next, if the sample is exposed to radiation
from an x-ray machine the glow curve obtained after
irradiation will resemble the original one. Depending
on the dose, it may be more or less intense. If this
sample is reheated again thermolumiiiescence will not
be observed. This sequence of measurements demon-
strates that the effects of previous irradiation are
removed by a single heating cycl'j, provided that the
sample is heated to a temperature above the highest
temperature glow peak.

These simple measurements demonstrate the basic
thermoluminescence phenomenology. Namely, thermo-
luminescence is light emitted from a substance as it
is heated and, most importantly, as a consequence of
previous exposure to radiation. Note particularly, a
single heating cycle removes all of the thermolumi-
nescence produced by previous exposure to radiation.
Only x-ray radiation was mentioned in the example just
cited. However, pottery, as well as almost all other
substances, are exposed to several different kind of
radiations and these will be described in the next
section.
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Interaction of Natural and Artificial Radiation with
Matter

liiierRetic electrons or beta rays: To begin, con-
sider the processes which occur when a 1-MeV electron
enters a nonmetallic substance, e.g. a quartz crystal
or a piece of glass. The 1-MeV electron may originate
from an electron accelerator or emitted by a natural
radioactive substance. It matters not how fast moving
electrons originate, once formed they are completely
indistinguishable and behave in precisely the same
way. As the electron traverses the crystal it gives
up energy in two principal ways. First, it causes
electrons to be removed from atoms leaving behind an
absence of an electron which is usually referred to as
a (electronic) hole. The electron removed from an
atom and its accompanying hole is usually referred
to as an ionization pair. Hie creation of each ion
pair "uses up" some of the energy imparted to the
crystal by the incident fast moving electron. In
addition to creating ion pairs, the fast moving elec-
tron interacts sufficiently strongly with many atoms
in the crystal lattice to put them in violent motion.
In other words, part of the energy of the incident
electron "heats" the crystal. The electron continues
to penetrate the crystal, giving up energy by both
o{ the processes mentioned above, until all of its
original energy is "used up". Very roughly, one half
of the original energy is used to produce ion pairs
and the remaining half heats the crystal. The h-'at
imparted to the crystal during ionization can be neg-
lected for all archeological applications. The dis-
tance traveled by the electron during this process is
called the range. The range is approximately 1 um for
each MeV of energy' possessed by the incident electron.
For exaiip'.e, a 3-MeV electron will traverse approxi-
mately 3 mm of crystal before it has lost all of its
original energy1. This range relation, as well as
other processes associated with electron produced
ionization, are illustrated in Fig. 2. The amount of
energy required to produce a single ionization pair
is very small, approximately 20 eV. Consequently, the
number of ion pairs produced is very large; a 1-MeV
electron will produce approximately 50,000.

In most materials the holes produced during ion-
pair formation are very quickly trapped on hole traps.
The characteristics of both hole and electron traps are
detailed in a later section. The electrons do one of
two things. First, they wander about the crystal until
they encounter a' trapped hole and recombine, i.e. dis-
appear. Stated alternatively, the electrons recombine
with the holes to restore the electrical neutrality of
the crystal. Second, some of the electrons will wander
about until they become trapped on electron traps. The
probability for electron hole recombination is very
much higher than the probability for electrons to be-
come trapped on electron traps. In fact, more than 99%
of the ionization electrons usually undergo recombina-
tion, llole trapping and electron trapping processes
play a very important role in thennoluminescence and
consequently these processes will be described in
detail in the next section. However, before proceed-
ing, it is useful to point out one additional property
associated with the passage of an energetic electron
through a solid. The concentration (ion pairs per unit
length of path) of electron hole pairs depends on the
energy of tJie fast-moving electron. In fact, it in-
creases as the incident electron energy decreases.
Thus, as illustrated in Fig. 2, fewer electron-hole
pairs are produced at high electron energies than at
lower electron energies. As a result, the trapped
electron-hole distribution along the trajectory of the
incident electron is nonuniform. More trapped charges
are found near the end of the trajectory than along
the initial part of the path. Also, it should be

mentioned that the electron trajectory is not complete-
ly straight and often contains a few large "wiggles"
most often near the end of the track.

Ionization, electron-hole migration, and charged
trapping: The electron-hole, or ion pair, formation
process associated with tile passage oi a fast electron
through a crystal was briefly described in the preced-
ing section. Actually ionization occurs, i.e. is
associated with, the passage of all sufficiently ener-
getic radiation through matter. Ihe electron-hole
formation process, the recombination, and the subse-
quent trapping of a small fraction of the ionization
electrons and holes is an intergal part of the thermo-
luminescence process. Familiarity with these processes
is essential for an understandii.^ of thermoluminescence
and will be described in considerable detail.

Hie important ionizution related processes can
be described by considering a small part of a real
crystal, indicated schematically in Fig. 3a. Actually,
this example is a two-dimensional representation of a
very small portion of a three-dimensional quartz crys-
tal. For the most part the atoms shown are either
metal atoms or nonmetal atoms, e.g. silicon or oxygen
atoms, on an idealized perfect lattice. Also shown are
two negative or o.ygen-ion vacancies and two aluminum
atom impurities which have substitutionally replaced
silicon atoms in the lattice. Many additional kinds
of crystal imperfections could have been included in
this diagram. For example, different impurities might
be substituted for either oxygen or silicon atoms. A
different type of imperfection, the interstitial atom
is not included. An interstitial atom would be found
between the atoms of the lattice. Also, many types of
defects formed by atoms missing from the lattice, such
as side-by-side vacancies or divacancies, and positive
ion vacancies, etc., are not shown. However, all of
the important ionization related processes can be
illustrated with this example.

Figure 3b shows the initial ionization act, namely,
the interaction between a fast electron, moving through
the crystal, and one of the electrons bound to a sili-
con atom. The fast electron has literally knocked an
electron away from the silicon atom. It is shown mov-
ing to the right. The silicon atom now lacks one
electron. This missing electron, or lack of an elec-
tron, is universally referred to as a "hole". (Note
particularly that "hole" refers to a missing electron
and not to a missing atom. The latter is referred to
as a vacancy.) If the ionization electron has acquired
sufficient energy it will quickly move one or two
lattice spaces away from its point of origin. Under
these circumstances the subsequent motion of both the
electron and the hole almost always are independent.
Consider first the motion of the hole. Since most of
the electrons in the crystal are in constant motion an
electron from a nearby atom will easily jump into the
orbit previously occupied by the "missing electron" or
hole. Thus, the hole has migrated to a nearby atom
and the atom participating in the original ionization
event has been restored to its initial condition.
This "electron-moving-one-way" and "hole-moving-the-
other-way" process will continue, as illustrated in
Figs. 3b through 3d, until the hole is trapped on an
appropriate "hole" trap.

A substitutional aluminum atom on a silicon atom
site is a good example of a hole tr#p. This is easy
to understand - the alumimm normally has a +3 charge
and occupies a site usually occupied by an atom with
a *4 charge. Since a hole is "the absence of an elec-
tron" it has a +1 positive charge. Thus when a hole
is trapped on the aluminum atom the local charge be-
comes +4. Under these circimstances the hole is elec-
trostatically bound to the aluminum atom site.
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Fig. 3--The sequence of events,
starting from the creation of
an electron-hole ionization
pair, leading to trapped elec-
trons and holes. This sequence
also demonstrates that the
motion of an electronic hole,
which is the absence of an elec-
tron from normal electron loca-
tions, actually results from
electron motion in the opposite
direction.
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Fig, 4--The sequence of events,
starting from the creation of an
electron-hole ionization pair,
leading to electron-hole combina-
tion. In this diagram, the simul-
taneously formed electron and hole
recombine with each other. How-
ever, any electron may recombine
with any hole. For example, an
alpha particle will create a large
number of ion pairs along its tra-
jectory and only a small fraction
of the recombination events will
involve simultaneously created
charges.



During the time that the hole is migrating Un-
ionization electron is also moving through Die lattice.
In most materials the holes become trapped appreciably
quicker than the electrons. The electron wanders about
the lattice until it enters into one or the other of
two processes. The various parts of Fig. 3 illustrates
the case of the electron becoming trapped on an "elec-
tron-trap", which is a negative ion vacancy in this
case. Again, it is easy to see why the vacancy is an
electron trap. The atom normally in this position has
a charge of -?.. However, this -2 charge is missing
and the trapped electron supplies part of this missing
charge. Since the normal charge is -2 and the elec-
tron charge is only -1, the trapped electron is strong-
ly bound to the vacancy electron trap. The final con-
figuration is illustrated in Fig. 3f, a hole is trap-
ped on a hole trap and an electron is trapped in :ui
electron trap.

Consider next the other of the two processes
normally entered into by ionization electrons. This is
illustrated by Fig. 4. Inasmuch as the electrons in
the crystal are undergoing rather violent motion, there
is less than a one in a million chance that two dif-
ferent ionization events would lead to similar hole and
electron trajectories. Thus, both the electron and
hole trajectories illustrated in Fig. 4 are quite dif-
ferent although they originate in almost the same
place in the crystal. The electrons and holes under-
go exactly the same type of migration;!I movement
illustrated previously. However, by chance, the elec-
tron wanders close enough to the trapped hoie to under-
go electron-hole recombination. As mentioned previous-
ly, the electron-hole recombination process is much
more probable than the trapping processes illustrated
in Fig. 3. Thus, roost ionization events leave the
lattice in an unperturbed state, as illustrated by
Fig. 4f.

Energetic alpha entering a crystal: The effects
produced when an energetic alpha particle enters a
crystal are very similar to those created by an ener-
getic electron. However, they differ in one very
important characteristic. The ionization rate per unit
path length, i.e. the rate that electron-hole pairs are
created, is about 1,000 times larger for alpha particles
than for electrons. Consequently, the range of alpha
particles is about 1,000 times less than that of elec-
trons of equivalent energy. Whereas a 5-MeV electron
will penetrate approximately 5 inn, a 5 MeV-alpha
particle will penetrate about 25 microns, i.e.
25/1,000 of a millimeter. Also, very roughly, about
one half of the energy of the alpha particle is used
to produce ion pairs, the remaining half is converted
directly into heat. Thus the number of ion pairs is
very large. However, the ionization electrons and
holes produced by alpha particles behave precisely
in the same manner as electrons and holes produced by
electrons. Few differences result from the high ion-
ization density. Because so many electrons and holes
are produced close together recombination is more
probable for alpha particle ionization than for beta-
ray ionization. However, it must be emphasized, the
major difference between electrons and alpha particles
is the very large difference in range. When alpha
particles enter a crystal from the outside all of the
lonization is confined to a very thin layer, from 5 to
25 microns, adjacent to the crystal surface. This
point will be emphasized in a subsequent section.

Energetic x rays and gainna rays entering a
crystal: for the purpose of this article the inter-
action of x rays or gamna rays with a solid can always
be regarded as a two step process. (An exception is
any interaction which involves a nuclear event, but
these occur so rarely they need not be considered in
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Fig. 5--l'ciK'tration of giinna rays into normal archaeo-
logical materials such as clay, quart;:, ruck, etc.
Typically, for 1-MeV gaiinia rays, about one-half of the
total number incident on an external surface will in-
teract with the solid in a distance uf roughly 10 cms.
Of the remaining one-hall", which have not interacted,
approximately one-half will make collisions in the
next 10 cms; and so on. A very large fraction of the
interaction events will produce recoil electrons
(Compton electrons) whose average energy is around
O.b MeV. Hie recoils produced by gaiinia rays art- dis-
tributed quite uniformly in millimeter sized crystals.

archeological or fine art dating and/or aiithentic.ition
applications.)

Step One - X rays ;md gamma rays in the MeV energy
range penetrate, on the average, centiliters of the
crystal before undergoing any interaction. More
specifically, a 1-MeV ganrna ray will traverse approx-
imately 10 or 15 cm of a crystal before undergoing a
change in path. This first step, the penetration step,
is illustrated by Fig. 5. This plot shows the fraction
of 1-NfcV gamma rays incident on a crystal which do ncrt
undergo any kind of interaction vs the depth they have
penetrated into the crystal. One half of thr gamma
rays penetrate to a distinct- of 10 cm without making
an interaction, one quarter penetrates to 20 cm, and
one eighth to 30 cm. Thus the incident gamma-ray flux
is reduced by one half for every 10 cm penetrated.
This distance, in this case 10 cm, is called the half
thickness. It is important to note that it is very
large for MeV gamma rays. The half thickness is on the
order of centimeters or larger for almost all of the
gamma rays emitted by natural radioactive elements.
The half thickness becomes less as the gamma-ray
energy is reduced. It i.i around a millimeter or loss
for a large fraction of the x-rays produced by the
usual x-ray machines. This difference in penetration
depth is important when one uses an x-ray machine to
determine the "sensitivity" of a ceramic material.

Step Two - The penetration of an x ray or ga.ima
ray into the crystal before making an interaction was
described in the previous paragraph. The actual
"interaction" is quite straightforward. On the
average, roughly two thirds of the energy of the x ray
or gamma ray is transferred to one of the electrons in
the lattice. There arc three interactions of this type,
the photoelectric effect, the Compton effect, and the
pair-production effect. The last mentioned process
occurs only if the gamma-ray energy exceeds 1 MeV, it
never contributes more than a few percent to the total
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ionization, and need not be mentioned again, The
other interactions need not be described in detail.
They are mechanisms for the trajisfer of energy from
the incident x ray or gaima ray to one of the normally
bound electrons in the solid. On the average, two-
thirds of the original x-ray or gamma-ray energy is
transferred to the "struck" electron. In turn, this
electron traverses the lattice initially at high
velocity, i.e. energy. It is important to realize
that it hch&vcs exactly like any other energetic
electron, such as a natural radioactive beta ray or an
electron emerging from an accelerator. Its inter-
action with a lattice is indistinguishable from that
produced by any other electron and is exactly as de-
scribed in the section above on last electrons.

Because of the large penetration distances
associated Kith step one, the distribution of ioniza-
tion produced by high energy gamut rays and x rays is
quite uniform. For example, the ionization produced
by a 1-MeV electron incident on a crystal will be con-
fined almost entirely to a layer on the surface one
inn thick. In contrast, the ionization produced by 1-
MeV gamma rays will be quite uniform over each centi-
meter of crystal and will be distributed throughout a
thick crystal in the manner described by Fig. :•.
However, the ionization density produced •>/ "mial
numbers o." incident electrons and gamoa rays will
differ by a very large amount. For example, a thousand
electrons, incident on a unit area of crystal, will de-
posit all of their energy in a layer app'rox. 1 m thick.
In contrast ;i thousand I-MeV gamna rays, incident on the
same area, will, on the average, traverse centimeters
of the crystal before they undergo an interaction event,
i.e. create a recoil electron. In turn each recoil
electron will deposit ionization along a (Kith approx-
imately two thirds of a millimeter long. Very roughly,
the 1,01)0 incident 1-McV gamma rays will produce only
one recoil electron in the millimeter of crystal adja-
cent to the surface. To reiterate, the 1,000 incident
MeV gitima rays will produce one ivcoil electron in the
millimeter of crystal adjacent to the surface, whereas
the l.UUU incident MeV electrons will deposit all of
Sheir encrpy in the same layer. Viewed alternatively,
the 1,01)0 incident MeV gamma rays will deposit one half
oi their energy throughout the first ten centfactors of
crystal adjacent to the surface. These considerations
lead to the following very rough rule: The ion.'zation
density produced by a flux of electrons on a crystal
surface is approx. 1,000 times larger than the ioni:a-
tion density produced by an equal flux of gamma rays,
of the same energy, incident on a crystal surface. Also
the penetration of the gamma rays decreased from the
crystal surface and one half of the incident energy is
deposited in a layer one hundred times thicker than
thi. layer penetrated by equal energy electrons.

lonization distribution in a quartz particle sur-
roundeThy a clay matrix: The ionUation effects pro-
duced by alplia particles, beta rays or electrons, and
Raima rays or x rays, incident on a solid can be illus-
trated by an example that is tjuitc pertinent to arche-
ological ami fine art applications. Consider a quartz
particle, whose- smallest dimension is 2 or 3 urn, imbed-
ded in ;• clay matrix, lor this illustration ass>n\e
that the clay contains two or three ppm (parts per mil-
lion) uranium and/or thorium impurity. Assume also
that the quartz crystal contains only 0.05 to 0.5 ppm
uranium and/or tliorium. Consider next that this par-
ticle and the surrounding clay were subjected to kiln
firing usually used for a ceramic object. As described
in the introduction and in a following section, a
normal kiln firing will remove the effects of previous
exposure to radiation. Ten, one hundred or even a
thousand years after firing tin.1 ionisation distribution
in the particle will resemble that shown in Fig. (>. As
the time after firing increases the total ionization

will increase but the distribution will remain constant.
The jonization effects will divide into two dist'net
categories. The first category includes regions of
high density ionization associated with the passage of
alpha particles. 'IJiese arc depicted as short heavy
lines. The second category includes ionization pro-
duced by electrons, either beta rays or recoils, and
is depicted by a much longer light line. In the inner-
most regions of the crystal the ionization will arise
from alpha particles, beta rays and gajmu rays emitted
by the uranium and thorium impurities, plus the recoils
from gamma rays originating outside of the crystal,
i.e. in the clay. Closer to the surface there will be
additional electron created ionization regions pro-
duced by beta rays originating in the clay. Finally,
numerous alpha particle produced ionization regions
will occur in a thin layer adjacent to the crystal
surface. This layer is attributable to the alpha
particle originating in the clay. Clearly, if the
crystal was snail enough the central low ionization
region would be absent and the center of the crystal
would be subjected to electron and, for tiny crystals,
alpha -particle radiation pat-sing tlirough both sides of
the crystal. Note that Fig. u describes the ionira-
tion distribution in a particle containing considerably
lower concentrations of uranium and/or thorium impurity
than the surrounding material. If the concentration of
natural radioactive impurities were equal or reversed
the ionization distribution would be different, but
easily visualized by application of the some principles
used to consttuct Fig. b.

Electronic t'-opcrtics of Xqnnetal1ic Solids

I'rcperties of electron and hole traps: Some of
the chaiacteristics of electron and hole traps, par-
ticularly their ability to trap and hold charges or to
fmet ion as recombination centers, were described above.
Also, as alluded to, two different types of crystal
imperfections account for almost all traps. Ijrpurity
atoms constitute the first type. These atoms ma, sub-
stitute for other atoms in the crystal or lattice, or,
in a few instances, they night be interstitials, i.e.
atom; occupying spaces between atoms in normal loca-
tions. The second cannon type of imperfection creat-
ing ;ui electron or hole trap is a vacancy in the cos-
tal or glass lattice. Vacancies are simply places in
the lattice from which atoms are missing. As described
above, cadi atom in an inorganic crystal has a charge
or valence number. From this, one can usually deter-
mine if a given imperfection will be an electron or a
hole trap. Also, one can estimate how strongly the
charges are bound to a particular trap. Kith very
few exceptions, charge trapping processes always tend
to present the electrical neutrality of the lattice
immediately surrounding the trap. Thus the trap formed
when a negative ion is missing from the lattice, or by
an impurity containing fewer valence electrons than
the atom normally occupying its position in the lattice,
will attract electrons, i.e. become an election trap.
Likewise, imperfections possessing fewer positive
charges than usually associated with their normal lat-
tice positions will become hole traps. Actually, sane
imperfections which possess equal numbers of electrons
anil/or holes (sane valence) associated with the same
lattice positions may be cither an electron or hole
trap. The- greater the discrepancy between the charge
or valence number of the imperfection and the corre-
sponding mmbcr for the normal lattice the more strong-
ly the ionization electrons are trapped. In a few
cases Imperfections having the same charge as normally
found in the lattice positions they occupy can serve
as cither electron or hole traps. Usually, in this
case, the charges are weakly bound.

A newly grown crystal, or one that has b w i heat-
ed to a temperature near the melting point, aliva>.-
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0 particles ami
rtcoil electrons

Ionizotion from
i particles, rtcoil
electrons awl 0
porliclts originating
in crystal and recoil*
from gommo rays
traversing this region

Iom'ntion from
t particles originating
only in crystal

Pig. o--loni:ation distribution in a quartz crystal
that has been surrounded by clay. It is assumed there
arc 2 or 3 pom (parts per nillion) ur.inun .uul/or
thoriim in the clay and only 0.05 to 0.5 pfm radio-
active inpuritics in the quart:. Cuina rays oriciftit-
irg in the clay and the crystal will create recoil
electrons that arc uniformly distributed throughout
the crystal. Likewise alpha particles and beta rays
originating in the crystal will form a relatively uni-
form distribution of recoil tracks. However, if the
crystal is big enough the beta rays and recoils origin-
ating outside of the crystal, i.e. in the cl.iy, will
create a layer of increased ionicailur. .tar the surface.
Lastly, when the radioactive impurity o m e n t is great-
er in the clay than in the crystal, a U'yer of alpha
particle created recoil tracks will be formed adjacent
to the crystal surface. If the crystal size is approx-
imately equal to the alpha-particle range the track
distribution will be nearly uniform.



contains a lumber of unfilled traps. The number may
l>e regarded us sail I or large, it depends an the phys-
ical processes to be considered. Mast crystals ton
tain about 10" traps per cubic cm, u vary large num-
ber. However, this mwber of traps can be produced
by, very roughly, one or two ppm of impurities or
lattice imperfections. Trip concentrations sround
10'Vcn' can give rise to on easily detectable themw-
Itetinescencc signal. In contrast, the detection of
chemical impurities in llic ppm range is often quite
difficult. Figure 7 is an attcrpt to represent
scitenutic.illy a recently grown or recently lieated
crystal before and after irradiation. Both electron
and hole tr.ms are present. .Use, the charges are
raorc- tightly'bound to some types of traps than to
others. This is represented by drawing some traps
with deeper "wells" than others. I» fuct, four dif-
ferent "depths" or binding energies have been repre-
sented. After a sufficiently long irradiation some
hole tr.;j)s will contain holes and some electron traps
will contain electrons; tliis is also illustrated in
Fig. ". Note tluit tlif mast shallow traps, the ones
with depth I:;, do not contain charges. This would
occur if during irradiation the crystal temperature
was sufficiently nig!) to pennit any charges trapped
in these shallow trap:', to escape immediately.

KfOK

N«i.£ THA
IDASHEO LINE)

Fig. 7--l-lectron ;uid hole traps in a typical thermo-
limiiVv'scent crystal, before and after irradiation. The
traps occur at non-perfect locations in the crystal,
i.e. at defects sudi as missing or interstitial atous
and impurity atoms. l:our different types of traps arc
shown, as indicated by four different trap depths, Hi,
l-2. i-j, I-,.. The deeper the trap the more strongly the
charges are held. Or, stated alternatively, charges
may escape from shallow traps at low temperatures;
however, the crystal imist be heated to a high tempera-
ture to enable charges to escape from deep traps.
Only the traps with depth li2l lij, is* are populated.
Traps with depth l:j are not populated, indicating that
tlie crystal tenperature is sufficiently high to permit
all charges to escape from this typo of trap. Khun
the crystal, represented by the diagram "after irradia-
tion", is heated three glow peaks would be observed.

If the traps are sufficiently shallow, i.e. Ej
small, the traps will not retain charges at. room temper-
ature. Consequently, no natter how large the radiaticn,
and provided that the irradiation is at room tarpera-
ture, these shallow traps will not be populated with
charges. As explained below, one cannot expect to
observe a glow peak associated with charge release
from these shallow traps.

Properties of luminescent centers: A number of
electronic properties have been described in the pre-
ceding sections. These include the creation of mobile
positive and negative charges during irradiation.
Electron hole recombination which accounts for 99% or
more of the radiation induced charges, and electron
and/or hole trapping which accounts for the remainder
of the radiation induced charges. Also, we have des-
cribed, as yet incompletely, the release of charges
from traps. The untrapping processes are described
in detail in the following section. However, before
proceeding to this it is prudent to describe some of
the processes which occur when trapped charges are
released. Actually, the released charges can enter
into a very large number of different kinds of pro-
cesses. Howevera only the three that are important
for thermolumincscence will be described.

Radiationlcss recombination: First, any charge
wliich is released from a trap will wander about the
crystal or lattice until it undergoes one of several
of different kinds of interactions with the crystal
and its imperfections. In other words, most released
charges vill diffuse throughout the lattice until they
interact with a defect. A certain fraction of the
released charges will be attracted to opposite sign
charges and electron-hole recombination will occur.
This is equivalent to the process occurring during
irradiation. A fraction of the recombination events
will occur at defects without the release of light;
a process called radiation]ess recombination. The
fraction of charges undergoing radiationlcss recombin-
ation can vary from close to zero to nearly one. It
depends on the type of crystal, the number and type
of defects, the crystal temperature, and several other
factors such as the dose previously accumulated by the
crystal.

Luminescent recombination centers: A most impor-
tant luminescent center is the recombination lumines-
cent center. Such a center is illustrated in Fig. 8
and, as the name implies, light is emitted during the
recombination process. Figure 8 illustrates the case
of an electron encountering a trapped hole. The
details of the light emission process will vary from
cue type of center to another. Usually, as part of
the trapping process, the electron becomes trapped
in one of the highsr energy levels of the center. It
remains in this level for a very short time, e.g. for
10-«s sec. Next the electron makes a "transition" to
the ground state with the emission of a light quanta.
Usually the transition energy is confined to a rela-
tively narrow region and the light quanta are restric-
ted to a narrow wavelength range. TTius the emitted
light will have a definite color. Once the electron
has entered the ground state recombination occurs
almost instantaneously. Often this will be accompan-
ied by the transfer of a small amount of negligible
heat energy to the lattice.

Transition-emission luminescence center: Another
commonly occurring luminescent center, the transition-
emission center, emits light during a somewhat differ-
ent process. This type of center is also illustrated
in Fig. 8. In this C2';e the center, which is usually
an impurity atom, does not normally contain a trapped
charge. In other words, this particular type of center
usually does not function as a trapping center. When a
thermally released charge encounters this type of center
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RECOMBINATION LUMINESCENT CENTER

._ - «-_ ELECTRON RELEASED
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RECOMBINATION
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LUMINESCENCE RELEASED
DURING TRANSITION FROM
UPPER TO LOWER ENERGY
LEVEL

TEMPERATURE
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\
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UNTRAPPING „ ,
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ALL TRAPPED
CHARGES
RELFASCD AT
THIS 'SMPERATURE

TEMPERATURE

Fig. 8--Two types of luminescent centers. iiJcctrcn-
hole recombination occurring at a reconciliation center
usually, but nut always, results in light emission,
then an electron (or hole) is captured by certain
kinds of centers light is often emitted, particularly
when the center contains two or more electronic levels.
In this case the light is emitted as the electron (or
hole) makes a transition from the upper to lower level.
This type of center can function as a trap, a lumines-
cent center, or as a recombination center.

Fig. 9--Kclation between untrapping probability, lum-
inescent intensity and trapped charge population. At
low temperatures the probability that ;i charge will
escape from a given type of trap is essentially zero.
As the sample temperature is increased a point is
reached which is sufficient to permit some charges to
.•scape; this corresponds to the onset of luminescence.
As the temperature increases more and more charges
escape and the signal increases. Mien an appreciable
mmher of charges have been released, the signal gors
through a maximum, and then decreases because the
trapped charge population is rapidly approaching zero.

it is momentarily trapped in one of the upper energy
levels. After remaining in this level for a very short
tine it makes a transition to one of the lower lying
levels with the emission of a light quanta. In fact,
it could make transitions between two, three, or four
levels and emit a different wavelength quanta for each
transition. The charge might remain in the lowest ly-
ing level for a sufficiently long time for the center
to be classified as a trap. After this situation has
been established the trap can be called a recombination
center. Usually the transition-emission center quickly
releases the trapped charge and it wanders about the
crystal until it undergoes recombination or becomes
stably trapped. Often a charge trapped by a lumines-
cent center is released as the crystal temperature
increases. In this case the center cap. be considered
to be both an emission center and a trapping center.

Saie centers can be classified as both luminescent
and trapping centers. This type of situation leads to
"retrapping" which is described in a large number of
papers on thermoluminescence. They do not have to be
considered here. Furthermore, recent measurements,
made with modem equipment, indicate that a number of
previously reported observations of retrapping m y be
erroneous.

Thermoluminescence Processes Occurring Mien an Irradi-
ated Crystal is llcated ~

Having outlined, in the previous sections, the
more important processes involving mobile charges in
a crystal, the entire thcrmoluminesccnce process can
now be described in some detail. Qualitative descrip-
tions arc confined to this section. A more mathemati-
cal treatment will be given in the next section. To
begin, consider a crystal after it has been exposed to
radiation, either natural or artificial. The crystal
will contain holes in hole traps and electrons in
electron traps, as represented in Fig. 7. Some of
these charges will be bound more tightly than others.
As the temperature is raised the least tightly bound
charges will be released first. Usually, each type of
trap is formed by a large number of the same kind of
impurity atoms and each group of (impurities) traps
will behave in a very similar fashion. In other words,
each group can be specified by giving the potential
well, or trap, depth. In Fig. 7 each group is drawn
with a specific depth and labeled with a specific
depth parameter, e.g. Us. This is called the activa-
tion energy for thermal untrapping. Actually the
charges in each group of traps will not be released
at precisely the same temperature. Because of the
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s ta t i s t i c . . ] nature of Ihf charge release process this
wil l occur over a lange <if temperatures. Hie situa-
tion for each kind of trap is i l lustrate;! i:i i :ig. !>.
Hie !i|i|n>r a i m ? shc/ws the tuitl'ajipiiiK probability as ;i
function of crystal temperature. At low temporalur«s
the untrapping probability is ;ero. Die durges simply
do not vibrate fast enough or hard enough to escape
from the trap. As the twqicRttiire increases the iui-
trajipiiic probability increises. !t» fact , i t goes from
0 to i w e r a teqierature range of 10 to til) degrees.
I'learlv, vhwi thi.- mitrapping probability, for a specif-
ic type of trap, has reached I a l l of the charges have
heeti released, luring Shis tcityvrature inierval , the
charges released enter into one or wire of the pro-
cesses described previously. Specif ical ly , a ffaction
»f the released clurges wi l l find their wav to lumines-
cent centers arid cause light to l>e emitted rrun the
crystal . Uinsequently, a curve of thertnohcninesccNt
light intensity, such as shuMi on the lower half of
! i g . '.>, wil l lie obtained. It is inportant to note tli.it
(his iighl intensity vs . teriper.ituiv curve, alnost
always referred to as a glow curve, is control led by
Hit* release of charges iron traps and net the proper-
t i e s of the liniucsccnt CCIISBT. Also, "life processes
described represent the release of a large Jissiiher uf
charges l"reri d i f f e r e d centers, but a l l these censers
are s in i lar . They ..an be characterir.vd by the trap
depth, v (.. l-i, called the activation energy.

E.

LIGHT
EMITTED A

sufficient energy to escape from the potential well.
To recapitulate, lor each type of trap, at low tempera-
tures the untrapping probability is too low for charges
to escape. As the temperature increases the untrapping
probability becomes large cnougli to permit diarges to
escape. Ilie released charges find tlieir Kay to lumi-
nescent centers and light is emitted. In the vicinity
of the peak charges are escaping rapidly, it is a
maxijmsti at precisely the glow peak temperature,
rin.illy, all of the charges, fro.ii each type of trap,
have been released and the luminescent intensity is
reduced to ;ero.

A mathenatical description of tile thermal untrap-
ping process: (TJiis section may I'e omitted without
i;n|Miring one's underst;inding of the renuiinder of the
article.) llie charge release mechanism described
above may be expressed by the usual first-order kinetic
equation'

e"h / V I U)

TEMPERATURE

idlere dn/dt is the number oi charges released per unit
time, t tlic *.ime, n the trap charge concentration at
tiim.' t, s the "attc!!ipt-to-escape" frequency, c the base
of natural logarithras, k the Boltauann constant, i the
absolute temperature in degrees Kelvin ('! - C * -"5i,
and !: the activation energy for thermal cr.arge release.
The physical interpretation of this equation is
straightforward. At tine t there are n trapped charges.
fiacli of these charges is vibrating back and forth in
the trap with frequency s. The exponential term is the
well-known Boltinann factor expressing the probability
that the charge will escape each time that it encoun-
ters the potential barrier. Now dn/dt is the number
of charges released per unit time and if the fraction
of released charges finding their way to luminescent
centers is independent of tine or temperature, the
usunl assumption, dn/dt is proportional to the inten-
sit) of emitted light, I. In other words

Vif.. lU--r.tanple of a ^lnw curte odtained I'rori ;i
iiuiteriai with four <liffeient types of charge traps,
liach tyjx* of trap is characlcii;cd by the "attenpt to
escape" frequency s and the activation energy for
thennal iintrappiiiK '•• Traps and their corresponding
Kiow peaks are often identified by the terapcrature
at the peak I. However, the oliserved peak temperature
depends on the heating rate ami consequently it is not
a precise way of specifying a given glot-: peak.

I =

(Hiring the usual thcrmoluninesccnce measurement the
tenperature increases linearly with time, i.e.
T • gt where e is the heating rate in degrees per
unit time. The solution of equation (1) for thin
cas; can be found in any elementary book on tlicrmo-
limincsconcc1 and is given by the equation

(3)

If the crystal contains more than one type of trap
this process hill be repeated for each kind, \:o*
example, if four different types of traps are pi-escnt
one might obtain a glow curve such as shown in Fig. 10.
linen glow peak is characterized by T, the temperature
of maximum emission, I:, the activation energy cr trap-
ped depth, and a third parameter, s, the preexponential
factor or "attempt-to-escape" frequency. This last
mentioned factor is aptly named. The probability that
charges will escape from a given trap depends on two
factors. First, the rate at which the charge vibrates
back and forth in a given trap. This is given by the
factor s, which is usually independent of temperature.
Second, it depends on the energy of the trapped charge,
and in turn this depends on the crystal temperature.
As the temperature is increased the vibrating charge
will acquire more energy and will ultimately attain

Hie upper curve in Fig. 9 represents the untrapping
probability as a function of crystal temperature. The
middle curve shows trapped charge concentrations vs.
temperature, i.e. it is a plot of equation (3). Also,
the solution of equation (2) for this case is given by

-EAT
(4)

Hie lower curve in Fig. 9 is a graphical representa-
tion of equation (4). Likewise Fig. 10 represents
the superposition of this equation for four differ-
ent types of traps.
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A large number of different procedures exist
for analyzing experimentally determined glow curves.
Most often these are computational devices for deter-
mining the values of n, s and E in equations (1) to
(4) that describe a particular glow peak. The total
muter of charges trapped in a set of traps vihen
heating is com*.-need, i.e. the value of no> is pro-
portional to the total "area" under each glow curve.
In recent years a computerized procedure for analyz-
ing glow peaks has proven very successful. In
essence, a numerical solution of equation (1) is
obtained with "guessed-at" values of s, E, and the
area under the glow curve. The computed curve is
then compared with the experimental points. Next,
the procedure is repeated for slightly different
values of these constants. By comparing the two
solutions the computer determines a succession of
values of s, E, and the area which improves the
"fit" of the confuted curve to the experimental data.
This procedure is continued until a "best-fit" is
obtained. This occurs when the mean-square devia-
tion is minimized or remains unchanged by further
adjustment of the variables.

Measurement and Calibration Procedure for a Thermo-
•luminescent Age or Authentication Determination

Before describing these two procedures, one
connent may be appropriate. The physical phenomena
involved in thermoluminescence have been described in
die preceding sections. In a sense, this can be re-
garded as background information which is useful for
improved understanding, etc. However, the dating and
authentication procedure can be presented in a heu-
ristic or operational manner. Consequently, in this
section a "how-it-is-done" approach will be used
which does no£ require a comprehensive understanding
of the previous sections.

Step 1: The thermolurainescent glow curve is
determined with a sample whose weight has been deter-
mined. For example, the curve obtained may resemble
the uppermost one shown in Fig. 11.

Step 2: Determine the sensitivity of the sample
to radiation.

2a • Expose the sample to a known dose or
irradiation, R, and remeasure the thermoluminescence.
If the dose has been chosen wisely the thermoluminos-
cence glow curve will be appreciably less intense
than that originally obtained. Such a curve is also
shown in Fig. 11.

2b - Expose the sample to known dose, 2R, and
remeasure the thermoluminescence. Such a curve is also
shown in Fig. 11.

2b, c, etc. - Repeat this procedure with doses
3R, 4K, etc. until the height of the glow curve exceeds
that obtained originally by 25 or 50*..

StepI 3: Construct a calibration or sensitivity
curve. Figure 12 shows the calibration curve construc-
ted from the data given in Fig. 11.

In practice calibration curves may be constructed
using beta-ray, alpha-ray, x-ray irradiations, or com-
binations of these. The utilization of different
radiations is a refinement which is essential for accu-
rate dating. However, the basic procedure remains the
same.

Step 4: Determine the dose acquired by the sample
since it was last heated. Normally, the sample, e.g.
shard, will have been heated sufficiently when it was
fired to remove the luminescence produced by prior

TL

f\ ORIGINAL
/ \ SAMPLE

1\

TL

DOSE R

r\

TL

DOSE 2R

TL

DOSE 3R

TEMPERATURE

Fig. 11—A sequence of glow curves obtained as part of
an authentication and/or age determination. The upper
curve is the "natural" thermoluminescence observed
prior to any exposure to radiation. The remaining
curves are representative of samples exposed to radia-
tion after prior heating to obtain a glow curve.

exposure to radiation. Inherent in all thermoltmines-
cent authentication and dating procedures is the as-
sumption that the sample was heated sufficiently to
release all previously trapped charges. From the cal-
ibration curve one can determine the dose which will
produce a glow peak of the height observed from the
original measurement. This is shown in Fig. 12 for
the data given in Fig. 11.

Step 5: Determine the rate at which the sample
irradiates itself. This is a simplification; the best
procedure is to determine the dose imparted to the
sample both by itself and its surroundings. Often
this is not done and the dose rate used is determined
by measuring the uranium, thorium, and potassium con-
tent of the sample and computing the dose rate frail
this data. Most often the natural radioactive elements
are present in ppm and it is a nontrivial matter to
measure them accurately. This can be done in a number
of ways including: counting, chemical analysis, spec-
troscopic analysis, and activation analysis. Recent
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sample was last heated. The required relation is

HEIGHT
(OR AREA)

OF GLOW
PEAK

CALIBRATION POINTS

DOSE ACQUIRED 6Y
SAMPLE SINCE LAST
SIGNIFICANT HEATING

R 2R 3R 4R 5R
DOSE

Pig. 12--A calibration curve constructed from the data
contained in Fig. 11. Also, this curve is used to
determine the dose accumulated by the sample prior to
its being heated to obtain the "natural" thermolumines-
cencc intensity.

work at Brookhaven suggests that activation analysis
may eventually become the best method for determining
the uranium, thorium, and the potassium content.

Step 6: Compute the dose acquired since the
sample was last heated. The dose ijtparted to the
sample is given in the following commonly used table:

Dose Imparted by One ppm of Radioactive Impurity2

Impurity

U

•m

K

Dose

0

p

1

Kate

.312

.079

.12 X

in

10

R/Year

-S

ppm • part per million (by weight).

For example, consider that the thcrmoluminescence
Measurements indicate the sample had acquired a dose
of 30R. Also, assume the sample contains 2 ppm ura-
nium, 0.3 ppm thorium, potassium was not detected,
and the contribution from cosmic rays, about .001R/
year, is negligible. From the table one determines
that these radioactive ingxirities would impart 0.64R/
year to this sample.

Incidentally, the dose rates given in the table
arc based on the assumption that the radioactive
impurities are in equilibrium with all of their decay
products. It appears that this assumption can be
checked, in many types of samples, by using recently
developed solid-state counters. However, routine use
of this refinement will require additional development.

Step 7: Compute the sample age.

Having determined the dose acquired by the sample
since it was last heated and the annual dose imparted
to the sample by its own radioactive impurities, it is
a simple matter to compute the time elapsed since the

AGE (Before Present
in Years)

POSE ACQUIRED SINCE HEATING
ANNUAL DOSE

Thus, the "age" of the example described above would
be near 50 years. If it were a piece of pottery it is
reasonable to assume that it was "out-of-the-ground",
i.e. surrounded by air, during most of the 50 year
period. Under these circumstances it would acquire
negligible irradiation from the surroundings and the
SO year figure would be considered quite reliable.
However, if it were buried it would acquire additional
irradiation from the surrounding ground, the annual
dose rate would be slightly higher, and one could con-
clude that the age were less than SO years. Obviously,
if the piece of pottery appears to be mayan one would
have to conclude that it was a fake.

It is important to emphasize that this example
illustrates two points. First, the age of the object
has been determined. Second, it demonstrates that an
authentication is really an age determination.

Developments in the Equipment for Measuring Therroo-
luninescence

The usual thermoluminescence equipment: The basic
equipment used to measure thermoluminescence has re-
mained unchanged for the past 20 or 30 years. It is
illustrated in Fig. 13. Die sample is normally placed
on an electrically controlled heater and an electrical
control circuit is utilized which produces a linear
temperature rise. Actually, a linear tenperature rise
is important only for accurate determinations of the s
and E parameters which appear in the kinetic expres-
sions. For authentication and even age determinations
it is important only that the temperature rise, i.e.
the curve of temperature vs. heating time.be reproduc-
ible. Often a filter is placed between the sample and
the detector to remove the red light emitted by the
heater at high temperatures. If the thermoluminescent
emission from the sample were to occur in the infrared,
it would be absorbed by the filter and one could erro-
neously conclude that the sample did not emit thermo-

USUAL

THERMOLUMINESCENCE

APPARATUS

^SAMPLE

/ /HEATER-LINEAR
TEMPERATURE RISE

PHOTOTUBE-

OPTICAL
FILTER

Fig. 13—The usual thcrmoluminescence apparatus. The
sample is placed on a heater which is electronically
controlled to increase the sample temperature linearly.
The emitted light is detected by a phototube equipped
with an amplifier and other electronics needed to
obtain curves such as those shown in Figs. 1,9,
10 and 11. A large fraction of the red oven "glow"
is absorbed by the optical filter. This reduces the
background observed at high temperature. Unfortunately,
it also reduces the likelihood of observing glow peaks
with emission spectra in the red region.
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luminescence. Lastly, the emitted light is detected,
usually with a phototube, amplified and exhibited as a
trace on a strip chart or similar recorder. All of
the thermoluminescent glow curves mentioned previously
in this article are in this category.

It is quite important to realize that the usual
glow curve represents a plot of phototube current vs.
sample temperature. For many purposes, including a
large fraction of age determination and authentication
studies, this is quite adequate. However, it is clear-
ly inadequate for many purposes, particularly purely
scientific efforts. First, such a glow curve does not
contain any information on the spectral distribution
of the emitted light. For example, the glow curve
shown in Fig. 10 could represent emission from a
number of emission centers each emitting light at dif-
ferent wavelengths. Second, these curves may not be
valid data to subject to kinetic analysis. More
specifically, a curve of phototube current vs. tempera-
ture may not be proportional to the number of physical
processes contributing to the thermoluminescent emis-
sion. If this proportionality cannot be demonstrated
often it is meaningless to undertake a kinetic analysis.

THERMOLUMINESCENCE APPARATUS

WITH SPECTRAL ANALYSIS

PHOTOTUBE

Thermoluminescenee apparatus with spectral analy-appa
the

SCANNING OR
LINEAR ARRAY

SPECTROMETER

LIGHT
GATHERING
OPTICS

SAMPLE

HEATER-LINEAR
TEMPERATURE RISE

Fig. 14--Apparatus for simultaneously determining the
intensity and wavelength of the thermoluminescence and
the sample temperature. In addition to the equipment
shown it is essential to have a computer to record the
data. The monochroraeter is scanned once a second and
the phototube output is recorded, for each scan, in
1024 addresses of a small conputer. To achieve "sig-
nal-averaging" 8, 16, or 32 scans usually are stored
before the data is transferred to magnetic tape. The
final data reduction is performed on a large computer.

q
urements described above, equipment was recently con-
structed which simultaneously records the light inten-
sity, light wavelength, and sample temperature.8 The
optical arrangement is illustrated in Fig. 14. This
is quite similar to the equipment described previously
except that a spectrometer has been interposed between
the sample and the phototube detector. Most often the
spectrometer is adjusted to scan once a second, through
the wavelength region of interest, as the sample is
being heated. The output of the phototube is recorded
in 1,024 successive addresses of a small computer.
IXiring the 1 second scon only about 0.4 second is used
to record data. During the remainder of each second
the spectrometer returns to the initial starting point.
This interval is used to transfer the spectrum informa-
tion, stored in the computer, to magnetic tape. The
spectrometer normally makes 32 scans before the informa-
tion in the conputer is transferred to magnetic tape.
This procedure, called signal averaging, adds the inten-
sity information in each scan to that recorded during
previous scans while, at the same time, the signal
noise tends to average to a uniform level. The signal-
to-noise ratio increases as the square-root of the
number of scans accumilated in the computer.

INTENSITY vs WAVELENGTH
FOR EACH SCAN

250

UJ

200

o
150

100

ULTRA
VIOLET BLUE GREEN YELLOW RED

WAVELENGTH

Fig. 15--Intensity vs. wavelength data from a crystal
containing two glow peaks. This demonstrates two use-
ful features of the apparatus described in Fig. 14.
First, it demonstrates that the emission occurs in the
blue at low temperatures and in the yellow at high
temperatures. Second, the emission spectra maxima
shift in wavelength as the sample temperature changes.
Neither of these properties would be observable with
ordinary thermoluminescence apparatus.
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The information transferred to magnetic tape is
subjected to additional analysis with a large computer.
For example, one can obtain plots of light intensity
vs. wavelength for numerous arbitrarily small tempera-
ture intervals. A typical example is shown in Fig. 15.
Each line corresponds to all of the data accumulated
during a 10 degree temperature interval. Mnst impor-
tantly, an emission spectrum, i.e. a plot of light in-
tensity vs. wavelength is recorded for each temperature
interval. Figure IS illustrates several inwrtant
points. First, note that the 90 and 100 degree scans
do not exhibit emission. However, emission in the blue
is observed between 110 and 160 or 170 degrees. Also,
the emission band peak shifts slightly from the red to
the blue as the temperature increases. At higher
temperatures a second emission band is observed in the
yellow. Clearly, if this sample were examined in the
usual apparatus two glow peaks would be recorded and
one would not be aware of the shift in wavelength.
More importantly, one would not realize that the two
glow peaks represent emission from two entirely differ-
ent centers. Some additional features measurable with
the scanning thermoluminescence apparatus will become
apparent from the examples described in the next sec-
tion.

One additional refinement can be obtained with
this apparatus which is quite important for purely
scientific investigations. The sensitivity of the
phototube and the "thru-put" of the spectrometer may
be measured. More specifically, one can determine
curves of phototube responses vs. light wavelength.
Similarly, one can obtain curves of spectrometer "thru-
put" vs. light wavelength and from these one can deter-
mine the spectral response of the entire system. Hav-
ing done this it is possible to construct, from data
such as is shown in Fig. 15, curves of absolute emis-
sion intensity vs. light wavelength. In addition,
curves of absolute emission intensity at a given wave-
length vs. sample temperature can also be obtained.
In turn, these can be used to obtain curves of total
absolute emission intensity vs. temperature which are
the best possible glow curves for kinetic analysis.

Examples of Measurements Made With the Scanning Thermo-
luminescence Apparatus

Green fluorite from Santa Luziaf Brazil: A really
good example of die information obtainable with this
new apparatus is contained in Fig. 16. This plot shows
the thermoluminescence emitted by a sample of green
fluorite from Santa Luzia, Brasil after it has been
exposed to a 106R Co60 irradiation. Intensity vs.
photon energy (in eV) is shown for 69 scans, S.S degrees
apart, covering the range from approxijnately 25C to
450C. This demonstrates many of the advantageous
features mentioned above. For example, a group of
surprisingly narrow emission bands between 2.1 to
2.6 eV is observed between scans 15 and 50. One of
these bands does not appear at higher temperatures.
Also, note the prominent broad emission band producing
one glow peak between scans 20 and 35 and another broad
glow peak between scans 40 and 65. This peak is at
roughly 3.2 cV, and its shape changes drastically as
the temperature increases. Another feature, measurable
only with this typo of apparatus, is the very sharp
emission bands apparent at somo temperatures. Inci-
dentally, Fig. 16 may have the appearance of lines on a
strip-chart recorder. However, it was actually drawn
by allowing the computer to connect each data point
with a straight line. There are 1,024 points on each
scan line and a total of 1.6 x 10e individual digital
data points are represented in this plot.

.Natural Brazilian quartz: Crystallites of quartz
are often found in pottery and similar ceramic objects.
In fact, the thermoluminescent glow peaks usually

obtained from ceramics are usually emitted by the crys-
talline quartz constituent. Figure 18 shows recent
data from natural Brazilian quartz obtained with the
apparatus for measuring intensity vs. both wavexength
and temperature. However, instead of presenting the
data as a series of scans, as was dona in Fig. 16,
the data has been summarized in a computer prepared
three-dimensional representation. This throe-iiimen-
sional or "3-D", plot was generated from data similar
to that shown in Figs. 15 and 16. Obviously these 3-D
plots summarize the data in a very graphic and easily
understood format. They are ver, useful for planning
a detailed analysis of each data set.

GREEN FLUORITE, SANTA LUZIA, BRAZIL
THERMOLUMINESCENCE AFTER IO*R •"Co IRRADIATION
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Fig. 16—The thermoluminescence from a sample of green
fluorite from Santa Luzia, Brazil after it had received
at 106R "Co irradiation. Each of the 69 scans cover
a 5.5C temperature interval. Obviously, a very large
amount of information is contained in this plot.
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Fig. 17--A "3-D" plot, showing intensity vs. wavelength
(photon energy) and sample temperature, of the thermo-
lunincscence from a crystal of natural Brazilian quartz
after it had been subjected to a 10'lt "Co irradiation.
The "peak" at the back corner is caused by the red
oven "glow".
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larger doses. Among other features, these plots show
that the emission spectra change as the dose increases.



3-D thermoluminescence plots of LiF(TU)-lOO)
dosimeter crystals: The final example illustrating
results obtained with the 3-D apparatus is shown in
Fig. 18. This figure shows nine 3-D plots obtained
from Harshaw LiF (TLD-100) dosimeter crystals after
they had been exposed to doses ranging from 500 to
3 x 10'R." All of the plots have the same height.
However, the maximum intensity ranges from 650 (on an
arbitrary scale) after a dose of 500R to 312,000 after
a dose of 3 x 105R. These nine plots demonstrate a
large number of features. For example, the most
intense glow peak shifts from 190C at low doses to
more than 300C at high doses. Also, most of the emis-
sion is confined to one glow peak at low and high
doses but at intermediate doses, e.g. 10eR, the emis-
sion is divided between four dominent peaks. Lastly,
detailed analyses of the principal emission spectra
indicate that the low temperature emission is confined
to one band, at intermediate temperatures three bands
are observed and at higher temperatures only one band
is detected. The intermediate tenperature emission
consists of the bands observed at low and high tempera-
tures plus an additional one. A number of additional
low intensity bands are also present.

Some Results From 3-D Thermoluminescence Studies Impor-
tant for Archeology and Fine Art Applications

Origin of minerals: Some minerals, e.g. limestone
and iluorite, from ditterent localities have radically
different 3-D plots.5 Ultimately, if the 3-D apparatus
can be made sufficiently sensitive, it might be possible
to obtain 3-D plots from shards and similar objects.
If, in addition, a unique 3-0 plot is obtained frcrn
material found only in a restricted region, one would
have a device for determining the origin of the materi-
als in the sample under study.

Kinetic studies: To date, between 30 and 40 sepa-
rate glow peaks have been studied with the 3-D thermo-
luminescence apparatus. As mentioned above, the glow
curves Obtained in this way are eminently suitable for
kinetic analysis. All of such curves studied so far
appear to be accurately described by simple first-order
kinetics, i.e. by equations (2) and (4). If it can be
shown that the^e kinetics apply to the thermolumines-
cent constituents of a shard or similar object, then
one can answer the question "is the age or authentica-
tion determination consistent with the thermolumines-
cence physics of the sample?". Also, one can place
limits on the reliability of such a determination. For
cxanj>le, it can be determined how high the sample may
be heated before an age determination is invalidated.

Sensitivity curves: In the dose range from 0 to
20 or 3U.UU0K, useful tor archeological studies, the
available 3-D data supports the conclusion that the

measured sensitivity curves can be attributed to charge
trapping on existing traps. Tims, it is not necessary
to include radiation formation induced traps to explain
these curves. In other words, the 3-D data suggests
that the thermoluminescent signal vs. dose curves, at
least in the low-dose range, are not altered by repeat-
ed exposure to radiation. Incidentally, this does not
iiean that the sensitivity curves are not altered when
the sample is heated. However, these conclusions must
be "checked out" for each type of sample and, unfor-
tunately, this procedure can be laborious.

A Final Comment

It is prudent to conclude with a few sentences
reiterating what this discussion includes and what it
does not attempt to describe. Almost all of the empha-
sis has been on descriptions of the physical processes
underlying themtoluminescent dating and authentication.
In other words, the material presented was chosen to
improve understanding, particularly about charge move-
ment induced by radiation and, at a later time, by in-
creasing the temperature. The material presented does
not constitute a comprehensive list of all of the
factors which must be considered to actually undertake
a reasonably precise dating attempt. In fact, a logi-
cally complete description of all of the details which
enter into, or could enter into, a really precise age
determination would require the inclusion of many sub-
jects not even alluded to in the text.
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