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CHAPTER 1

INTRODUCTION

Thermoluminescence (TL) is the light emission occurring
during heating of a sample that has already absorbed some energy
from radiation. TL is merely one of a large family of
luminescence phenomena that are named after the type of
radiation used to excite the emission, namely, photoluminescence
(excitation by visible or ultraviolet light), cathodo-luminescence
(by energetic electrons), electroluminescence (by electrical
energy), radioluminescence (by y-rays, X-rays, B-rays,) .etc..
Thermoluminescence, in fact, is a misnomer in the conventional
sense of the names of luminescence processes mentioned earlier

as the heat radiation is only a stimulant and not an exciting agent.

While the observations of TL have been reported as early as
the seventeenth century, Urbach [1] was the first to propose TL as
an experimental technique for trap level distribution. It was only
after the mathematical works of Randall and Wilkins [2] in 1945
and Garlick and Gibson [3] in 1948 that TL started receiving

more attention.




Daniels et al [4] were the first to propose TL as a research
tool in radiation dosimetry. They also suggested the determination
of natural TL from rocks, which further led to the development of

techniques for geological and archeological dating.

Considerable efforts have been made by numerous
researchers to understand TL phenomenon, both physically and
mathematically resulting in vast accumulation of data [5-26] in
the form of books and about a dozen international conferences
held regularly since 1965. Despite decades of research, the
detailed processes involved in this complicated phenomenon are

not yet sufficiently understood, though successfully applied.
1.1. The Thermoluminescence (TL) Phenomenon

If we take a chunk of limestone, crush it and heatitata
constant rate to Kkitchen-stove temperatures under laboratory
conditions, it will probably emit light, but only while the
temperature is increasing. If we cool it back down again and
repeat the process, nothing happens. This strange behaviour is an
example of thermoluminescence, a powerful and valuable tool of
use for solid - state research, nuclear safety, medical dosimetry,

geological age determination and for archeological dating.



Thermoluminescence is the release of light in a crystalline
material as it is heated at a constant rate. The light is proportional
to the previous nuclear radiation dosage the material has received.
Once the light is produced, the previous radiation history of the
material is "erased" as the thermal cycling performs a destructive

readout of the sample's past history.

Had we measured the output light produced by the
limestone sample and made a few other measurements and
assumptions, we could find out either "how old" the limestone is
or else "how long" it has been since it had last been heated.
Conversely, we could heat-cycle the piece of limestone to erase
all the old radiation history. Any measurement made in the future
on this sample would tell us how much new radiation the

limestone had been exposed to since we last heat-cycled it.

Thermoluminescence is then a two-way street; it can either
tell us how long it has been since a substance was last heated, if
we make some assumptions about dosage rate; or it can tell us
how much radiation has been picked up in a given time. The "how
long" is of value to geologists and archeologists; the "how much"
is important to medical doctors using radiation treatment and to

nuclear and radiation scientists and other personnel exposed to




possibly dangerous radiation levels. Before looking further at the
thermoluminescence field, we must note that thermoluminescence
is a very specific effect. It should not be confused with
incandescence or luminescence, the ordinary light we get when
we heat something up red hot or hotter. The temperatures
involved in thermoluminescence are far lower. While the
maximum temperature involved is around 650 K, most of the
light is obtained at much lower temperatures. In fact, ice can be

made to thermoluminesce.

Crystals can suffer radiation damage which is a cumulative
effect that can be picked up in a single blast of radiation, or over a
very long time at very low radiation levels. Consider a crystalline
substance that is an insulator or a semiconductor such as NaCl.
Assume that it is initially a perfect crystal, without any impurities
or mechanical problems. If we look down into the crystal, we
would see a crystal lattice, a nice orderly arrangement of sodium
and chlorine ions, one after the other, alternating in all three
directions. Strong forces, called valence bonds, will try to hold all
the ions in perfect alignment. Should we heat the crystal, thermal
agitation will excite the individual 1ons. The higher the

temperature, the greater the 1on energy level, and the more likely




the valence bonds will be broken. If we provide too much heat,

the bonds all break and the crystal melts.

If the NaCl crystal is exposed to some high energy radiation,
an electron in one of the ions gets its own energy level raised so
high that it cannot be recaptured by its own ion, and thus is free to
wander through the crystal lattice. If more radiation strikes the
crystal, more electrons get knocked loose and are free to roam
around the crystal; they all have too much energy to get
recaptured, and an electron cloud forms. The greater the radiation
dose, or the longer the radiation dosage lasts, the bigger the

electron cloud.

Electron clouds cannot thermoluminesce by themselves. If
crystals were perfect, there would be no thermoluminescence. But
crystals have imperfections. They can have impurities locked in
their lattice structures, just like the n and p impurity doping in
semiconductors. They can have mechanical structure defects. At
higher temperatures, they can have "statistical" defects, caused by
thermal agitation. Some of these defects can capture a loose
electron. These are called "traps", and once an electron gets
trapped, it is stuck there, at least for the time being. A trap that

has caught an electron is called a filled trap. The greater the




radiation dosage, the more electrons get knocked loose, and the

greater the number of filled traps.

Each trap can only supply so much holding energy to an
electron. If we heat the material, the electrons can achieve enough
additional thermal energy to surmount the potential barrier of the
trap and the trap releases the electrons. Certain types of traps will
also cause the electron to release its own excess energy in the
form of light when the release temperature is reached. These traps
produce thermoluminescence; they are also related to the
mechanisms that determine the colour of the substance. Once the
electron has released its excess energy, it is free to once again get
captured by an ion with a missing electron, removing the effect of

radiation dosage.

Some traps can very tenaciously hold onto an electron,
while others can only retain one weakly. These are called high-
energy or "deep" and low-energy or "shallow" traps. There are
usually many more low-energy traps. A slight temperature
increase can empty a low-energy trap, while a large temperature
increase is needed to empty a high-energy trap. When long,
uniform dosage rates are being used, the "equilibrium

temperature" is defined as that temperature at which thermal




agitation is emptying the traps just as fast as incident radiation is

filling them.

If we take some crystalline substance with imperfections
and expose it to nuclear radiation, and then heat it at a constant
rate, we would get a light - versus - temperature curve called a
"slow" curve or a "thermoluminescence" curve. The glow curve
can show one or more peaks that correspond to different energy -
level traps that get progressively released as the increasing sample
temperature provides more and more thermal energy. The shape
of the glow curve depends upon the material selected, as does the
position of the glow peaks and their number. The total area under
the glow curve, or the total light produced, is proportional only to
the received radiation dosage and nothing else. While the heating
rate will affect the height of the glow peaks, it does not affect the
total amount of light produced. The actual light output depends on
how the material is prepared, the number of traps, the optics and

photomultiplier in use and the electronic amplification.

It is of interest to mention that during early studies of
luminescence emission in some materials, it was found that the
material also exhibited photoconductivity during emission [27]. It

became evident that photoconductivity occurred due to the release




of charge carriers during light emission. These observations led to
establishing the "energy band model" for interpreting lumin-
escence in many materials because of its usefulness in
understanding processes involving the transport of electronic
charges through the lattice. We describe here a modified form of
the simple energy band model initially suggested by Johnson [28],
Schon [29] and Klasens [30] and later modified by various others
[31-33]. Figure (1.1) shows this modified model which represents
various levels contributing to thermoluminescence and charge
transportation; all types of centres being due to defects or

impurities present in the TL material.

When the material is irradiated with a radiation of sufficient
energy E; greater than that of the band gap energy [E.-E,],
electrons are raised from the valence band to the conduction band
leaving holes in the valence band (transition 1). A number of
liberated electrons return immediately to the ground state
accompanied / unaccompanied by light emission causing phos-
phorescence or giving radiationless transitions causing internal
heating. Some of them get trapped in the electron trapping states
T with the corresponding holes at hole traps H (transitions 3 and
7) . Electrons and holes have also the option to recombine via

luminescent centres C (transitions 4 and 6) . Apart from transition

8-
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Figure (1.1) Modified band mode! representing
various levels contributing to

TL and charge transportation.




1, electrons can also be freed from the recombination centres C by
radiation of energy greater than the energy difference of E; and C

( transition 5) .

Other possible electronic processes (e.g. band -to - band
recombination) have not been considered in figure (1.1) , because
direct recombination of free electrons and holes across the band
gap is a less likely process than indirect, especially in wide gap
semiconductors and insulators [34]. Thus, in order for
recombination to take place, holes first become trapped at centres

C (transition 6 ) .

These trapped holes recombine with free electrons via the
process of annihilation (transition 4) and the emission occurs if
this transition is radiative. Other transitions (e.g. trap to
recombination centers [35] and trap to valence band [36] are not
shown in the figure because of their end result being equivalent to

radiative recombination transition [29-37] ) .

If the traps are not very deep, detrapping and recombination
may already occur at a substantial rate around room temperature
(at which the material is irradiated ) resulting in a short half-life
of stored energy. This is called phosphorescence, usually but

strictly it is room temperature thermoluminescence.

_9_




If the traps are deep enough, the carriers will be retained in
these traps for a long period of time even after the removal of the
irradiation. The probability p per unit time of the release of an

electron from the trap depth E given by :
p=s exp(-E/kT) (1.1)

(where s is the frequency factor and T the temperature) will be
slow. A state of nonequilibrium will exist for an indefinite period,
governed by the rate parameters E and s. Detrapping probability p
will increase and equilibrium will be restored by raising the
temperature of the specimen above the temperature of irradiation
such that kT > E. Electrons will now be released from the traps to
the conduction band resulting in their recombination with the
trapped holes at the luminescent centres C giving rise to

thermoluminescence (TL) .

The TL intensity I(t) at any time during heating is
proportional to the rate of recombination of holes and electrons at
level C. The intensity will first increase and further start
decreasing as more and more traps are emptied and hence a
characteristic TL peak will be produced. The TL glow peak
temperature T, is a measure of the depth of electron traps or hole

traps. The position of the TL peak will, however, depend on the

_10-




values of E and s. For a given value of s, the peak position of the
glow curve will occur at higher temperatures for deep traps. If the
traps are distributed in depth, the TL curve will show more than
one peak. The position of the luminescent centres C below the
lower edge of the conduction band (i.e. E. - C) can be known by
measuring TL spectra of the material. The energy of the emitted

TL light E, is equal to (E. - C).

In practice, an electron when released from the trap will
possess a finite probability of getting retrapped. When this
probability of retrapping is dominant, the shape of the glow curve

is different from the case when it is absent.

During TL process, the charge carriers move through the
lattice during irradiation of the specimen. These charge carriers
travel in conduction / valence band before recombination and the
processes of trap filling (during excitation) and trap emptying
(during thermal excitation) take place. Each process can be
described by a set of simultancous differential rate equations
which describe the traffic of charge carriers between conduction

band, valence band, traps and recombination centres.

N g 8
“11- GG
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If the luminescent centre has a metastable state at a position

E in energy below its first excited state, the phosphorescence

intensity I (t) at any time t is given by:

[(t)=1Ioexp (-pt) (1.2)
where p=sexp (-E/kT), such that:

-E
I (t) = 1o exp [‘S eXpEt] (1.3)

where Io is the initial intensity at t = to . This means that the rate

of decay increases exponentially with temperature.

Similarly, if the electrons released on heating are not
retrapped but all of them go to the recombination centres resulting
in TL, the TL intensity is proportional to the rate of release of

electrons from the traps, that is:
It oo (dn/dt)=-cpn

= - cns exp (_E] (1.4)
kT

where n is the number of trapped electrons and c is a constant.

Thus:
-E) dt
(dn/n)=-csexp (E)Ef dT
or :

(dn/n)=-c%.exp(-E/kT)dT

_12-




where the heatingrate = (dT/dt)

By integrating on both sides and substituting in equation

(1.4), an equation for the TL intensity Iy, can be derived as:

_ -B (S exp=E ar
Itp=npcs exp(kT) exp{ !ﬂ exp o dT} (1.5)
where ng is the initial number of trapped electrons.

Equation (1.5) gives an expression for the variation of TL

intensity with temperature.

At a fixed temperature T, [ cs exp (E];i) ] is a constant and
is taken as A. Equation (1.4) can be written as [dn/n] = - A dt,

which on integration gives:
n = ng sexp(-At)
or :
[(t)=Ip sexp (-At)
where g = Ang .

Thus, at a fixed temperature T, the TL intensity decays
exponentially and the TL process is said to follow first - order
kinetics. Bohn and Scharmann [38] have shown that exactly the
same equation can be obtained when thermally disconnected traps

are included.

13-




It is easily seen that the intensity builds up as T increases,
reaches a maximum for a particular value of T,, and falls off for
any further increase of temperature. By setting (dIy /dT)=0 at

T =T,,, one obtains:

PE _ -E
kT2 Pk, (1.7)

A few interesting results are apparent from the mentioned

Randall and Wilkins formalism:

1. for a given trap [i.e. E and s values being constant], Tr,

shifts to higher temperatures as f is increased [40] ,

2. for a given value of P , T, shifts toward higher

temperatures as E increases or s decreases,

3. the area under the glow curve for given s, B and E values,
is independent of n, as is the temperature of maximum

emission T, , and
4. at low temperatures, we have:
It = ng sexp(-E/kT)

so the value of E can be obtained from the initial portion of the

thermoluminescence curve without determining s.

This theory was also extended by Randall and Wilkins for

the case where a distribution of activation energies was involved

_14-




[27] ( i.e. uniform, quasiuniform and exponential distribution of

energies) .
1.2 TL Parameters And Their Determination

TL characteristics of a material are expressed by two
trapping parameters which are the activation energy E and the
frequency factor s. A knowledge of these two parameters 1s
essential for the understanding of the TL process occurring in a
material. Various methods have been developed for this purpose
based on the glow curve shape, heating rate and area
measurements; these methods have been reviewed by many
authors [11,39-48] . There is hardly any method that takes into
account the full shape of the glow peak and also no single method

is yet available that is applicable to all the cases of TL peaks for

all materials.

The initial rise method [3,49-52] is applicable subject to the
condition that s is independent of temperature and the glow peak
is well defined without any overlapping with other peaks. For the
initial rising part of the glow curve, the TL intensity 1S
proportional to exp (-E / kT) . By plotting the natural logarithm of

the TL intensity versus (1 /T) over the initial rising region of the

_15-




glow peak, a straight line of slope (-E / k ) is obtained from which

the activation energy E is easily calculated.

Glow curve shape methods are dependent on the order of
kinetics and are based on the shape of the peak that is strongly
affected by the kinetic order. Two of three points from the glow
curve, that is, the temperature of the peak T, and either or both
the low - and high — temperature half heights at T, and T, are
utilized. The simplest type of glow curve to analyze is that for a
material in which retrapping is absent, a single-valued trap depth
is involved, radiationless transitions are negligible and a
monomolecular process is involved. These assumptions are
possibly not rigorously valid for any real material; however,
under certain conditions they may be approximately valid for

some materials.

Grossweiner [52] has presented a fairly simple method for
approximating the values of E and s for a material for which the
glow peaks do not overlap and for which the above assumptions
apply. He developed an explicit expression for E in terms of T,
the temperature at which the maximum in the glow curve occurs,

and T,, the temperature at which the glow curve reaches half its

_16-




peak value on the low temperature side of the glow peak. This

expression is given as follows:

E=(1.51) kT T,/ (Tw-Ty) (1.8)
and is correct to within +5% when (E/KkT)>20 and (s/B)> 10’
where B is the heating rate.

Further, Grossweiner gave a method of obtaining an
estimate of the value of s which leads to an expression of the

form:
eE/kTm 3T.B

"T2T (T.-T) (1.9)

The values of E and s thus calculated may then be used with
equation (1.5) to determine a theoretical glow curve for com-

parison with the experimental curve.

For the same case, but using only the high - temperature half
- height, T,, of the glow peak, Lushchik [53] showed that the

activation energy can be given by:
E=k T2/(T,— Tw) (1.10)

Using the value of E and equation (1.7) , the expression for

s has the form:

s=( p ).exp( L ) (1-11)
(T,-T,) (T,-T,)

_17-




Another method for calculating E was given by keating [54]

for first - order kinetics as:

(KT, /E)=(127-0.54 )—;i +0.0055 {%(Y-oqs)]z (1.12)
where y=(T,—Tn) /(Tu—Ty) ,and w=(T,—T)).
The expression is valid for 0.75 <y <0.9 and 10 < (E/kT,) <35.

Chen [42] gave a method for calculating the activation
energy E and the frequency factor s using the total half-width
w = [T, - Ty] of the glow peak. For a first - order peak with a
frequency factor s independent of temperature, the activation
energy E is given by:

E=2KTn(126T,/w) (1.13)
and the frequency factor s is found to be:

=[2B(1.26 Ty, /w)/ €% T,)].exp 2.52 To/w)  (1.14)
where ¢=2.718.

The activation energy E can also be calculated [55,56] by
using two different heating rates B; and B, finding their

corresponding peak temperatures Ty and T and applying the
2
E _ (kTml Tm2j ln El_ (Tij
T - T2 B2\ Tmi (1.15)

18-
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Heating rate methods are useful because the only data
required is the temperatures of the peak maximum that can be
reasonably and accurately determined from the glow curves. Also,
the calculation of E is not affected by problems due to thermal
quenching as with the initial rise method. This technique 1s,
however, not reliable for overlapping peaks where Ty, is affected

when glow peaks are separated by the cleaning process.
1.3 Applications Of TL Materials

Apart from determining the trapping parameters and defect
studies in solids, TL is widely used in the detection of UV and
ionizing radiations, for example, in safety monitoring of x - ray
machines in health care centres and in monitoring the radiations
around power plants. TL phenomenon can be used to establish the
ages of certain archeological samples, especially pottery, and of
geological formations. Thus, it has played a decisive role in
detecting forgeries and for the authenticity of artifacts and ancient

art works.
1.3.1 Radiation Desimetry

Radiation dosimetry, which is one of the major applications
of TL, needs accurate detection and measurement of ionizing

radiations. Environmental and personnel monitoring, radiation

_19-




therapy dosimetry, and diagnostic radiology dosimetry are the
areas of applications of TL dosimetry. These applications have
been discussed in a number of books as well as the proceedings of
several international conferences held since 1965 [18-26] . The
published proceedings of these conferences present a detailed
view of the development of TL dosimetry, which is being
preferred as a method of radiation dose measurement to the more
traditional techniques of darkening of films and of ionization
chambers.

Materials for measuring doses of different kinds of radiation

so-called Thermoluminescent Dosimeters " [TLDs] are
commercially available. They are quite sensitive, highly
economical and possess reasonably accurate and linear response
over a wide range of dose. Quick and on the spot dose evaluation
are possible. They can be made in extremely small sizes and
desired shapes. The limitations of their use, however, being that
the repeat reading with them is not feasible and the evidence

value for later verification is almost nil compared to photographic

films.

When choosing a material as a dosimeter, several properties

must be examined [16,17] . These include dose response, usable
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dose range, linearity, energy dependence,  sensitivity,
reproducibility of results, stability over a period of time of the
stored information, effect of environment on dosimeter
performance, and difference in performance from batch to batch.
The selection also requires a precise knowledge of a particular
application such as personnel dosimetry (dose estimate in body
tissue) and environmental monitoring (dose estimate in air) .
Some of the properties are being mentioned in the following

discussion.
1.3.1.1 Stability

Stability of a TLD is determined by the temperature at
which the maximum intensity of the glow peak occurs, that is, it
should have high glow peak temperature ( above about 400 K but
below 600K ) so that the black - body radiation does not swamp
the TL signal. Stability must be maintained in an unusual
temperature or humid atmospheric conditions, which can also

enhance fading and corrosive effects.
1.3.1.2 Dose Response

A good TLD should exhibit a linear relationship between
the dose received and the subsequent TL output. The dosimeter

should also be most sensitive in the dose range of interest and 1ts
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response be dependent on dose rate (100uGy to 1 Gy for
personnel dosimetry) and must not show any signs of saturation
within this range. Many TL materials show a nonlinear growth of
TL intensity with absorbed dose (superlinear and sublinear
behaviour) over certain dose ranges. The mechanism of
sensitization (increase in TL sensitivity) following the absorption
of radiation is exhibited by many materials and is closely related
to the superlinearity. The problems of sensitization and
superlinearity are overcome by annealing the material after each
irradiation re-establishing, thereby, the defect equilibrium and
allowing the material ready for reuse. A uniform cooling is also

used after many annealings.
1.3.1.3 Energy Dependence

Since the TL intensity emitted from a material 1S
proportional to the amount of energy absorbed initially by the
material, it is desirable to have a detector which exhibits a
constant response over a wide range of energies. If the dose is to
be delivered to the body tissue, the so-called "tissue - equivalent”
dosimeters are required. Lithium borate, for example, is one such
material with Z eff = 7.4 , equal to that of tissue. Energy response,
if necessary, can be modified by use of filters [57] whose

optimum characteristics can be calculated beforehand [58] .
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1.3.2 Personnel and Environmental Monitoring

TLDs can be used in personnel monitoring and safety of
people working with reactors, particle accelerators, x-ray
machines, and radioactive sources [59] . Since accidental
exposures can range from a few roentgens (R) to thousands of R
and different energies of radiation are likely to be encountered in
personnel dosimetry, the dosimeter should give aresponse that
reflects the actual dose to tissue regardless of the energy of
radiation. The International Commission on Radiation Protection
(ICRP) recommended limit, which corresponds to the maximum
dose equivalent value and not expected to cause injury during a

person's working life time, amounts to about 10 mR per month.

The tissues that are at risk during irradiation of an individual
include the skin and deeper lying material such as gonads, lungs,
thyroid, bone surface and bone marrow stem cells, and the breasts
in females. TLDs can be classified into skin - dosimeters and
body - dosimeters depending on their ability to assess the dose
delivered to a depth of 5 to 10 mg cm™ (to skin) and 300 to 1000

mg cm” (to the male gonads), respectively.
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Environmental monitoring is concerned with the natural
radioactivity arising from radioactive materials present in the
surroundings and from cosmic rays, radiation released from
nuclear power stations, and background radioactivity 1in space.
Environmental dosimeters require different sets of performance
characteristics from' those used in personnel dosimetry. The dose
jevels to be measured are much lower, the measurement periods
are much longer, and the dosimeter often spends considerable
periods exposed in the open requiring high moisture and chemical
resistance. Thus, a dosimeter needs to be durable, easily
identifiable and easily detectable in the field. Calibration and
measurement procedure for environmental assessment using TLD

has been suggested by Piesch [60].
1.3.3 Clinical Applications

TLDs can be used to estimate the dose given to a patient
during radiotherapy and diagnostic radiology. Moreover, the
radiation output of therapy machines, beam uniformity checks
and measurement of absorbed dose in phantoms and so on can be
performed with the help of TLDs which have become part of the
standard equipment of a radiation therapy clinical setting. The

small physical size of TLDs is especially utilized to use them in
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body cavities, or to monitor particular small regions such as the
cornea of the eye. TLDs are being used to measure the radiation
exposure for  various diagnostic examinations such as
mammography, chest, dental and so on. Dosimetry of energetic
beta particles and accelerator-produced electrons, which are not

very different from that for x and gamma rays, can be performed.
1.3.4 Dating of Archeological and Geological Materials

The age of archeological or geological samples using TL
phenomenon can be determined utilizing the already established
relation between TL intensity and absorbed dose. Natural TL
occurring in minerals and rocks is directly related to the nuclear
radiations absorbed from radioactive U, K, or Th elements present
within the material, which the material has received over a long
period. By knowing the irradiation rate from the radioactive
minerals, the geological age of the sample can be estimated to be
equal to the ratio of the absorbed dose to the irradiation dose rate.
Archeological dating of an ancient pottery (i.e. fired clay), copper
and bronze slags, bones, and shells, and similarly, the geological
age determination of volcanic events and ocean deposits can be
determined using TL phenomenon [61-63]. TL dating, by now,

is a well established process of age determination and a great
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deal of literature is available [64-67]. TL has also been used in the

study of lunar materials [8,68,69] and meteorites [70,71].

1.4 Review of Past TLD Materials Research

It is now more than 40 years since Daniels and his research
group at the university of Wisconsin (USA) first suggested the
use of thermoluminescence (TL) as a technique in radiation
dosimetry [4,7]. The group has appreciated that irradiated
material contains stored energy which could be thermally
released. Since photomultiplier tubes can detect very low light
levels, the overall process of TL offers a sensitive method of
detection of radiation history for the crystals. Daniels' first
successful application of LiF to radiation dosimetry during atomic
bomb testing in the early 1950 s [7] used a form of this material
which is almost identical to the TLD-100 of today [72]. It is of
historical interest to note that the relationship between the emitted
TL and the impurities present within LiF samples used at that
time was not fully appreciated by Daniels' research team. The late
nineteenth - early twentieth century witnessed an increased
interest in the phosphorescence properties of materials and their
connection with absorbed radiation [73]. The ability of materials

to emit TL upon warming after being exposed to x - rays, beta
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particles, electron beams and gamma rays was being investigated
in detail. Marie Curie [74] was influential in this effort when she
reported on the ability of natural CaF, to re-emit TL after being
exposed to a radiation source. Studies of the induced TL from
natural CaF, continued through the 1920s with Lind and
Bardwell[75] and several of their colleagues [67,77], examining
the x - ray induced TL from this material. The study of the TL
properties of synthetic materials also gained momentum at this
time with CaSO, : Mn being of particular interest, since
manganese was recognized to be an excellent activator of
luminescence [78]. The use of TL in UV dosimetry using CaSOj :

Mn was actively being examined in this era [79].

When researching through the literature for the first mention
of various TLD materials, it is very difficult to pinpoint when
many of them made their first appearance - that is, when their TL
properties were first studied in depth and the data subsequently
published. Equally, it is difficult to define exactly when the
transition occurred to mark these materials as firm candidates for
TL applications. In what follows a rather coarse history of those

TLD materials which find popular use today is presented.

Perhaps the first serious study of the TL properties of

synthetic materials was by Weidemann and Schmidt [80], as long
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ago as 1895. CaSO,doped with Mn was of particular interest but
the purpose of the study was not dosimetry since this period
merely marks the dawn of research into radiation. Over 50 years
went by before CaSO; : Mn was first studied as a possible TL
dosimetric material by Watanabe in 1951 [81]. Similarly,
although the ability of natural CaF, was well known as early as
1898 [82], the first serious suggestion to use this material as the

basis of a TL dosimeter was not made until the early 1960s [83].

Serious efforts to find materials for specific applications as
TL dosimeters only started in the early 1950s with Daniels and
his colleagues [4,84]. The most promising material to emerge at
this time was LiF. Only later was it to become evident that the
desirable properties of the material were the result of the interplay
between the complex defects present within the material resulting
from the presence of Mg and Ti impurities. This realization
emerged with the work of Cameron and colleagues [7,85] and this
work led eventually to the patenting of TLD - 100 by the Harshaw
Chemical Company (USA) in 1963.

Daniels' group soon despaired of the unpredictable
properties of LiF and turned their attention to the next material to
arrive on the TLD scene, namely Al,05 [86,87]. Al,0; appeared

to fit the requirements of reliable dosimetric materials for a time,
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but due to lack of sensitivity, lost favour in preference to other

newer materials.

Beryllium oxide appeared in a study of its dosimetric
properties by Moore in 1957 [88]. However, the next material to
have major impact was CaFy: Mn, reported first by Ginther and
Kirk in the same year as Moore's work on BeO [89]. The
luminescence properties of the activator Mn gave this material
excellent sensitivity. CaF, : Mn was the first TLD material to
arrive in the field and stay up to the present day without any

periods of disillusionment and rejection.

The 1960s witnessed the arrival of several new TLD
materials and the re-emergence of old ones. CaSO4: Sm appeared
in 1961 [90], Li;B4O7: Mn in 1965 [91], CaF, : Dy in 1968 [92]
and both CaSO, : Tm and CaSO, : Dy also in 1968 [93]. In
addition, about this time both natural CaF, [94] and LiF : Mg, Ti
[7,85] came back into the limelight, the latter in part because of

its close equivalence in radiation response to that of human tissue.

The 1970s saw the re-birth of another previously studied but
prematurely abandoned TLD material. Al,O; reappeared in the
TLD literature in the form of ALO;: Mg, Y [95] and AL Os: Si, Ti
[96]. Another form of CaF,, namely CaF, : Tm was reported the
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following year at the 5% international conference on Lumin-
escence Dosimetry at Sao Paulo [97]. This particular series of
conferences has been a popular forum for the announcement of
new TLD materials and the trend continued at the 6™ conference
in the series at Toulouse when both Li,B4O; : Cu [98] and
MgB,O; : Dy or Tm [99] were reported for the first time. A
related material, MgB,O7: Mn, has also very recently been
introduced [100].

Two vyears before the publication of the Toulouse
conference, there appeared in the literature a paper by Nakajima
and colleagues describing the TL properties of a variety of LiF -
based materials, among which was LiF : Mg, Cu, P [101]. The
paper went relatively unnoticed until the group at the Solid
Dosimetric and Detector Laboratory in Beijing reported the
manufacture of a LiF : Mg, Cu, P TLD material, known as GR-
200 in 1986 [102]. This material was the latest "ultrasensitive"
TLD material, with reported sensitivities as high as 50 times that
of TLD-100. This was followed some years later by a more
sensitive material, and another in the Al,O; family. This was
AlLO;:C, described as "anion defective" Al,O; by the authors,
Akselrod and colleagues [103]. These two compounds currently

mark the vanguard of TLD materials research.
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One should note that historically radiation dosimetry has
centred on monitoring personnel exposure to radiation. This is
only one topic in a much wider field and dosimetry methods are
applied over wide dynamic ranges of irradiation level and times
scale (between irradiation and measurement). Applications of TL
occur in medicine, nuclear reactor environments, in spacecraft,
and for archeological and geological dating, mineral prospecting,
food irradiation and even in recording the fire resistance of brick.
This wide range of applications covers factors of 10° or more in
total dose, dose rate and storage time. New and improved
dosimeters are desirable in all these areas and their development
will be aided by the knowledge gained from the study of
personnel TLDs.

1.5 Properties of Manganese-Doped Calcium Fluoride

CaF, : Mn is one of the best known dosimeters. It 1s
synthesized by following the procedure of Ginther [104]. CaF:
Mn dosimeters may be obtained as single crystals, extruded rods,
powder and hot pressed chips. The primary sources of these
dosimeters are Bicron - NE (Harshaw), USA and Victoreen Inc. ,
USA. Other suppliers include Jozef Stefan Institute, Slovenia.

Single crystals can be obtained from Optovac Inc. , USA.
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The emission of Mn** in CaF, is quite interesting. The
characteristic emission under x-ray excitation peaks at 495 nm
[104]. Another emission band is found at 280 nm under x-ray

excitation and is attributed to electron-hole recombination [105].

The concentration of manganese has profound effects on the
thermoluminescence of CaF, : Mn [89]. The TL curve for low
concentration (< 1 mol% ) of manganese has some low-
temperature peaks at 60, 90 and 140 C . At higher concentrations
( > 1 mol%) of Mn, the lower temperature peaks are suppressed
and a well-defined single high-temperature peak at 250 to 260 C
is observed. The optimum Mn content for this peak was found to
be 3 mol% . The Mn concentrations quoted here refer to the
mol% added to firing charge. However, the actual amount of Mn
incorporated in the host lattice is generally less than this amount
[106] . The TL mechanism in CaF,: Mn has been subjected to
several discussions and disputes. Several mechanisms have been
suggested and each mechanism results finally 1n the de-excitation

of the Mn*" ion to the ground state: 6A1g ).

The main TL peak of CaF, : Mn (3 mol%) has a linear
response over a dose range of about 5 mrad to 10° rad. The initial

large fading of the main peak during the first 24 hours after
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irradiation is not properly understood despite the explanation

forwarded by Schulman et al [107].

CaF,: Mn is not a tissue equivalent material; the effective
atomic number of CaF, is 16.57 (Z.s for tissue is 7.4). The
material exhibits an energy dependent response. It is several times
more sensitive to 30 KeV photons, than the cobalt - 60 photon
irradiation [108].

CaF, : Mn has been employed to monitor the proton
radiation with energies up to 137 MeV in the space [109]. Dose
linearity measurements for 100 MeV protons showed results
similar to cobalt - 60 in the dose range from 10 to 10* rad. CaF;:
Mn dosimeters have been found quite suitable for environmental
dosimetry due to their good performance and noticeably small
dispersion [110]. Compared to LiF, the sensitivity of CaF,: Mn to
2 - 5 MeV a-particles is a factor of two higher. CaF,: Mn has a

very poor sensitivity to fast neutrons [111].
1.6 Scope Of The Present Work

The present work is designed to investigate the dosimetric
properties of calcium fluoride doped with manganese; the
material being supplied by two different manufacturers in various

physical configurations. Thermoluminescence is measured and
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analyzed following irradiation with cobalt - 60 gamma rays and
orthovoltage x-rays. Theoretical analysis of the glow curves is
attempted; the results are compared with the experimental curves.
The dosimetric properties of the material are investigated in

detail.

Finally, the possible use of CaF,: Mn in clinical dosimetry
is studied. Interest is focussed on the characterization of ortho-
voltage x-ray beams of different qualities and the measurements
of their central - axis percentage depth doses in a tissue - equi-
valent material prepared especially for this purpose. Factors
affecting these depth doses are investigated. The results are
compared with those of measurements made with a fixed -volume

ionization chamber.

_34-




CHAPTER 11
MATERIAL AND EXPERIMENTAL TECHNIQUES

2.1 TLD Material

The Mn - doped calcium fluoride (CaF,: Mn) dosimeters
used in the present work were in a variety of physical
configurations. They were obtained in a factory - synthesized form
from two different suppliers : Victoreen Inc., USA and Bicron - NE
(Harshaw) , USA. The Victoreen dosimeters included hot pressed
square chips (3.2 mm x 3.2 mm x 0.9 mm ; supplied as 2600 - 14) ,
extruded square rods ( 1 mm x 1 mm x 6 mm ; supplied as 2600 -
50) and bulbs ( supplied as 2600 - 49) . The Harshaw samples were
in two different forms: hot pressed square chips of the same
dimensions as those of Victoreen Inc., and a polycrystalline powder

- both forms being supplied as TLD - 400.

The bulb dosimeter consisted of two pieces of the TL
material mechanically bound to a heater strip and encapsulated in
glass. When an electric current is passed through the heater strip, the
irradiated material is heated and light is emitted. The glass

encapsulation protects the TL sample from environmental
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contamination and breakage; and the use of nitrogen gas flow during

measurements of glow curves is not necessary in this case.

The basic preparation technique of CaF, : Mn has been
described in the literature [89-112]. It consists of co-precipitating
MnF, and CaF, from a solution of CaCl, and MnCl, in NH4F,
drying and firing up to 1200 C in an inert atmosphere. The material
is then ground to the required particle size ( about 100 pm) and
formed into extruded chips or rods. Generally, the manganese
doping level in the final dosimetric material is claimed to be less

than 1.5 mol% [106].
2.2 Irradiation Facilities

Two sources of irradiation were employed in dosing the TL
dosimeters; an X - ray therapy machine and a cobalt - 60 gamma-ray

irradiator.
2.2.1 The X - Ray Machine And Its Calibration

The x- ray machine was a therapy type ( Therapex 150K)
manufactured by Pantak Ltd., UK. and is shown in figure (2.1). It is
one of the most reliable x- ray machines used for radiotherapy in the
kilovoltage range and has been running trouble - free for more than

fifteen years since its installation in 1984. A potential difference up
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Figure (2.1) . The X-ray machine (Therapex 150K) and its control panel.




to 150 KVp can he applied to the x - ray tube while the tube current
can be varied up to 20 mA. The machine is operated by means of a
control panel located outside the radiation room. Four filters were
supplied with the machine and are used to obtain x - ray beams of
different qualities (i.e. HVL) ; each filter operates within specific
applied kilovoltage and tube current ranges. Three of these filters are
made of aluminum while the fourth is an aluminum filter backed
with copper. The x - ray focal spotis 1 cm in diameter while the
target angle is about 30° . The x- ray machine can be operated at
various source - to - surface distances ( SSD ) . Cooling of the target
is essential to remove the excessive heat generated during electron
bombardment of the target and this is performed by means of

circulating oil which is , in turn, cooled by cold water.

The x-ray machine can be fitted with any of several stainless
_steel collimators of various shapes and sizes. Thus, radiation beams

of specified shapes and dimensions can be easily obtained.

The output of the x-ray machine was measured in air using a
Farmer dosimeter (type 2570/1B) connected to a thimble ionization
chamber (type 2581); both dosimeter and chamber were
manufactured and supplied by NE Technology Ltd. , UK. and are
shown in figure (2.2).
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The Farmer dosimeter is a portable battery - operated
instrument designed for accurate field dosimetry of x - and gamma -
rays as well as electron beams. The instrument is based onthe
“Townsend Balance” principle and measures the quantity of charge
produced in its ionization chamber. The charge collected is due to
the ionization produced in the air cavity of the chamber by electrons
liberated from its walls and is expressed in grays (Gy) on a digital
display. The display also indicates the units and all correction
factors which have been taken into account. Normal corrections are
performed by keying in the ambient temperature , the air pressure
and the calibration factor of the ionization chamber. This can be
done either before or after the dose measurement has been
conducted. The ionization chamber consists of a thin air - equivalent
walled thimble and a central electrode supported by a thin aluminum

stem.

To calibrate the output of the x- ray machine; 1.e. to measure
the dose rate, the ionization chamber was positioned in air at a fixed
SSD and adjusted so that its centre coincided with the centre of the
radiation beam selected by means of the appropriate collimator. The
ambient temperature, air pressure inside the radiation room as well

as the calibration factor of the ionization chamber were keyed in the
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dosimeter. Several readings of the output were taken at the selected

KV and SSD and the average was calculated. A typical result of this
calibration at 70 KVp, a tube current of 9.6 mA and 1.1 mm Al
filtration gave an average dose rate of 2.54 + 0.01 Gy per minute at

15 cm SSD : the corresponding value at 30 cm SSD amounted to

643.0 + 0.01 mGy per minute.
2.2.2 The Gamma Irradiator And Its Calibration

The cobalt-60 gamma irradiator used in dosing the TL samples
was installed in the Physics Department , Umm Al-Qura University
in 1984. It contains two cobalt - 60 sources ; cobalt-60 emits gamma
-rays of energies 1.17 MeV and 1.33 MeV. At that time, the activity
of each source , as quoted by the supplier, amounted to 1.2 x 10°
MBq ; i.e. 3245 Ci. The calculated activity in october 1998, after
correction for the decay of the source, was found to be 1.93 x 10’

MBq . i.e. 520.2 Ci.

The lead housing of the irradiator was designed and
manufactured by Nuclear Division, Von Gahlen Nederland B.V.,
Holland while the cobalt - 60 sources were supplied by Amersham
International, U.K. The irradiator consists of a huge lead housing

fitted with a rotating carrousel. The carrousel has a chamber which
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accommodates the samples to be irradiated. It also has two stop -

positions:

(a) The load / unload position in which the samples
can be placed inside the chamber or removed out
after irradiation ceases.

(b) The irradiation position in which an open
connection exists between the two cobalt-60
sources and the irradiation chamber.

Both the load / unload, and irradiation positions are indicated with
indicating lamps on the control panel which controls all functions of
the irradiator; the control panel being mounted on the front side of

the irradiator as shown in figure (2.3).

The cobalt - 60 irradiator was designed to ensure uniform
irradiation of samples placed inside its chamber. The requirement of
uniform dosage was fulfilled by mounting two cobalt - 60 sources
inside the irradiator instead of the traditional single source usually
employed in other irradiators. Both sources were mounted in the
lead shielding such that the upper source irradiates the chamber from
its top while the lower source irradiates its bottom at the same time.
The design of the irradiator also allows both sources to remain in

their shielded positions inside the irradiator and it is impossible to
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Figure (2.3) . The Cobalt-60 gamma-ray irradiator.




have access to the irradiation chamber except in the load / unload

position.

The dose rate within the irradiation chamber was determined
by chemical dosimetry. Here, the energy absorbed from gamma
radiation produces a chemical change in the absorbing medium and
the amount of this may be used to measure the absorbed dose [113] .
One of the most useful and reliable chemical dosimeters is the
Fricke dosimeter which can be used accurately for absorbed dose
determination in the range from 50 Gy to 500 Gy. It depends on the
oxidation of an acidic aqueous solution of ferrous sulphate to ferric
sulphate. The amount of ferric ion produced by radiation can he
casily measured by absorption spectroscopy , since ultraviolet light
at 304 nm is strongly absorbed by the ferric ion. No effect on the
accuracy of the measurement of radiation dose is observed with dose
rates between 0.2 Gy/s and 107 Gy/s. The reliability of the dosimeter
is not significantly influenced by a variation of the temperature of
the system between 1.0 and 60 C during irradiation. The response of
the system , defined as the change in absorbance per unit absorbed

dose, has been shown to be energy independent in the range from

0.1 to 16 MeV.
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In calibrating the gamma irradiator, the American Society for
Testing Materials (ASTM) Standard No. D 1671-72 has been
followed [114]. While there are other procedures for use of the
ferrous sulphate dosimetry system, the standard method has been
carefully researched and tested to include the best techniques

available. The other techniques differ only in minor detail.

A 500 ml fresh solution of the Fricke dosimeter was prepared

and consisted of:

0.001 M FG(NH4)2 (804)2,
0.8 N H,SO,, air saturated

and 0.001 M NaCl.
A thoroughly - cleaned glass container was filled with 200 ml of this
solution and exposed to gamma rays for 4 hours inside the irradiator.
Samples of this irradiated solution were placed in a quartz cuvette of
1.0 cm path length and their absorbance measured against the stock
solution at 304 nm using a Varian DM5 100S spectrophotometer.
Extreme care was always taken not to contaminate the solutions with
any foreign particles or ions as the technique is very sensitive to

contamination.
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The doses were calculated by the following equation [113] :

_AA, 965x 100 G
E, LpG (9-65x10°) Gy

Where: AA, is the measured absorbance, 1 is the optical path length

Dose to FeSO, =

(1.0 cm) , p is the density of the solution ( 1024 kg/m’), Ey, is the
molar extinction coefficient (2196 moles” cm?), and G is the
number of molecules of Fe™ ions produced per 100 eV of absorbed

energy (15.5 for cobalt - 60 gamma-rays ).

Using this procedure, the dose rate inside the chamber of the

gamma irradiator was estimated as 168.90 + 0.34 Gy/hour.
2.3 Irradiation Of TL Dosimeters

TL dosimeters were dosed with x - rays directly in air and in
complete darkness. In this case, the 100% dose occurs at the surface
of the irradiated material. To avoid any unnecessary excessive
heating of the x - ray target which could cause its damage, short
exposure times were used and dosage was restricted to a dose range
from 0.5 Gy to 12 Gy . After termination of exposure, the samples
were kept in light - tight containers ready for TL measurements in

the laboratory.

The situation is however, different when dosage with cobalt -

60 gamma - rays is being considered. Here, the 100% dose exists at
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0.5 cm below the surface of the irradiated specimen due to the
known build-up phenomenon. For this reason, dosage of TL chips,
rods and powder samples with cobalt - 60 gamma -rays was
conducted on samples mounted in groves engraved in a perspex
sheet of 0.5 cm thickness and covered by another sheet of the same
thickness. TL bulbs were irradiated while being mounted inside a
cylindrical perspex capsule of 0.5 cm wall thickness. Again, all
irradiated samples were kept in complete darkness ready for

assessment in the laboratory.
2.4 Measurement Of Thermoluminescence (TL)

Thermoluminescence of dosed TL dosimeters was measured
using a Victoreen thermoluminescence dosimeter reader ( Model
2800 M) . This model is a microprocessor based system designed to
meet the application needs of health, medical and experimental
physics as well as mixed field and environmental dosimetry. The
reader head is designed to accommodate a variety of TLD
configurations including chips, rods, bulbs and powders. A photo-

graph of the TL reader is shown in figure (2.4) .

The basic function of the TL reader is to heat the irradiated
specimen using a reproducible controlled temperature cycle (20 -

400 C°) at a linear heating rate (10 C/s) and to detect the light
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5

The Victoreen TLD reader (Model 2800M).The Chip,rod and bulb

dosimeters are shown in top of the figure.

Figure (2.4)




emitted by means of a low noise and high gain photomultiplier
converting it to a current signal which is amplified, integrated and

displayed as a charge signal on a CRT display.

The model 2800 M reader can be easily calibrated in terms of
Coulombs , Roentgens or Grays. Digitized glow curves, integral TL
data and identification can be printed or transferred to a computer

for analysis and evaluation.

In measuring thermoluminescence, the following precautions

were always taken into consideration:

(@) The TL dosimeters were never touched by bare fingers.
Teflon and vacuum tweezers were used in handling the
TLDs .

(b) Powder samples of fixed weight were employed. The
fixed weight was obtained by using a Harshaw magnetic
dispenser which poured 100 mg of powder each time it
was pressed.

(c) Irradiated samples were transferred quickly to the TLD
Reader after termination of irradiation. This proved
necessary in order to avoid any possible fading.

(d) To prevent oxidation of the heater pan and reduce the heat

signal from the hot heater pan and sample, a steady flow
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of nitrogen gas was passed over the heater pan during TL

measurements.

(¢) Since the counting electronics of the TLD reader were
limited to a total integral measurement of 45
microcoulomb, TL signals exceeding this value and

displayed on the instrument were considered meaningless.

(f) It is known that exposure of TL dosimeters to light can
mimic an exposure to ionizing radiation in an unexposed
TLD. Also, exposure to light of a TLD after exposure to
ionizing radiation can cause loss of TL signal, greater
than that attributable to the normal fading phenomenon.
Since TL dosimeters are sensitive to wavelengths of light
in the ultraviolet range, care was ensured not to expose
them to direct sunlight or to fluorescent light by keeping
them in a black box and using incandescent light bulbs in

the laboratory.
2.5 Measurement Of The Quality Of X -Ray Beams

The quality of a primary x - ray beam incident on a patient
or a phantom is controlled by the applied KVp and the filtration. The
quality is satisfactorily stated in terms of the half thickness (HVT or
HVL) for x - rays generated at voltages below 400 KVp [1 15]. Since
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the HVL used for the specification of an x - ray beam is that for a
narrow beam of radiation, only one determination of the HVL for

each radiation quality (i.e.. KVp plus filtration) used is needed.

The HVL needs to be known only to an accuracy of about 0.2
mm [115] and measurement to this accuracy poses no serious
experimental problems. The HVL is the thickness (in mm) of the
stated material (aluminum up to about 150 KVp , copper above 150
KVp ) which reduces the exposure rate of radiation beam to one half
of its unattenuated value . Its determination is conveniently made by
measuring and plotting on a graph the reduction in exposure rate as
successive thicknesses of the attenuating material (Al) are inserted
into the x- ray beam. The HVL is then determined by graphic

interpolation.

Figure (2.5) illustrates the experimental arrangement used for
measuring qualities (i.e HVLs). The practical aspects followed were

as follows:

(a) The x-ray tube was directed towards a TL bulb dosimeter
which was held in air inside a hole engraved in a
perspex sheet of 1.0 mm thickness and at a fixed

distance of 1.0 m from the x - ray target.
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(b) A narrow circular x - ray beam ( 1.0 cm in diameter) was
selected by a treatment cone ; the centre of the beam was
adjusted to coincide with the centre of the TL bulb
dosimeter. Care was taken to ensure that a space of at
least 50 cm existed between the TLD and any structure
behind it in the x-ray room that could be coincidentally

irradiated during the measurement.

(c) Readings of exposure rate were first taken for the normal
beam with no added attenuator then with sheets of
aluminum positioned midway between the x - ray tube

target and the TL detector.

(d) The values of measured transmitted radiation that are to
be plotted as the ordinate of the graph refer to the
situation where the radiation incident on the attenuator is
constant . This was achieved by keeping the KVp, mA

and exposure time the same for each separate exposure.

2.6 Measurement Of Central-Axis Percentage Depth
Doses
A solid phantom of Mix D wax was constructed for this
purpose. Mix D is a mixture first proposed by Jones and Rain [1 16]
as a tissue - equivalent material. It has a density of 0.99 g/cm’ and

consists of 60% (by weight) paraffin wax (CysHsy), 30.4%
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polyethylene [n(CH)] , 6.4% MgO and 2.4% TiO, . The tissue -

equivalence of Mix D had been theoretically and experimentally

confirmed [117,118]. It was found to possess an effective (Z/A)
value of 0.555 : Z being the atomic number and A the atomic
weight. The corresponding value for water , regarded as soft tissue -

equivalent , is 0.556.

The preparation technique adopted for the Mix D phantom
consisted of melting together the exact amounts of the constituents
while being stirred continuously and leaving the liquid mixture to
solidify while being cooled down to room temperature. The resulting
bulk sample was machined into circular discs of varying
thicknesses: all discs being of the same diameter (12 cm) . The
thicknesses ranged from 0.9 cm to 5.0 cm . Each disc was then fixed
inside a hollow circular grove cut in a perspex sheet (20 cm x 20
cm) of the same thickness as the Mix D disc. Like Mix D, perspex

is also considered tissue-equivalent.

Figure (2.6) shows the experimental arrangement used to
measure percentage depth doses along the central - axis of the x-ray
beam. The area of the x - ray beam was first defined by fitting the
appropriate treatment cone ( collimator) to the x - ray tube. The KVp
to be applied and the corresponding filtration were selected. The

radiation beam was directed towards a TL bulb dosimeter which was
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embedded inside a grove in a Mix D sheet. The TL bulb was backed
with more sheets of Mix D (15 cm thick) to ensure full
backscattering.  The centre of the TL bulb was adjusted to coincide
with the centre of the radiation beam. Two exposures, each lasting
for one minute, were made for each added thickness of Mix D ; the
first conducted for the normal beam with no added attenuator then
with the sheet of Mix D positioned directly on top of the TL bulb
dosimeter. The corresponding glow curve was measured

immediately after termination of exposure.

Percentage depth dose at any point in an irradiated medium
has been defined as the ratio (expressed as a percentage) of the
exposure rate at that point to the exposure rate at the dosage
reference point. The reference point usually varies with the radiation
energy and in case ofkilovoltage radiations, this point is normally
taken on the surface of the irradiated medium at the centre of the
radiation beam . In terms of TL measurements, where the glow
curve area is directly proportional to the exposure delivered to the
TL dosimeter, percentage depth dose at any depth in Mix D can be
expressed as the ratio ( taken as a percentage) of the glow curve area
measured for the depth in question to the glow curve area measured
at the reference point with no added Mix D. Using this definition, it
is now possible to determine percentage depth doses in Mix D with

TLDs as radiation detectors.
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CHAPTER III
RESULTS AND DISCUSSION

3.1 Thermoluminescence Of Irradiated CaF,:Mn
Dosimeters

The CaF, : Mn dosimeters used in the current work consisted
of hot pressed chips , extruded rods , bulbs and a polycrystalline
powder supplied by two different manufacturers. A cobalt - 60
gamma - ray irradiator as well as an orthovoltage therapeutic X-ray
machine were used to irradiate the dosimeters at room temperature
to known doses; the given doses ranged from 0.5 Gy to 10 Gy.
Thermoluminescence (TL) curves were immediately measured after
termination of the irradiation process in order to avoid any fading of
TL by the irradiated sample. An initial large fading of 6% has been
observed in the first 24 hours of storage but the rate of fading
decreased with storage time and it was only 12% for a period of one
year. With the exception of bulb dosimeters, the irradiated
specimens were heated in the TL reader in the presence of a nitrogen
gas flow and a linear heating rate of 10 K/s was employed for all
forms of dosimeters. Reasons for using this gas flow have been

given in the experimental part of this work.
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The general features of TL curves recorded for CaF, : Mn are

illustrated in figures (3.1) to (3.5) after dosage with cobalt - 60
gamma rays . The corresponding curves for the same dosimeter
configurations dosed with orthovoltage x - rays are shown in figures
(3.6) to (3.10). At first sight, each TL curve appears to subsume a
main glow peak , usually termed as the dosimetric peak, and a small
satellite one appearing on the low temperature side of the main TL
signal. The given dose, D , as well as the temperatures T, of
maximum TL intensity , T; of 50% of maximum intensity on the
rising side of the peak and T, of 50% maximum intensity on the

descending side of the peak are quoted on each figure.

It is obvious that the general shape of the TL curve seems to be
independent of the dosimeter physical configuration , the type of
exciting radiation source and the given radiation dose. The only
effect which is worthy noting is the increase in TL intensity and
hence in the glow peak area with increasing radiation dose. This is
due to the increased population of electron traps during the
irradiation process. Published work [106] on TL of CaF, : Mn
containing low concentrations of Mn showed this material to exhibit
a glow curve with a number of peaks appearing above room

temperature . When the dopant concentration was increased, a single
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GLOW INTENSITY (CHARGE nC »x100

D Tm T1 T2

BLUE 10 596 561 627

- GREEN 5 596 559 626
RED 2 592 559 624
BLACK 1 596 561 627

10

560 550 600 650
TEMPERATURE (K)
Fig.3.1 Glow curvcs for a Victorcen Mn-doped Calcium Fluoride chip doscd with
Cobalt-60 gamma rays.

D Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Tcmp. of 50% intensity (rising sidc).

T2 Temp. of 50% intensity (falling side).



GLOW INTENSITY (CHARGE nC)x10

K

D Tm Tt T2
BLUE 45 596 558 626
GREEN 10 592 3558 625
RED 5 394 559 621
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TEMPERATURE (K)
Fig.3.2 Glow curves for a Victoreen Mn-doped Calcium Fluoride rod dosed with
Cobalt-60 gamma rays.
D Given dosc in Gy.
Tm Temp. of glow peak max intensity in (K).
T1 Temp. of 50% intensity (rising side).
T2 Temp. of 50% intensity (falling side).
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D Tm T1 T2
BLUE 10 579 558 601
GREEN 5 580 559 603
RED 2 579 556 598
BLACK 1 579 558 600
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Fig.3.3 Glow curves for a Victoreen Mn-doped Calcium Fluoride bulb dosed with

Cobalt-60 gamma rays.

D Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Temp. of 50% intensity (rising side).

T2 Temp. of 50% intensity (falling side).




GLOW INTENSITY ( CHARGE nC) x100

D T™m T1 T2
BLUE. 10 582 545 609
- GREEN 5 581 554 6061
RED 2 582 550 606
BLACK 1 594 365 618

1.0
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0.0 &

500 550 600 650
TEMPERATURE (K)
Fig.3.4 Glow curves for a Harshow Mn-doped Calcium Fluoride chip dosed with
Cobalt-60 gamma rays.

D Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Temp. of 50% intensity (rising side).

T2 Temp. of 50% intensity (falling side).
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GLOW INTENSITY ( CHARGE nC) x100

D Tm Ti T2

BLUE 10 573 538 601

. GREEN 5 570 537 598
" RED 2 577 547 606
BLACK 1 578 542 606

500 550 600 650

TEMPERATURE (K)

Fig.3.5 Glow curves for a Harshow Mn-doped Calcium Fluoride powder dosed with

Cobalt-60 gamma rays.

D Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Temp. of 50% intensity (rising side).

T2 Temp. of 50% intensity (falling side).




GLOW INTENSITY (CHARGE nC) x100

500 550 600

TEMPERATURE (K)

D Tm T1 T2
BLUE 7 614 579 641
GREEN 5 605 571 635
RED 3 595 559 622
BLACK 1 600 563 629

Fig.3.6 Glow curves for a Victoreen Mn-doped Calcium Fluoride chip dosed with

X-rays.

D Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Temp. of 50% intensity (rising side).

T2 Temp. of 50% intensity (falling side).




GLOW INTENSITY (CHARGE nC) x100

D Tm T1 T2
PALE 9 595 558 622
BLUE 7 599 564 627
GREEN 5§ 599 563 627
RED 3 598 560 626
- BLACK 1 609 570 637

0
560 550 600 650
TEMPERATURE (K)
Fig.3.7 Glow curves for a Victorcen Mn-doped Calcinm Fluoride rod doscd with
X-rays.

D  Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Tcmp. of 50% intensity (rising sidc).

T2 Temp. of 50% intensity (falling side).




GLOW INTENSITY (CHARGE nC)x100
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D Tm T1 T2
GREEN 5 582 559 603
RED 2 579 558 604
BLACK 1 579 558 599
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Fig.3.8 Glow curves for a Victoreen Mn-doped Calcium Fluoride bulb dosed with

X-rays.

D Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Temp. of 50% intensity (rising side).

T2 Temp. of 50% intensity (falling side).
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Fig.3.9 Glow curves for a Harshaw Mn-doped Caicium Fluoride chip dosed with

X-rays.

D  Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Temp. of 50% intensity (rising side).

T2 Temp. of 50% intensity (falling side).
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Fig.3.10 Glow curves for a Harshaw Mn-doped Calcium Fluoride powder dosed with
X-rays.

D Given dose in Gy.

Tm Temp. of glow peak max intensity in (K).
T1 Temp. of 50% intensity (rising side).

T2 Temp. of 50% intensity (falling side).




broad peak evolved and the TL curve looks very nearly similar to

the TL curves reported in the current work.

It is of interest to note that all Harshaw samples show peak
temperatures T,, lower than those of the Victoreen chips or rods. The
Victoreen bulb dosimeter, however, shows a peak temperature lower
than those of rods and chips supplied by the same manufacturer.
This could be due to the discoloration of the glass envelope by
radiation. The irradiated glass envelope has been found to acquire a
brown colour indicating a formation of colour centres. There is no
doubt that the TL emitted by the glass during heating in the TL
reader will interfere with the original TL signal of the dosimeter
giving rise to a modified TL signal. For this reason, the use of CakF):
Mn bulbs in radiation dosimetry should be restricted to the mR
range where discoloration of glass by radiation is negligible and

does not pose any serious practical problem.

Before proceeding any further in discussing the TL of CaF, :
Mn, it is important to point out some general principles and
mechanisms by which energy from ionizing radiation is absorbed
and stabilized by the dosimeter material; this energy being

subsequently released in the form of light during sample heating.
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It is well known that the processes governing the absorption of
energy from ionizing radiation are energy dependent. Below about
15 KeV in most materials, the photoelectric effect dominates. For
higher energies and in low effective atomic number materials,
Compton scattering dominates up to about 10 MeV. For higher Z
materials, however, the photoelectric effect continues to dominate
up to about 100 KeV. Stabilization of this absorbed energy takes
place via two major processes namely electronic excitation and
displacement damage, primary electrons liberated by photons may
occasionally displace atoms from stable lattice sites by elastic
collision giving rise to lattice vacancies and interstitials. Electronic
excitation and atomic displacement result in damage of the material
in the sense that radiation - induced defects are created or populated
over and above the thermal defects and impurities already existing in
the material since manufacture. A radiation -induced defect is
usually defined as any non-equilibrium electronic or atomic species
which exists in the material after irradiation but which was not
present beforehand. Thus, an impure TLD material such as CakF,
intentionally doped with Mn may have localized electronic energy
states existing within the material before irradiation, but only after

irradiation do we find that some of these states are occupied by a

-54-




non-equilibrium concentration of electrons. The occupied states are
radiation - induced defects; the unoccupied states , which existed at
thermal equilibrium prior to radiation, are not. Additionally, one
might find within the material host lattice atoms existing in
interstitial positions after energy absorption. The interstitial atom
and the vacancy it left behind are defects ; the same atom in its
original site is not. Defect creation by the process of electronic
excitation and displacement damage has been the subject of research
for decades and many detailed review articles exist concerning
defect creation by radiation in several materials of interest to TLD
researchers, including alkali halides ( e.g. LiF [119-121]) , alkaline
earth halides (e.g. CaF, [122]) and oxides (e.g. Mg O [123-125]).
Calculations for photon irradiation show that defect formation
caused by electronic excitation ( ionization) dominates over non-

ionizing displacement damage [126] .

Energy storage via electronic excitation occurs via the
processes of electron - hole pair production and exciton creation.
These electron entities have wavefunctions which are not localized
on any particular site within the sample and as a result significant
energy migration can occur after absorption. Stabilization of the

absorbed energy , therefore, requires a mechanism for localization of
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these electronic species at lattice sites. For free electrons and holes,
localization occurs via the processes of non-radiative charge
trapping. Excitons are short-lived electron-hole pairs, bound by their
coulombic field, but which are able to move through the lattice
before annihilation occurs. Localization of these electronic entities
can occur before annihilation via the process of “self-trapping”.
Various self-trapping configurations are possible , depending upon

the host material [119-125].

It follows from the above discussion that lattice disorder
existing in the specimen before irradiation, enhances energy storage
either by providing localized trapping states for free electrons and
holes or by stabilizing interstitial atoms and vacancies. It is not
surprising , therefore, to find that most sensitive TLD materials such
as CaF,:Mn are intentionally impure. However, this is not meant to
imply that more defects necessarily means more TL since non-
radiative sites and competing centres , for example, can decrease the
Juminescence yield per absorbed dose. Thus, the key to making a
sensitive TLD material is to add controlled amounts of the desired
dopants, such as manganese, in numbers in excess of the
uncontrollable intrinsic defects and background impurities.

Referring back to the TL curves of CaF,: Mn shown in the previous
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figures, it is now possible to discuss the origin of these peaks and the

TL mechanism involved.

The small satellite glow peak appearing on the low
temperature side of the main dosimetric peak is probably caused by
the existence of trace quantities of background, rare earth impurities.
Several authors[127,128] have noted the presence of such small,
satellite peaks on either side of the main TL signal and were
attributed to the same reason. In a detailed study by McMasters et al
[129] it was shown how the glow curve from CaF,:Mn evolves as
the Mn content is increased. At low Mn levels, the TL (and optical
spectra) are dominated by trace quantities of rare earths. As the Mn
content increases competition effects take over,and the TL and
absorption properties become characteristic of Mn; however,
background effects due to rare earth impurities can still be
discerned. It is important to remember in this context that, although
doped during growth with 3 mol % MnF, in the melt, only
approximately 1.4 - 1.6 mol% Mn finds its way into the final Cak,
sample [129].

The effect of such background impurities on the dosimetry
properties of this material is that they give rise to a certain amount

of non-universality. Certainly one can expect batch-to-batch
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variations in the TL sensitivity, overall shape and position of the
main TL peak and the TL fading rate[130]. De Planque [131]
compiles extensive data on the fading of TL from CaF,:Mn and
demonstrates an enormous spread in the observed fading rates
obtained by different research groups. In many instances the samples
used by these groups were from different manufacturers; or, if from
the same manufacturer, they were almost certainly from different
batches. Similarly, Horowitz [13] notes a wide variation in the
observed LET response of CaF,:Mn which led him to speculate that
variation in the trace impurity content at the ppm level has a
profound effect on the TL properties. One is led to conclude that it is
the extreme sensitivity of TL to the presence of small quantities of
impurities (the very property that makes TL an exciting dosimetric

tool) that is causing problems with non-universality.

Several mechanisms have been suggested for the production
of TL in CaF,:Mn . Each mechanism results finally in the de-
excitation of the Mn*" ion to the ground state. The first model was
proposed by Schulman [132] who envisioned the trapping of a hole
by Mn*" during irradiation to become Mn’* with the compensating
electron being trapped at unidentified sites elsewhere in the crystal.

During TL readout, the electron is released to recombine with the
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Mn’>" centre to form Mn®' in an excited state . Relaxation of the

Mn”" ion produces TL emission at 495 nm.

An alternative suggestion was given by Alcala et al [105,133]
who proposed the trapping of an electron by the Mn*" ion to become
Mn' , with holes being trapped elsewhere. Raising the temperature
releases holes which recombine with trapped electrons, again
resulting in Mn”" in an excited state. However, a study of thermally
stimulated exoemission (TSEE) in CaF,: Mn [134] did not reveal a
TSEE peak which could be correlated with the TL peak and
therefore, no evidence of electron release during the production of

TL. On this evidence, one would have to rule out the mechanism

suggested by Schulman.

Sunta [134] suggested a different model entirely. He presented
a mechanism in which the luminescence from Mn is activated by the
presence of background rare earth impurities, notably Ce’* ions. In
this process, the Ce’" ions trap electrons, with holes trapped
elsewhere at unspecified centres. Heating releases the holes which
recombine at the Ce*" site, producing Ce’" in an excited state. Non-
radiative relaxation of the excited Ce’" ions then occurs via energy
transfer to Mn”" . Subsequent relaxation of the excited Mn®" ions

results in TL emission at 495 nm. However, detailed examination of
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this possibility by Jassemnejad and colleagues [135, 136] led to the

conclusion that rare earths, such as Ce , act as competitors to the
production of TL from Mn , not as sensitisers . This fact gives CaF5:

Mn its high sensitivity to background traces of rare earth impurities.

Studies of the optical properties of irradiated CaF,:Mn by
McKeever and colleagues [137, 138] suggest the production of
perturbed F centres in the material following irradiation at room
temperature with the complementary H centres being trapped
elsewhere in the crystal . A (Mn®" - F centre) complex is formed
which consists of an Mn®" ion substituting for Ca** ion and an F
centre residing in a nearest fluorine site in a < 100 > direction as
shown below in the diagram where part (A) represents the crystal
lattice of CaF,:Mn before irradiation showing the substitutional site
for Mn and the 8-fold coordination while part (B) shows the F-
centre perturbed by two Mn®" ions and formed after irradiation of

the Mn- doped CaF, .
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® Mn’"-ion ©Q Ca’*"-ion O F-ion

Thus, a possible model consists of an [Mn*" - F centre - Mn"']
complex termed as Fa centre, that is, an F centre perturbed by two
Mn*" ions as shown above. The TL process is supposed to involve
an Fp, - Hy recombination process, where Hp centre is an impurity
stabilized H centre ( interstitial fluorine ion which has captured a
hole; i.e.interstitial fluorine atom) . A similar mechanism of F centre
and H centre recombination has been suggested before [139]. The Fa
- H, recombination produces light of 280 nm, which is subsequently
reabsorbed by the defect centre resulting in an excited state of Mn”*
emitting 490 nm radiation. Thus, a possible TL mechanism can be

represented as follows:

Fa+Hp theat — 3 hv (280nm)
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and:

hv (280nm) + Mn defect centre—Mn>"—» M n** + hv(490nm)

Theoretical studies of Lewandowski [140]of the (Mn**-F centre
- Mn*") defect complex , however, do not support this model of Fy
centre. According to their calculations, the Mn-perturbed F centre is
not a stable configuration at room temperature and , therefore, the
observed absorption bands cannot be attributed to transitions
“within” the F - centre. Their work supports an alternative model of
Mn ion perturbed by a vacancy, where the observed absorption
may arise duetod — d transitions within the Mn ion. In view of
these two divergent results, one can stress the need for more
investigations in order to understand the physical mechanism of TL
in CaF, : Mn. It is amazing that after more than 40 years of research
, the models describing the TL of this material can be only

considered as part of the story.
3.2 Analysis Of The Main Dosimetric Peak Of CaF,:Mn

The characteristic TL curve of CaF, : Mn consists essentially
of a main dosimetric peak. The behaviour of this peak led some
authors to suggest first-order kinetics (e.g. Ref. 127). If we assume

the validity of such monomolecular glow process, then it is easy to
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calculate the activation energy ,E, (i.e. the trap depth) and the escape

frequency factor, s , for the trapping states present . This can be done
by any of the several methods available for this purpose. Two
methods have been used in the present work: the first is due to
Grossweiner [52] which makes use of the temperature , T,, of half-
maximum TL intensity on the low temperature side of the peak
while the second method is that suggested by Chen [42] which relies
on the temperature , T,, of half-maximum intensity on the high
temperature side of the peak. The resulting values are shown in
tables (3.1) , (3.2) and (3.3) where ranges of the activation energy
values and the escape frequency factors as well as the corresponding
average values are 'given. Apparently, the two methods used yield
slightly different values of E and s. Nevertheless, if we exclude the
bulb dosimeter with its associated discoloration problem, the
calculated values of the two parameters fall reasonably well within
the range of values reported by other authors [11,84] ; published
activation energy values varied from 0.95 eV to 1.4 ¢V while the
frequency factors ranged from 1.87x107s"t0 2.8 x 10"*s™". The large
scatter in reported values is being ascribed to differences in sample

physical configuration, its origin of supply , the type of kinetics
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assumed and the method adopted for calculation. This widespread in
the E and s values led to the belief that the main dosimetric peak is
caused by either several closely spaced (in energy) traps or results
from a continuous distribution of traps. These notions were first
expressed by some earlier researchers [141-143] based on annealing
studies and were supported later by measurements of photo-
transferred TL (PTTL) which gave a PTTL peak of a significantly
different shape from that of the original TL peak. In fact, the PTTL
data strongly suggest that the dosimetric peak of CaF,:Mn is made
up of at least two , closely overlapping, but discrete TL peaks, rather
than a single peak caused by a continuous distribution of activation
energies. Hornyak et al [127] analyzed the main dosimetric peak for
kinetic behaviour and reported activation energy values ranging
from 0.97 eV to 1.37 eV ; the highest value being obtained from the
initial rise method [3]. Moreover, they showed the activation energy
of the dosimetric peak to increase in value with increase in
preheating temperature ; a result which indicated that the dosimetric

peak may consist of several discrete overlapping peaks.
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Table 3.1
Calculated values of the trap depth (E)
for the main TL peak (Co- 60 irradiation )

Name | Dosimeter | Grossweiner’s Method Chen’s Method
of type Range of Average Range of | Average
supplier
E (eV) E (eV) E (eV) E (eV)
Victoreen | Chip 1.17-131 | 1.24+0.06 | 1.15-1.17 | 1.17 £ 0.01
Rod 1.14-126 | 121+0.06 | 1.13-1.24 | 1.17+0.06
Bulb 1.82-2.01 | 196+0.09 | 1.66-137 | 1.70+0.16
Harshaw | Chip 1.12-155 {1.37+0.16 | 1.15-1.56 | 1.37 +0.16
powder | 1.13-1.37 | 1.22+0.11 | 1.16-1.23 | 1.16 +0.05
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Table 3.2

Calculated values of the trap depth (E)

for the main TL peak (X-ray irradiation )

Name of | Dosimeter | Grossweiner’s Method Chen’s Method

supplier type Range of E | Average E | Range of E | Average E
(eV) (eV) (eV) (eV)

Victoreen | Chip 1.19-131 | 126+007 | 1.18-132{124+0.06
Rod 1.15-1.26 | 1.19+0.05 | 1.18-1.24 | 1.21 +0.03
Bulb 1.84-2.00 | 195+0.09 | 1.58-1.78 | 1.68 +0.10
Harshaw | Chip 1.11-130 | 1.17+0.08 | 1.21-1.33 | 1.22+0.07
powder | 1.16-122 | 1.20+0.03 | 1.06-1.20 | 1.12 +0.06

-66-




Table 3

Calculated values of the escape frequency factor,

3

s (sec™), for the main TL peak

Radiation | Name of | Dosimeter | Grossweiner’s Method Chen’s Method
source | supplier type Range of s Average s Range of s Average s
Chip (0.30-5.55)El10* | (2.12)El0 (0.28 —0.49) E9 (0.39)E9
=
g Rod (0.16-2.42)E10 | (1.26)E10 | (0.20-1.68) E9 (0.71)E9
8
Co - 60 Bulb (0.05-1.98)E17 (1.43)E17 (2.07-9.93) E13 (6.56)E13
E Chip (0.01-1523)E12 | (4.57)E12 | (0.01-024.50)Ell | (6.46)E11
=
g powder | (0.02-430)Ell | (LI4ELl | (0.41-2.90)E9 16.19)E9
=
g Chip (0.37-432)E10 | (2.08)E10 | (0.46-3.79)Ei0 | (1.56)E10
g
=3
Rod (0.14 - 1.50)E10 | (0.56)E10 | (0.43-1.38)E9 (0.80)E9
X-rays Bulb (0.6-184)E17 | (1.24)E17 | (0.04-237)El4 | (0.88)El4
- Chip (0.12-530)E10 | (1L3DEI0 | (0.03-133)El0 | (0.36)EL0
7
g
= powder | (0.58-243)E10 | (1.37)E10 | (0.01-2.20)E9 (0.73)E9

*E (X) = 10%
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Further evidence in support of the previous views is provided
in the present work. We describe here the attempts made to construct
a theoretical dosimetric peak from equation (1.5) using the tabulated
values of E and s and assuming a monomolecular glow process; i.€.
traps of a single energy depth. The resulting theoretical peak is then
compared with the corresponding experimental peak to assess
whether or not the latter is being due to the same specific traps. The

theoretical calculations are performed as follows:
Starting with equation (1.5), it can be re-written as:
I=cn, s.exp [ - (s/B) | ‘exp ((E/KT)dT]. exp (-E/KT) (3.1)

In order to evaluate the integral [0 jT exp (-E/kT )dT 1], let

us consider the exponéntial function E, (u) defined by :

E, (u)= IJOQ (dx/x%) . exp (-ux) (3.2)

If welet: y=ux,

then : (dx/x%) = u (dy/y?) (3.3)
and : 1_ro(dx/xz) .exp (-ux) =u ur&dy/yz) exp (<y) =E,; (u) (3.4)
Hence, [ (dyy?) exp (-y) = (1/u) E; (u) (3.5)

Now, consider the integral : IT exp (- E/KT ) dT in equation (3.1),

o

andlet: y=(E/kT) (3.6)
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then :dT" =-(k/E) T*dy

=-(k/E) (E*/Ky*) dy

=-(E/K) (dy/y") (3.7)
From (3.6), when T = 0, then y = oo ; and when T" has any value
other than zero, then : y=(E/KT").

Thus: [ exp (-E/KT )dT =- @JE/kT (E/k ) exp (-y) (dy/y®) (3.8)
or: exp(-E/KT )dT —E/kTJOO E/K) . {[exp -V V3.dy (3.9
Now, by equation (3.6) above :

EK),, ) exp (). dy/ ¥ . dy =B B(EKT)  (3.10)
or .

(E/ k)E/ij"O exp (—y). dy/ y*. dy = T Ey(E/kT) (.11)

When (E/KT) is > 25, the exponential function E,(E/KT) may be

approximated with less than 10% error by the relationship:
E,(E/AT) = exp (-E/KT) / (E/KT) (3.12)
Substituting (3.11) mto (3.1) gives :
[=cngs.exp[-{(ST/P). Eo(E/KT) + (E/KT)}] (3.13)

Thus, by use of the approximation (3.12) , equation (3.13) can be

evaluated at various values of T and the theoretical TL peak can be
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calculated. Since the values of the constants ¢ and n, are not known,
the values of I obtained are relative rather than absolute and must be
normalized for comparison with the experimental curve. This is
done by equating the theoretical value of I at the TL peak maximum
to the experimental value of I at the maximum . Normalized
theoretical values of I at other temperatures are then obtained by
simple proportion. The theoretical TL peaks are shown in figures
(3.11) to (3.15) ; the normalized experimental peaks are included in
the figures for comparison. It is evident that no agreement exists
between the theoretical and experimental peaks of the same TLD
sample. This result suggests that the experimental dosimetric peak is
not caused by traps of a single energy depth. Indeed, this TL peak is
made up of two components C; and C, which are obtained by simple

subtraction.

Clearly, even now after more than 40 years of use , the simple
TL curve of CaF,:Mn is far from fully characterized. One may
conclude by saying that an average activation energy of about 1.23
eV can be assigned to the TL emission from the material and that the

TL curve appears to be made up of two, closely spaced, discrete TL

peaks.
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Fig.3.11 The main glow peak for a Victoreen Mn-doped Calcium

Fluoride chip dosed with 1 Gy Cobalt-60 gamma-rays.
(A) Experimental (B) Theoretical (C) Components C1

and C2 of the experimental peak.
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Fluoride chip dosed with 2 Gy Cobalt-60 gamma-rays.
(A) Experimental (B) Theoretical (C) Components C1

Fig.3.12 The main glow peak for a Harshaw Mn-doped Calcium
and C2 of the experimental peak.
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Fluoride powder dosed with 4 Gy X-rays.
and C2 of the experimental peak.
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Fig.3.13 The main glow peak for a Harshaw Mn-doped Calcium
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Fluoride powder dosed with 5 Gy Cobalt-60 gamma-rays.
(A) Experimental (B) Theoretical (C) Components C1

and C2 of the experimental peak.

Fig.3.14 The main glow peak for a Harshaw Mn-doped Calcium
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Fluoride rod dosed with 9 Gy X-rays.
and C2 of the experimental peak.
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Fig.3.1S The main glow peak for a Victoreen Mn-doped Calcium




3.3 Dosimetric Properties Of CakF,:Mn

Synthetic manganese-doped calcium fluoride has been found
to be a good material for dosimetry. The dosimeters proved to be
rugged in the sense that the TL intensity remains unaffected by

numerous exposure and heating cycles.

Irradiated CaF,:Mn doped with 3 mol% of Mn concentrations
exhibits a main broad TL peak appearing at temperatures very much
higher than that of the room. An average value of 6 percent fading of
the dose has been found for the Victoreen dosimeters during the first
24 hours of storage at room temperature (5% for chips, 7% for bulbs
and 6% for rods) . The rate of fading decreased with time and it was
only about 12 percent for a storage period of one year. The Harshaw
samples showed similar fading trends. Dekker [144] reported that
most of the fading of CaF,:Mn (about 5%) occurred during the first
24 hours and then it appeared to stabilize at 8% after two days. This
anomalous initial fading rate has been examined by assuming that
the apparent single dosimetric peak of CaF, Mn is in fact made up of
traps having different degrees of thermal stability [145]. The data
compiled by de Planque [131] show a widespread of fading rates for
CaF,: Mn by different research groups and point out to a degree of

non- universality in the batch preparation.
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The dose response of CaF, :Mn to cobalt - 60 gamma radiation
was investigated . The results are displayed in figures (3.16) and
(3.17) for the Victoreen and Harshaw dosimeters respectively. The
dose response is defined as the functional dependence of the
intensity of the measured TL signal upon the absorbed dose. An
ideal dosimeter would have a linear dose response over a wide dose
range but unfortunately most TLD materials used in practical
dosimetry display a variety of non - linear effects. The dose response
figures show a linear dose response for all dosimeters over the dose
ranges used. It should be noted that it was not possible in practice to
exceed the upper dose limit of 30 Gy for the bulb dosimeter due to
the under response observed which is attributed to the discoloration
of the glass envelope. It is also of interest to observe the exact
similarity in dose responses of the Victoreen and Harshaw chips but
this is however expected because of the equal masses and

thicknesses of these chips.

McKeever at al [17] defined a normalized dose response

function as:
(D) =[F(D)/D]/[F(D,) /D] (3.14)

where F(D) is the dose response at a dose D and F(D,) is the dose
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Fig. (3.16) The dose-response of Victoreen dosimeters exposed to cobalt-60
gamma-rays.
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Fig. (3.17) The dose-response of Harshaw dosimeters exposed to cobalt-60

gamma-rays.




response at a dose D; . D, being the lowest dose at which the dose
response curve starts its linearity. Thus, an ideal dosimeter would
satify f(D) = 1 over a wide dose range up to several MGy.
Unfortunately, f(D) = 1 is found only over a narrow dose range in
many TLD materials. Calculated values of the f(D) function for
CaF,:Mn showed all physical configurations of this material to give
f(D) values very close to unity (~ 0.98) thus satisfying the

requirement of the ideal dosimeter over the dose ranges studied.

The dose response curves of CaF,:Mn irradiated with 70 KVp
orthovoltage x-rays filtered by 1.1 mm aluminium are shown in
figures (3.18) and (3.19). Evidently, all dosimeters show linear dose
responses over the dose range from 0.5 to 12 Gy. It was not
practically possible to increase the x - ray dose beyond 12 Gy due
the excessive heat generated in the x - ray target which could cause
its damage. Again, all dosimeter configurations gave calculated
values for the normalized dose response function very close to unity
(~0.98).

The sensitivity of a particular TLD material 1s formally defined
as the TL signal strength per unit absorbed dose. Absolute
sensitivity values for CaF, : Mn dosimeters have been calculated

from the slope of the dose response curves ; the obtained values are
listed in table (3.4).
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Fig. (3.18) The dose-response of Victoreen dosimeters exposed to 70 KV
X-1ays.
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Fig. (3.19) The dose-response of Harshaw dosimeters exposed to 70 KV
X-1ays.




Table (3.4) Estimated sensitivities

and relative sensitivities for CaF, : Mn

Supplier | Dosimeter Gamma Irradiation X-Irradiation Relative
type (cobalt-60) (70 kVp) sensitivity
Sensitivity (TL / Gy) Sensitivity (TL / Gy)
Victoreen Chip 11.1 43 0.39
Bulb 7.7 2.9 0.38
Rod 6.0 2.5 0.42
Harshaw Chip 11.2 4.2 0.38
powder 52 2.9 0.56

Examination of table (3.4) shows CaF,: Mn chips as the most

sensitive dosimeters to both gamma and x-ray irradiations ; the rods

and powder samples being the least sensitive. Moreover, the

sensitivities to x-rays are much lower than those to gamma - rays

due to the attenuation of low-energy photons by the dosimeter

material. A similar observation has been reported by Maiello et al

[146] for LiF and attributed to the same reason.

The definition of sensitivity in an absolute sense , however, 1s

difficult since this parameter also depends upon the TL readout

system used in the measurement , the heating rate and the method of
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measurement of the TL signal (usually glow curve area between two
chosen temperature, or the height of a particular peak) . To
overcome uncertainties associated with the absolute measurements
of sensitivity, another parameter known as the relative sensitivity is
used . This has been defined by many authors (e.g. Ref. 147) as the
ratio of the TL emitted per Gy of absorbed dose from low-energy
photons to that of cobalt - 60 photons of 1.25 MeV average energy.
This ratio has been evaluated for all dosimeter configurations and
the estimated values are displayed in table (3.4). It can be seen that
all relative sensitivity values are less than unity ; the value of 1.0 1s
being reserved for the relative sensitivity to cobalt - 60 gamma
radiation. The table also shows that although some differences exist
in absolute sensitivities of the various forms of CaF , :Mn;
differences in relative sensitivities are only slight. This agrees with
the findings of other authors[146-148] who attributed these
differences primarily to differences in the attenuation of low-energy
photons by the TLD’s due to their varying thicknesses. Thus, the
primary concern in using these dosimeters for low- energy photon
dosimetry is not the inherent sensitivity of the TLD but the thickness

of the dosimeter.
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CHAPTER 1V
SOME DOSIMETRIC APLICATIONS OF CaF,: Mn

This chapter is devoted to the attempts made to investigate the
possible use of the TL bulb dosimeter to monitor radiation doses in
two situations of important clinical applicational significance.
Interest 1s focussed on the characterization of orthovoltage x-ray
beams generated in the range from 60 to 150 KVp with added
filtration, and the measurement of central-axis percentage depth

doses of these beams in a solid tissue-equivalent phantom of Mix D.

4.1 The Characterization Of X - Ray Beams

In radiotherapy with x- rays, it is important to characterize the
beams to be used in terms of their qualities in order to select the
appropriate percentage depth dose data for treatment, to choose the
dose/exposure conversion factor and to estimate the absorption in or

the shielding by bone as well as the extra transmission by the

lung [115].

In radiology, interest is focussed on the penetration of the x-ray
beam into or through the patient, and it is logical to characterize the

beam in terms of its ability to penetrate some material of known
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composition; i.e. the quality of the beam. An ideal way to describe
the quality of an x-ray beam is to specify its spectral distribution,; i.e.
the energy fluence in each energy interval. However, spectral
distributions are difficult to measure and , furthermore, such a
complete specification of the beam quality 1s not necessary in most
clinical situations. Since the biological effects of x-rays are not very
sensitive to the quality of the beam , in radiotherapy one is interested
primarily in the penetration of the beam into the patient rather than
its detailed energy spectrum . Thus, a crude but simpler specification

of the beam quality is often used , namely the half-value layer

(HVL)[149].

The HVL is the thickness of some standard material required to
reduce the intensity of the x-ray beam to half its original value as
measured by a device capable of reading exposure or dose such as
an ionization chamber. The quality of the primary radiation incident
on a patient is controlled by the applied kilovoltage of the x-ray
machine and the filtration used (inherent or added). It has been
found that the specification of the quality in terms of the HVL is
usually sufficient for x-rays generated at voltages below 400 KVp
[115]. Since the HVL used for the specification of % depth dose

data is that for a narrow beam of radiation, only one determination
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of HVL for each radiation quality ( 1.e. KVp plus filtration ) used is

needed. The HVL needs to be known only to an accuracy of about
0.2 mm [115], and measurements to this accuracy pose no serious
experimental problems.

Figure (4.1) illustrates results of measurements of the
attenuation of orthovoltage x-ray beams in aluminium ; the curves
were obtained using a Victoreen TL bulb dosimeter and narrow
beam geometry. It is of interest to mention that the majority of HVL
measurements in the orthovoltage range relied mainly on ionization
chambers and photographic films as radiation detectors [149-151].

To test the reliability of using TL dosimeters for this purpose,
attenuation was also measured with an ionization chamber ;the
results are displayed in figure (4.2) together with the corresponding
curves obtained with the TL bulb dosimeter. The data used n
plotting attenuation curves have been fitted by an equation of the
form:

Y =Yoo+ Arexp[-(X—Xo) ]/t (4.1)
where Y, , A;and t,are fitting parameters and x,= 0. Values of the
fitting parameters are collected in table (4.1). It is evident that a
fairly good agreement exists between values of the fitting
parameters for the TL bulb dosimeter and their corresponding values

for the 10onization chamber.
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Fig.(4.1) Attenuation curves in aluminium for narrow x-ray beams obtained
with TL bulb dosimeter.

(A) 60 KV ; filtration : 1.1 mm Al

(B) 75 KV ; filtration ;: 1.1 mm Al

(C) 90 KV ; filtration : 2.7 mm Al

(D) 110 KV ; filtration : 2.7 mm Al

(E) 130 KV, filtration : 1.0 mm Al plus 0.23 mm Cu.
(F) 150 KV ; filtration : 1.0 mm Al plus 0.23 mm Cu.




NORMALIZED READING

0 2 4 6 8 10 12 14 16 18

ALUMINIUM THICKNESS (mm)

Fig. (4.2) Attenuation curves in aluminium for narrow x-ray beams:

(A) 60 KV x-rays filtered by 1.1 mm Al ; detector : ionization chamber.

(B) 60 KV x-rays filtered by 1.1 mm Al ; detector : TL bulb dosimeter.

(C) 90 KV x-rays filtered by 2.7 mm Al ; detector : ionization chamber. |

(D) 90 KV x-rays filtered by 2.7 mm Al ; detector : TL bulb dosimeter.

(E) 130 KV x-rays filtered by 0.23 mm Cu + 1.0 mm Al ; detector : TL
bulb dosimeter.

(F) 130 KV x - rays filtered by 0.23 mm Cu + 1.0 mm Al ; detector :
ionization chamber.



Table (4.1)
Values of the fitting parameter Y, , Ajand t; .

Figure Curve Detector Y, Ay 18}
A TL bulb 1129+ 168 | 8527+1.68 [2.05+0.12
B TL bulb 11.15+1.15 {8876+ 160 |2.83+0.09
C TL bulb 1761 +108 {80.62+1.01 2. 89+0.10
@.1)
D TL bulb 1571+048 | 83.44+043 [ 3.55+0.05
E TL bulb 9.99 +2.97 89.04+297 | 650+045
F TL bulb 4.12+3.11 9541 +290 | 7.89+0.49
B Ton. chamber | 13.21 +225 [ 87.70+2.32 | 1.48+0.10
(4.2) D Ion. chamber | 1484 + 158 [ 8424+ 163 |2.85+0.15
F Ion. chamber | 9.87 +1.26 80.14+1.14 {744+0.23
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Both figures (4.1) and (4.2) indicate that each added layer of
aluminium acts very much like a filter and progressively changes the
quality of the x-ray beam ; i.e. the beam becomes more penetrating.
As it is well-known, a practical beam produced by an x-ray
generator, however, consists of a spectrum of photon energies.
Attenuation of such a beam is no longer quite exponential. This
effect can be seen 1n the figures where the slope of the attenuation
curve decreases with increasing absorber thickness, because the
absorber or filter preferentially removes low energy photons. For
such a heterogeneous beam, the first HVL is less than the second
HVL; the latter being the thickness of attenuator required to reduce
the dose rate to one quarter of the value of the unattenuated beam.
As the absorber thickness increases, the average energy of the
transmitted beam increases and the beam becomes increasingly
harder. Thus, by increase of the filtration in such an x-ray beam ,
one increases the penetrating power or the half-value layer of the

beam.

Estimated values of the first HVL , the second HVL , the
homogeneity coefficient and the effective energy of the x-ray beams

are quoted in table (4.2) .
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Table (4.2)

HVL Values and homogeneity coefficients for x-ray beams

HVL (1) | HVL (2) | Homogeneity | Effective Energy
KVp Filter mm Detector
mm mm Coefficient (keV)
60 1.1 Al TLD 1.60 2.13 0.75 25
75 1.1 Al TLD 2.35 2.84 0.83 28
90 2.7 Al TLD 2.63 4.11 0.64 30
110 2.7 Al TLD 3.14 4.56 0.69 32
150 1.0A1+0.23 Cu | TLD 5.73 6.15 0.93 43
60 1.1 Al Ionization | 1.29 1.68 0.77 23
Chamber
90 2.7 Al Ionization | 2.48 3.72 0.67 29
Chamber
130 1.0 A1+0.23 Cu |lonization | 5.93 7.19 0.83 44
Chamber
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The homogeneity coefficient is defined as the ratio of the first

HVL to the second HVL. Its importance arises in situations where
additional information about the quality of radiation is needed. For
example, when it is found that measured percentage depth dose data
do not agree with published data for the same HVL; the difference
may be accounted for by the radiations having different spectra in
spite of their first HVL’s being the same ; the value of the
homogeneity coefficient will indicate whether this is so or not. The
effective energy values of the x-ray beams were deduced from
graphs relating the first HVL in aluminium to the effective energy of
photons [152] ; the obtained values were found to agree with
published effective energies based on mass attenuation coefficients

of aluminium [149].

Examination of table (4.2) indicates that , for the same
filtration used, values of all quality parameters tend to increase with
increasing applied kilovoltage as a result of the increased
penetrating power of the x-ray beam. The table also shows that
under heavy filtration, softer components of the x-ray beams are
removed and the radiation transmitted 1S more nearly
monochromatic; thus higher HVL values are to be expected. A fairly

good agreement exists between values of the homogeneity
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coefficient obtained by the two detector types. It is of interest to note
that the attenuation measured by the TL bulb dosimeter at small
aluminium thicknesses agrees well with that measured by the fixed -
volume 1onization chamber ; deviations start to occur at large
attenuator thicknesses. This could be due to a change in the energy
response of one of the detectors. Since the TL dosimeter is reported
to show a fairly flat response over the small effective KeV range
used [108] , 1t is reasonable to assume that the fixed-volume
ionization chamber used did show a slight energy-dependence in its

response with increasing attenuator thickness.

4.2 Central-Axis Percentage Depth Doses Of X-Ray
Beams

When radiation falls on a patient or a phantom , the absorbed
dose varies with depth. This variation depends on many conditions
such as beam energy, field size, distance from source and beam
collimation system. Thus, the calculation of dose in the patient or
phantom involves considerations in regard to these parameters as

they affect depth dose distributions.

An essential step in the dose calculation system is to establish
depth dose wvariation along the central axis of the radiation beam. A

number of quantities has been defined for this purpose; the major
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among these being percentage depth dose [115]. This quantity is
usually derived from measurements made in water phantoms or any
other water-equivalent phantom using small ionization chambers.
Other dosimetry systems such as TLD , diodes and film have been

very occasionally used particularly in the megavoltage range.

One way of characterizing the central axis dose distribution is
to normalize dose at depth with respect to dose at a reference depth.
The quantity percentage depth dose may be defined as the quotient ,
expressed as a percentage, of the absorbed dose at any depth d to the
absorbed dose at a fixed reference depth d, , along the central axis of

the beam [149]. Percentage depth dose (P) is thus:
Pz(Dd/DdO)XIOO (42)

For orthovoltage (up to about 400 KVp ) and lower energy x-rays,
the reference depth is usually the surface of the phantom ( d, = 0).
For higher energies, the reference depth is taken as the position of

the peak absorbed dose on the central axis (d, =d,, ).

Many sets of percentage depth dose tables are available in the
literature and nearly all of them are essentially based on ionization
chamber measurements. Although most of these tables can be

regarded as acceptably accurate, the most comprehensive, consistent
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and widely used ones are those contained in Supplement 10 of the
British Journal of Radiology, 1953 . The decision to use published
data must be based on , at least, few measurements made on the
user’s equipment. The adoption of the 5 cm deep scheme minimizes
any errors which result from the data used being not exactly correct.
Two parameters need to be known before percentage depth dose
tables can be selected ; these are the source-to-surface distance
(SSD) and the HVL of radiation. Using these two parameters, the
appropriate set of tables can be selected but their validity should be
experimentally examined. A number of parameters affects
percentage depth dose distributions. These include beam quality or
energy , depth , field size and source-to-surface distance. These
parameters are investigated in the present work. All measurements
were made in a water-equivalent Mix D phantom. Mix D hasa
density of 0.99 g/cm’, an effective atomic number for photoelectric
absorption of 7.05 and an electron density of 3.41 x x10%
electrons/g ; the corresponding values for water being 1.0 g/em’,
7.05 and 3.34 x10* electrons/g respectively [151] . The detector
used was the Victoreen TLD Bulb. All results presented in this

section relate to x-ray beams generated in the orthovoltage range.
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The vanation of percentage depth doses with depth along the
central axis of the x-ray beam is shown in figure (4.3) for three
different sets of operating conditions of the x-ray machine. All depth
dose data were fitted by equation (4.1) and values of the fitting
parameters are listed in table (4.3). It is evident from figure (4.3)
that the depth below the surface of the phantom is the most
important parameter which affects percentage depth dose at a point;
and generally the greater the depth, the smaller is the value of the
percentage depth dose. This is expected from the operation of the
inverse square law and the increasing attenuation suffered by the x-
ray beam due to the greater thickness it has to pass through Mix D.
The estimated half-value thicknesses (HVT’s) , quoted in figure
(4.3) , are found to increase with increase in both applied KV, and
tube filtration. This can be attributed to the resulting increase in the
penetration power of the x-ray beam. Mass attenuation coefficients
ranging from 11 x 10° m? /kg to 20 x 10° m? /kg have been
determined for Mix D . These values are found to agree reasonably
well with published mass attenuation coefficients of water for

similar irradiation conditions [149,151].
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Fig.(4.3) Variation of central axis percentage depth dose with depth in
Mix D wax for a circular X - ray beam 5 cm in diameter :
(A) 60 KV ; filtration : 1.1 mm AL
(B) 90 KV ; filtration : 2.7 mm Al
(C) 120 KV; filtration : 1.0 mm Al plus 0.23 mm Cu.




Table (4.3)
Values of the fitting parameters Y, , Ajand t;

for the attenuation of x-rays in Mix D.

Curve No. | KV Filter Y, A t
A 60 1.1 mm Al 0.00+0.00 | 102.09+1.30 4.82+0.12
B 90 |2.7mm Al 6.59 + 0.00 97.06+2.70 526+0.28
C 120 1.0mm Al 15.01 +0.00 | 89.80+3.23 5.07+0.30
+
0.23 mm Cu

Results of measurements made to investigate the dependence
of central-axis percentage depth dose at 5 cm depth in Mix D on x-
ray beam area (i.e. field size) are shown in figure (4.4). Percentage
depth dose can be seen to increase steadily, though not linearly, as
the beam area increases; a trend which is exactly similar to that
based on ionization chamber measurements [149-151], and is due to
the effect of scattered radiation. Not only at the surface , but
everywhere in the irradiation zone, the exposure is made up of
contributions from primary and scattered radiations; the former
being independent of beam area, whereas the latter increases with
beam size. For a sufficiently small field, one may assume that the

percentage depth dose at a point in Mix D is effectively the result of
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Fig. (4.4) Variation of central axis percentage depth dose at 5 cm depth in
Mix D with x - ray beam area .



the primary radiation ; i.e. the photons which have traversed the
overlying medium without interacting. The contribution of the
scattered photons to the depth dose in this case is negligibly
small or zero. But as the field size is increased, the contribution of
scattered radiation to the absorbed dose increases. Since this
increase 1in scattered dose is greater at large depths than at the
reference depth dy ( the surface of the phantom) the percentage

depth dose increases with increasing field size.

The effect of changing the source-to-surface distance (SSD) on
central- axis percentage depth dose at 5 cm depth in Mix D is shown
in figure (4.5) for two different sets of operating conditions of the x-
ray equipment. The figure illustrates clearly the general effect of
increasing the SSD on percentage depth dose values causing them to
increase. The reason for this increase can be explained by the

following simple argument:

Let us assume two irradiation conditions which differ only in
regard to SSD ; 1.e. the field size on the phantom surface (rin
diameter) and the depth d being the same for both conditions. Let P
(d,r.,f) be the percentage depth dose at depth d for SSD=fand a
field size r . Since the variation in dose with depth is governed by

three effects - inverse square law , exponential attenuation and
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scattering - then :

P(dﬂ;ﬂ)=100[£ig{‘.Emm).Ks 43)

f,+d

Where : p 1s the linear attenuation coefficient for the primary, and
K 1s a function which accounts for the change in scattered dose. If
we ignore the change in the value of K from one SSD to another

then :

2
_ f,+d, — (uudo)
P(d,r,f;) = 100 {——f d } . € - K (4.4)

2

Dividing equation (4.4) by equation (4.3) gives :

2 2
P(d,rf,) [f2 + do} f, +d
2/ _F= .
P(d,1,f) f+d, | |f:+d 4.5)
For orthovoltage beams, d, = 0 , and the F factor becomes:
(o] 2]
fi|] [ f+d '

Equation (4.6) shows that the F factor is greater than 1.0 for f, > f)
and less than 1.0 for £, < f;. Thus, it may be restated that percentage

depth dose increases with increase in SSD.
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To confirm the validity of the above argument, let us compare

the values of Ds at two different SSD values of 40 and 80 cm.
Equation (4.3) gives the value of the fraction [f,/(f; + ds)]* as 0.79 at
40 cm SSD ; while the corresponding value of the fraction at 80 cm
SSD amounts to 0.89 . Since the value of [ ¢~ *ds] is the same in both
cases ( 0.58 ) ; it would appear that an increase in SSD by 40 cm
causes the % ds to increase by almost 10% . It is of interest to note
that figure (4.5) shows the same increase in the value of Ds when the

SSD is increased from 40 to 80 cm.

Finally , the dependence of Ds, the percentage depth dose at 5
cm depth in Mix D , on radiation quality is illustrated in figure (4.6)
where percentage Ds is plotted against the applied kilovoltage of the
x-ray machine . As quality in radiology is an indication of the
penetrating power of the x-ray beam, percentage depth doses are
expected to increase with increasing HVL of the beam ; i.e. with
increasing KVp . This trend is clearly observed in figure (4.6) and is
similar to that reported in ionization chamber measurements [149-
151]. The magnitude of the observed increase is not , however, as
great as might be expected partly because of the influence of
scattered radiation which contributes a considerable fraction of the

total radiation dose at this depth , and which does not alter much
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with quality changes [115] . Moreover, part of the fall of percentage
depth dose with depth is due to the inverse square law and changes
in quality (or KVp ) has no effect on this factor . Because of the
influence of scattered radiation, changes in percentage depth dose
with KVp should be more pronounced for small (where there 1s less
scatter) than for large x-ray beams. Even so, as shown in the figure,
a two-fold increase in the applied K'Vp only increases the percentage
depth dose at 5 cm depth in Mix D by about 14% for the relatively

small x-ray field used.
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CONCLUSIONS

The studies presented in this thesis represent an investigation
into the dosimetric properties of CaF,: Mn . The following conclu-

sions can be drawn :

(1) All X- or gamma - irradiated forms of CaF,:Mn exhibit
thermoluminescence (TL) curves of the same general shape ; the
shape being also independent of the given radiation dose. Increasing
the dose , however, increases the area ofthe TL curve due to the

increased population of traps by radiation.

(2) All forms of CaF,: Mn show glow curves consisting of a
main dosimetric peak and a second small satellite peak appearing on
the low temperature side of the main peak ; the small satellite peak
being attributed to the existence of background rare earth impurities

in CaF,:Mn.

(3) All models proposed to explain the TL mechanism in
CaF,:Mn can be disputed and each of them results finally in the de-
excitation of the Mn”" ion to its ground state. However, the most
promising model attributes the TL of the material to the

recombinations of F, - Fy centres but such a model still needs
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further quantitative elaboration. The F, centre is an F centre
perturbed by two Mn’" ions and the H, centre is simply an

interstitial fluorine atom.

(4) Theoretical analysis of the TL curve of CaF,:Mn shows
the apparent single dosimetric peak to be made up of two , closely
spaced (in energy) discrete peaks . This view is supported by the
observed anamolous initial fading rate of TL during the first 24
hours after irradiation ; an observation which suggests that traps of

different degrees of thermal stability are involved in the TL of this

peak.

(5) The linear dose response of CaF,:Mn to X- and gamma -
radiations confirms its suitability for use in clinical dosimetry to
monitor radiation doses over the dose ranges studied in this work.
The absolute sensitivity (TL/Gy) of CaF,:Mn chips , which far
exceeds that of any other form of the material, indicates that

preference should be given to these chips in dosimetry.

(6) The suitability of using CaF,:Mn for the characterization
of orthovoltage X - ray beams and the measurement of central - axis
percentage depth doses of these beams has been confirmed. The

results obtained with a CaF,:Mn bulb dosimeter agree reasonably
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well with those obtained by using a fixed- volume ionization

chamber.

(7) Finally, one should emphasize that different preparations
of CaF,:Mn could lead to different TL characteristics. Even samples
from the same batch can sometimes show some peculiarities. Each
preparation should be therefore carefully examined and it is
advisable not to rely heavily on results of other investigators, even
for the same sample configuration. This is because of the numerous
factors that can affect the TL characteristics such as the preparation
conditions, natural and added impurities and annealing, as well as
other instrumentation parameters which include the sensitivity of the
photomultiplier used for detection of TL , the heating rate employed

and its uniformity during the readout cycle.
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