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ABSTRACT

The radiation induced thermoluminescence of LiF
has been studied using a commercially available system based
on this phenomenon. The response characteristics of the LiF
to x-rays generated at 100 kv. and 250 kv., to gamma rays from
CO6O’ and to electrons from 25 Mev. to 35 Mev. have been
investigated, and response curves have been presented for
future clinical applications. An important, new characteristic,
increased energy dependence with higher doses, was discovered,
and a simple model has been presented to explain this,

A method of obtaining glow curves using low heating
rates has been developed, and by comparison-with glow curves
obtained with larger heating rates (250 degrees/min.), a trap
depth of 3.0 ev. was determined for the main traps in LiF.

The LiF has been studied to determine the extent of

the fading of the stored energy at room temperature, to determine

the effects of annealing the crystals prior to use and to

determine the extent of permanent radiation damage to the LiF.




The literature on thermoluminescence in LiF has
been carefully reviewed, and the absorption and measurement
of therapeutic radiation has been outlined. The extent of
the knowledge of the mechanism of action of thermoluminescence

in IiF has also been presented.
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CHAPTER I

INTRODUCTION

The subject of radiation dosimetry has its origins
in the last years of the nineteenth century when x-rays,
then newly discovered, were almost immediately put to
medical use. Both the successes, like that of the first
recorded tumor treatment in 1899, and the failures of
those early attempts underlined the necessity for some
gquantitative measurement of the radiation emanating from an x-ray
tube.

Most of the early workers used photographic oxr
fluorescence methods for measuring x-ray intensities.
Chemical and calorimetric methods were also tried. For
reasons of lack of sensitivity, of unreliability, or of
unwanted energy dependence, these early physical techniques
were eventually displaced by ionization methods. Three
decades then passed before an internationally acceptable
method of defining and measuring an xX-ray dose was achieved.
The introduction of the roentgen in 1928 standardized measure-
ments of x-ray intensities around the globe.

In recent years problems of radiation dosimetry
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have multiplied rapidly with the vast production of
artificial radiocactive materials by reactors and the
increasing use of high voltage accelerators of various
kinds. The energy ranges have been expanded considerably
and electron, proton, and neutron beams find an increasing
variety of important applications. The measurement of
radiation has gone beyond the scope of the roentgen, and
now, more than ever, it is necessary to determine the

physical energy deposition in a variety of media when

irradiated by any one of a wide energy range of quanta,
or by any type of ionizing particle. Modern versions of
some of the earlier methods, notably chemical and
calorimetric methods, are gaining an important place in
radiation dosimetry.l

Solid state devices are becoming increasingly
popular in the field of radiation dosimetry. There are
many such devices operating on a variety of principles,
but none of them gives an absolute measurement of absorbed
energy. They must be calibrated under appropriate conditions
against a calorimeter, a standard air chamber, or some other
absolute device.

Solid state dosimeters are useful for four main
reasons:z"3 (1.} their high density (800 to 4000 times

more atoms per cm> than air) leads to small sizes;
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(2.) changes induced in solids by radiation may persist
for long periods enabling total dose to be estimated at
a convenient time after the irradiation; (3.) solid
systems that show an obvious visible change are useful for
measuring spatial dose distributions; and (4.) higher dose
rates can be measured with solid state dosimeters than with
ionization chambers.

Many solid state dosimeters work in the following
way. 2:3.4 Electrons or holes freed by ionization of
atoms in solids ¥ can cause induced electrical conductivity
while they move through the solid. These carriers event-
ually recombine or become trapped at localized sites such
as impurity atoms or crystal defects. If light is given off
in the recombination, the solid is a scintillator. The
number of scintillations provides a measure of absorbed
energy. If the depth of the traps -~ the energy needed to
release an electron or hole from them - is greater than about
lev., the carriers remain in the trapping site for a long
time (at least several hours). This site may then absorb
light at different wavelengths from the unirradiated solid,
or it may alter the luminescent response of the solid to

ultra-violet light (radiophotoluminescence). One can also

% Mechanism to be described in more detail in a later chapter.
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detect the presence of unpaired electrons by electron-spin
resonance. In some solids the stably trapped electrons can
be released at a convenient readout time by heating the
solid. If the release gives risé to a burst of emitted
light, the phenomenon is called thermoluminescence. A more
detailed description of each of these mechanisms follows.

For dosimetry using optical absorption the measured
guantity is the change in optical density at a suitable
wavelength using a spectrophotometer or densitometer. The
change in optical density is proportional to the number
of new centers created by the ionizing radiation. The
useful materials for such a dosimeter are activated glasses,
clear plastics, and dyes.

In radiophotoluminescence the trapping center
absorbs ultra-~violet and emits visible light continuously
while the U.V. is on. The intensity of this light is
measured and gives a measure of the absorbed dose in the
sélid, usually a glass.

The number of unpaired electrons produced in
powdered alanine by ionizing radiation is measured with
an electron spin resonance spectrometer and compared to a
standard specimen to obtain an estimate of absorbed dose
in the alanine. This system has been used in artificial

satellites with an accuracy of about 5%.



Semiconductor junction detectors behave much like
solid state ionization chambers. Ionizing radiation
generates pairs of charge carriers in the depletion region
which are collected by a potential across this region.
Conductivity can also be induced in C€dS, plastics, and
organic insulators by ionizing radiation.

Thermoluminescence provides a system more sensitive
than any of the above. When a thermoluminescent material
such as CaF2:Mn, CaSO4:Mn, or LiF, is exposed to ionizing
radiation somé of the freed electrons are trapped at
lattice imperfections in the crystalline solid. They remain
trapped for long periods at room temperature. If the
temperature is raised the eleqtrons are thermally released
from the traps and recombine with oppositely charged centers,
with the emission of light. The total quantity of light
emitted as the material is heated up can be measured and
related to the absorbed dose in the material. (Fig. 1l.).
CasOy has been used ih this way but fading of the effect
was severe due to the rapid escape of some electrons from
traps at room temperature. Natural CaF,:Mn was better but
still required post-irradiation heat treatment to empty the
"shallow" traps. Synthetic CaF,:Mn has been made without
the shallow traps but a spurious thermoluminescence

equivalent to about one roentgen prevented measurements in
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the milliroentgen range. The fading in LiF is much less
than in either of these crystals.

In a review of solid state dosimetry (1963),
J. F. Fowler2 states: "At the moment there is no really
satisfactory and generally available small integrating
dosimeter for clinical measurements or radiobiological
experiments in the range 1 - 10,000 rads *......Thermo—
luminescence in lithium fluoride appears to be the most
promising system for clinical or radiobiological use, with
its gquantum energy independence and its range of about 0.1
to 105; it is now commercially available."

An active group of physicists, chemists, and
radiologists at the University of Wisconsin has done much
to further the cause of LiF as a dosimeter. Prior to 1957
Daniels et al studied LiF extens:i.velys*'6'7 to determine
its response to gamma rays, electrons, alpha particles, and
neutrons, and to try to elucidate the nature of the trapping
centers in LiF. Then in 1961 Camesron, Daniels, Johnson, and
Kenney8 announcad the construction of a readout instrument for
integrating the light given off by the LiF. They used powdered
LiF, prepared by grinding and mixing pure fused LiF in order
to average out chemical and physical inhomogeneities. A
measured volume of powder was irradiated and then placed under

a photomultiplier tube. It was heated to 250°C in less than

% Ope rad is an absorbed dose of 100 ergs per gram
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one minute. The light intensity was integrated by
collecting the photomultiplier current on a capacitor,
and then measuring the voltage on the capacitor with an
electrometer voltmeter. (This is precisely the technique
adopted by Controls For Radiation Inc., the manufacturer
of the instrument now in use at the Manitoba Cancer
Foundation - the instrument to be described in this paper.)
Cameron and his colleagues made no attempt to control the
concentration of luminescent activators in their LiF.

They found that these inert, insoluble, and nontoxic
crystals of LiF are relatively free from mechanically induced
luminescence; they have an almost linear response to amounts
of radiation from a few milliroentgens to many kiloroentgens;
and because of the low atomic number of both lithium and
fluorine, the energy dependence is small compared with that
of other dosimeters. They found that over the range from
x-rays of 40 kev. effective energy to the 1.1 and 1.3 Mev
gamma rays from Co60, the thermoluminescent response varies
by only 40%. ( Other common dosimeters such as CaFg:Mn, film
badges, and silver activated phosphate glass, increase in

60 energies to

response by about 500% in going from Co
100 kev. x—rays.) They also found a less than measurable fading
at 50°c for 1 day, and reproducibility of readings with a

standard deviation of 2%. They used the LiF successfully to

measure absorbed dose in the rectum of a patient receiving




internal radiation treatment.

Since 1961 an activated LiF material has been
developed especially for thermoluminescent radiation
dosimetry (TLD~-100 and TLD-700 from the Harshaw Chemical
Company, Cleveland, Ohio.) Cameron and his colleagues,
using this powder, have developed a technique for determin~
ing effective energy of x-ray beams by comparing its

response with that of Al,0, which has a different energy

3
responseg, and have devised an annealing procedure which
enables the LLiF powder to be reused many times.lo’ll’l2
Many other researchers, using somewhat different
readout instruments and different technidques have invest-

13,14,15

igated the thermoluminescence of LiF and have

confirmed most of Cameron's work. They have found a nearly

linear relationship between response and dosel4, wide dose

rate independence up to 2.5 x 105 rads/ secl3‘l4, permanent
damage to the LiF after accumulated doses of about

3 % 104 radsl4'15, the annealing procedure of Cameron before
reuse of the powder to be both necessary and sufficient,
standard deviations of four to six measurements to be 1 to 6%,
and a limited response to fast neutrons. Cameron himself
reports that thermal neutrons give about 50 times greater
response (per rad "in tissue") than gamma or x—rayslo. (This

response is due to a Li6(n,o()H3 reaction and the cross section

for thermal neutrons is large. TLD-100 contains natural
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abundances of Li isotopes (7.4% Li6 and 92.6% Li7)
while TLD-700 is enriched to at least 99.91% Li7. Hence
TLD-700 has a much smaller response to thermal neutrons.)

So far in this introductory chapter an attempt
has been made to inform the reader of the reasons for
relying upon solid state systems for the measurement of
absorbed doses of ionizing radiation and to present to the
reader, in a simplified model, the mechanism of action of
these systems. Thermoluminescence has been introduced in
a little more detail, and the advantages of LiF over the
other thermoluminescent materials have bsen presented.
The important properties and response characteristics of
LiF have been summarized, and the reader is referred to the
literature for further details.

Most of the more recent work has been with
TLD-100 and TLD-700. In general, the findings of the
various researchers agree with one another. However,
there are some differences in response curves, and energy
dependence méasurements, probably due to differences in
technigue for measﬁring the light output of the LiF. There
may also be differences in activator concentration from one
batch of LiF to another.

The LiF being used in this laboratory was supplied

by Con-Rad {Controls for Radiation, Inc.) and is not the same
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as TID-100 and TLD~-700. This LiF is purchased as Con-Rad
type-N (natural abundances of Li isotopes) and Con-Rad type-7

7 to 99.,993%.) Thus, the results of experiments

{(enriched in Li
performed with TLD-100 or TLD-700 could not be applied to our
LiF. At the time of purchase of the Con-Rad system, very
little work had been done with electrons. The precision and
accuracy for electrons had not been measured, no measure-
ments had been made below 150 rads or above 5,000 rads with
electrons, and all that was known about energy dependence was
that it was less than 10% between 6 Mev and 19.5 Mev.16 The
light output for electrons had been found to be within 10% of
equivalent gamma on a rad per rad basis.16

Because of these and other uncertainties, and
because our LiF was to be used for electron beam measurements,
it was felt that a systematic investigation into the
characteristics of our LiF and the associated readout
apparatus was a very worthwhile project. The author was
asked in the spring of 1964 to undertake such a project, and
the work to be described was performed between the spring of
1964 and the fall of 1965.

Because of the nature of this project there are
saveral short and seemingly unrelated experiments that are,
however, necessary for a complete understanding of the

dosimeter system. These will be reported, as well as a
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study of the theoretical considerations involved in ac-
curately comparing response to electrons with response to
o, & complete calibration of the dosimeter for x-rays,
0060, and electrons will be presented.

Chapter II of this dissertation will introduce
some fundamental ideas concerning therapeutic radiation,
its production, its interaction with matter, and its
detection. Chapter IIL will present the mechanism of trap-
ping and releasing energy in LiF, at least as much as is
known of this mechanism., Chapter IV will describe the
apparatus and some of the preliminary experiments. The main
experimental results will be presented in Chapter V, and

frequent reference will be made to the material presented in

Chapters II, and III.



CHAPTER II
RADIATION - ABSORPTION AND MEASUREMENT

The therapeutic radiations with which we shall
be concerned are (l.) x-rays (electromagnetic radiation)
with energies up to 250 kev, (2.) gamma rays
(electromagnetic radiation) from a Co60 teletherapy unit,
and (3.) electrons of energies from 10 Mev. to 35 Mev.
from a betatron. The x-radiation is characterized by the
fact that its energy distribution consists of line spectra
(characteristic x~rays) superimposed on a diffuse background
of bremsstrahlung. The characteristic x-rays are due to
electronic transitions to the innermost shells of the atoms
of the target material, and the bremsstrahlung radiation is
due to the deceleration of high energy electrons by
"ocollisions" with nuclei. There are two monochromatic gamma

rays of energies 1.33 Mev. and 1.17 Mev. emitted by Co60.

A, ELECTROMAGNETIC RADIATION

(1) Interaction with matterl7

Electromagnetic radiation may react with matter

in several ways: it may be deflected or scattered by the
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electrons of an atom, it may give up part or all of its
energy to an electron, or it may react with the Coulomb
field of the nucleus to produce an electron-positron pair.
Other interactions, with the nucleus, or with the mesocon
field of the nucleus, are negligible in the energy range
with which we are concerned.

Consider a «wollimated source of radiation, 8,
an absorber of thickness x, and a collimated detector D.
The intensity of radiation, I, as measured by D is found
to be given by

I = Ioenux.......................(1.)
where u is the linear absorxption coefficient in cm.—l and
I, the intensity, is the rate of energy flow across unit
area in ergs/cm2 ~ sec.

It is evident that the detector will give a
measure of all the radiation that has been removed from the
beam, whether this has been truly absorbed, or simply
deflected out of its range. Therefore, u, as determined
by this measurement, is the total absorption coefficient,
and should be distinguished from the true or real
absorption coefficieht, Uy which is é measure of the energy
actually absorbed in the material.

If thickness in equation (l.) is to be measured

in terms of grams / cmz, then u must be replaced by u /¢,
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the mass absorption coefficient, where ¢ is the density
of the absorber. Since the interaction of radiation with
matter involves theelectrons and atoms of the material it
is often more useful to obtain the absorption coefficient per
electron or per atom. These are all related by means of the
density, £ the atomic number, Z, the atomic weight, A,

23
and Avogadro's number, N = 6.02 x 10 .

Linear absorption coefficient = u cm'_l

Mass " " =u /e cm? / gm

Atomic " n = (u/e) (A/N) o> / atom
Electronic " n = (u/p) (A/NM) (1/2) cmz/electron

The electronic absorption coefficient is sometimes
written as AP and the atomic coefficient as Al and since
they have the dimensions of area, they represent the cross
section per electron and per atom for an interaction.

Within the energy range with which we are concerned,
four processes of interaction between radiation and matter
are recognized: (a) Classical or Rayleigh scattering,

(b) photoslectric effect, (c) Compton process, and (d) pair
production, although classical scattering is really a special
case of the Compton process. The absorption coefficient, u,
may be separated into component coefficients.

U.:’c"!'G’JF KQ..DD.I!..C.Q.Q‘J‘I’.II(2.)
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where T is the coesfficient for photoelectric effect, 0 for
the Compton process, and K for pailr production.

(a) Classical or Rayleigh scattering

When an electromagnetic wave pésses over an electron
the electron is made to oscillate with the frequency of the
wave, and it in turn radiates enexgy in the form éf a scattered
electromagnetic wave of the same wavelength as the primary.

The phenomenon has been called coherent scattering, since the
scattering actions of different atomic electrons can combine
coherently. The differential cross section for the process

was derived by Thomson and is given by18

‘jedj'_' e4 (l+COSzﬁ )--..n.co.c-“...“noo&..(3.)
d-n 2 4
2moc

where e is the electronic charge, m, the electron mass, and

¢ the velocity of light; deo’/dJ1-is the differential cross

section per unit solid angle and gives the fraction of the

incident energy which is scattered by an electron into unit

solid angle, d~, at angle ¢ . Putting d/l= 27'singdyp

and integrating over all angles from ¢ = o to ¢ =9~ , one obtains
the total electronic cross section (or absorption coefficient)

for classical scattering, e¢ o, which is given by

25

et = 6.65 x 107%% am®.vrnnn....(42)

Pzo na,=C

It contributes to the total, but not to the real absorption

edo =

(arey g
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coefficient. (This classical scattering coefficient is an
oversimplification of the true state of affairs. It should
be modified by an energy dependent scattering factor to take
into account interference effects of the coherently scattered
photons.lg)

{(b) Photoselectric effect

When the energy, hv, of the incident photon is
greater than the binding energy, @, of the atomic electrons,
a direct collision may result in complete absorption of the
photon, and ejection of a photoelectron of energy hv - .
After the electron has been ejected, the atom is left in an
excited state due to a vacancy in the K or I shell., An outer
electron drops into the vacancy, and a fluorescent light is
emitted of energy hv = @. The photoslectron is locally
absorbed, but the fluorescent light may not be if g is large
enough. The binding energy of the K shell in lead is 88 kev.
and a photon of this energy could escape from the material.
Howaver, in tissue~like materials where binding energies are
less than 500 ev., all the fluorescent photons will be re-
absorbed, and hence in these materials the total absorption
coefficient v and the real absorption coefficient 7/, will be
identical.

The electronic cross section for this process is a
maximum when hV is slightly greater than @, but as hwv

increases, JU decreases rapidly (approximately as hv —3).
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In the energy region above the absorption edge the cross
section per electron varies approximately as Z3, and so is
most prominent in the hesavy materials such as lead.l?

(c) Compton Process

A Compton process takes place with "free" electrons,
and hence predominates when the photon energy, hV , is large
compared to the binding energy of the atomic electrons. A
photon of energy hy sets the electron in motion and is
itself scattered with reduced energy hv’ . The electron and
photon are considered as a closed system and hence energy and
momentum are conserved. The electron goes off at an angle e
to the direction of the incident photon, with a relativistic
mass m = My A/T?7;? , and a velocity'p = v/c where m_ is the
rest mass of the electron and ¢ is the velozity of light.

The scattered photon of energy hv’ goes off at an angle @
to the incident direction. The three equations stating
conservation of energy and momentum determine everything
about the processl8 except the probability for its occurrence.

By guantum mechanical calculations Klein and
Nishina19 have shown that the differential cross section for

the number of photons scattered into unit solid angle,at angle

@, per electron of material,is given by:

de T = X 1 2 1+ coszq9-+42 Versz@ eees(5.)
oC4

1l +xvers g

dn 2m? 1l + <X versy
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_ 2
where « = hv / m ¢~ and vers@® =1 - cosq@ .

Note that for low energy photons (« = 0)
equation (5).reduces to the expression for classical
scattering, and that for @ = o, the recoil electron
acquires no energy, and equation (5) reduces to the

2c4 regardless of photon energy.

classical value e4/mO
In the classical case, hy” = hv and, there~

fore, the differential cross section for energy

scattered is the same as for the number of photons scattered.

In the Compton process, however, the scattered photon

acquires a fraction hv” /hv = 1/ (1 +«vers ¢) of the

original energy. (As @ increases the photon takes less

of the energy, and the electron takes more. This fraction

also decreases with increasing energy hv .) Thus the cross

section for energy scattered, is less than the cross section

for photons scattered, and is given by:

AT g = 1 . 0t R (1Y
d.n 1 + o< vers ¢ d. o

Multiplying (5) and (6) by ds2 = 2w sin ¢ d@
and integrating from ¢@ = o to @= 180° gives the total
Compton absorption coefficient, and the Compton scatter
coefficient respectively. Assuming that the energy scattered
is not locally absorbed, then the difference between these

two coefficients will give the real absorption coefficient




- 20 -
per electron for Compton interactions.

9= 180°
eora=S

(AT g = AgT g evmerennnnnns (7.)
¢= 0

Multiplying o0 5 by the electron density gives
the Compton linear absorption coefficient, 0.

(d}) Pair production

The energy associated with an electron at rest
is moc2= .511 Mev. At photon energies greater than
2moc2= 1.02 Mev., a photon may undergo an interaction with
a nucleus in which the photon disappears and an electron
and a positron are set in motion with kinetic energy T,
and T_. The nucleus acquires an indeterminate amount of
momentum but negligible energy. From conservation of
energy (hv - 2moc2)= (T4 + T_) and T, and T_ may vary
from zero to hv - 2moc2. However, the process, except at
high energy,will favour T, = T_.

After the pair have been set in motion, the
electron will lose its kinetic energy to the surroundings.
The positron will also lose its kinetic energy, and when it
has come to rest, or nearly come to rest, it will be
annihilated by an electron. When the annihilation occurs
the energy, 2m0c2 appears in the form of two photons
ejected in opposite directions each with an energy mocz.

The total cross section per atom for pair pro-

duction, K, may be found by a complicated theoretical

analysis,lg Neglecting the effects of screening, the pair
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cross section per atom varies as ZZ. At high photon
energies in elements of large Z, the pair process can
occur outside the K shell, and the screening effect
reduces the cross section.

Neglecting the energy loss of the pair by
bremsstrahlung, the fraction of the initial energy, hv,
which is truly absorbed is (hv - 2moc2)/h»' . Thus the
real palr absorption coefficient is given by

K, =K (hv — 1.02) cerieneninnnnnnnns (8.)
hy

where hy' 1is in Mev.

At times the pair process may occur in the field
of an electron, and then two electrons and a positron are
set in motion. The threshold energy for this triplet
production is 4mocz, and at high energies the cross section
is approximately 1/%Z of the pair cross section. At lower

energies it is a smaller fraction of the pair cross section.

(2) Detection and measurement

(a) Definition of the rosntgen

The international unit of x-ray dose was first
defined at the Stockholm Congress of Radiology in 1928
thus:

"The roentgen is the guantity of x-radiation
which, when the secondary electrons are fully utilized and

the wall effect of the chamber is avoided, produces in
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one cm3 of atmospheric air at 0°c and 76 cm of mercury
pressure such a degree of conductivity that one esu. of
charge is measured at saturation current."

This definition was modified at the Chicago
Congress of Radiology in 1937, to read:

"The roentgen shall be the quantity of X orx
gamma radiation such that the associated corpuscular
emission per 0.001293 gm. of air produces, in air, ions
carrying one esu. of quantity of electricity of either
sign."

The roentgen has been redefined in Handbook 84
of the International Commission on Radiological Units and
Measurements (I.C.R.U.), report 1l0-a, 1962, but the
meaning is essentially the same. They do, however,
emphasize that the roentgen is a unit of radiation exposure
and not a unit of absorbed dose.

(b) Absorbed dose

The fundamental unit of absorbed dose is the
erg/gm. A more convenient unit is the rad,defined to be
an absorbed dose of 100 ergs/gm. BAbsorbed doses from here

on will be expressed in terms of the rad.

3

If 1 cm.” of air is exposed to 1 roentgen, a

nurber of ion pairs will be produced whose net charge is

1 esu. Each ion pair contributes e = 4.8 x 1 esu.
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These ion pairs are produced in 0.001293 gm of air. The
average energy required to produce an ion pair in air, W,

is a constant, independent of energy above 20 kev., and

20

the best value of W to date is 33.7 ev. Thus, since

1ev = 1.6 x 1012

ergs, the energy absorbed by one gram
of air exposed to one roentgen is

(33.7) (1.6 x 10”12
(4.8 x 10710) (0.001293)

= 86.9 exgs

i.e.: air exposed to 1 roentgen will absorb .86%9 rads.

The energy absorption per roentgen in a medium
other than aif, may be calculated if the mass absorption
coefficient is known, from the formula:

Em = .869 {(u/¢e ) medium TAAS . e e eanennas (9.)
(v/¢ ) air

The factor (.869 {(u/¢ ) medium / (u/e ) ai%) is known as

f factor, and if the medium is water (or tissue)

0]

£ = 0.965 at 1 Mev. (f = .957 in muscle, and .9192 in bone
at 1 Masv.) The f factor varies little with energy for
tissue or muscle, but increases to 4.39 at 30 kev. in bone

due to the large cross section for photoelectric absorption.zl

(c) Measurement of exposure in roentgens

The apparatus used almost universally to measure
x-ray dose in accordance with the definition of the roentgen
1

is an adaptation of the parallel-plate ionization chawber.

It is called a "free air" chamber because the secondary
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electrons which produce the ionization originate and complete
their tracks in the air of the chamber. The field between
the electrodes of the ionization chamber must be sufficient
to collect all the ions without recombination, but not so
high that the moving ions produce further ionization by
collision processes. Such chambers are operated by the
national standardizing laboratories, and are most accurate
for x-rays generated at 50 to 200 kv.

In a "thimble" or cavity ionization chamber
conditions are different since the walls of the chamber are
irradiated and the ionization of the gas is due to
electrons arising from quantum absorption both in the walls
and in the‘gas £filling. A homogeneous "air-wall" chamber
is not praéticable for there is no solid with the same
atomic composition as atmospheric air. However, if the
cavity has dimensions such that only a very small fraction
of the electron energy is lost in crossing it, and such
that direct absorption of quantum radiation by the gas in
the cavity is negligible, and if it is surrounded by walls
thick enough that all electrons entering the cavity
originate in the wall, and if the source of quantum
radiation is sufficiently far from the cavity for the
divergence of the beam to be negligible over the cavity

dimensions, then the energy, E, imparted by the electrons
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to unit mass of the wall material may be related to
the ionization in the gas by

E = Sy TW eevnnn s ee e ceeeea(10)

where Jg is the number of ion pairs formed per unit mass
of gas, W is the mean energy expended in the production
of a pair of ions in the gas, and Sy and Sg are the mass
stopping powers of the wall material and the gas. This

22,23,24 Chambers

is known as the Bragg-Gray relationship.
with air volumes 1 or‘2 cm. in diameter fulfill the
conditions for the Bragg-Gray principle for dosimetry of
gamma rays of energies greater than about 1 Mev. Chambers
must be much smaller at lower energies, or must be operated
at lower gas pressure.

In recent years the Bragg-Gray theory has been
modified to express a relationship between iQnization and

25:26 e simple

flux of various types of radiation.
expression (10) has been modified, and stopping powers have
been studied extensively.27 cavity chambers are calibrated
by the nétional standardizing laboratories, using free air
chambers for x-rays below about 300 kv and using

internationally calibrated cavity chambers above this

enexrgy up to 3 Mev.
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B. ELECTRONS

(1) ZInteraction with matter

Electrons lose energy by a variety of processes,
including resonance absorption, collisions with nuclei and
electrons, excitation of atoms, radiation production
(bremsstrahlung), and electrodisintegration of nuclei. For
energetic electrons, collisions which produce ionization and
excitation of atoms, and radiation production predominate.
The latter results in energetic x-rays which are not
locally absorbed, so only ionization and excitation are
important as far as energy deposition in the medium is concerned.

The stopping power, per electron of the absorbing
material, may be calculated using the Bethe-Bloch formula for

the energy loss of P particles in passing through matter:

’ 4 m c2 2 T 2
S =27 e in o€ A + (1= 89

¢ T2 2 1% (1 2
mec® p 2 71 -7

2 2+ I PR L I .i;
mé‘h_ﬁ2_1+ﬁ >1n %@ 1- 4 ) ooy

where e, m c, and fa have their usual significance, I is the

o
average excitation potential of the atom, and T is the kinetic

energy of the incident electron. Multiplying &S by the electron
density of the medium gives the energy loss per unit path length,

~-dT/dx, of the incident electron in the medium, due to excitation

and ionization of the atoms. The term § , is included to correct
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for the density effect or polarization effect of condensed
media.19’28'29f30'3l‘32

The radiative energy loss of electrons due to

19

negative acceleration has been calculated and an approximate

relative magnitude of collision and radiation energy loss isl7

(dT/dx) coll. = 1600 m_c”

(dT/dX) rad, Ly 7,

(aT/dx) coll. is due to a large number of small energy losses
whereas (dT/dx)rad. is due to a relatively few nunber of

interactions each involving a large energy loss.

(2) Detection and measurement

Detection and measurement of high energy electron
beams, and of X or gamma.rays above 3 Mev. frequently relies
on chemical dosimeters or solid state devices. A standard
aqueous system such as the ferrous-ferric dosimeter>3 {radiation
induces a change in the relative numbers of these ions) can be
calibrated against ionization chambers or calorimeters, or may
be calibrated by other indirect methods.33 whis particular
system is quite accurate now, but it is insensitive to doses of
less than 1000 rads. The thermoluminescence of LiF, as this
paper will show, can be a useful tool in electron beam dosimetry,

and it is sensitive to much smaller doses.




CHAPTER III
THERMOLUMINESCENCE IN LITHIUM FLUORIDE

Before considering the nature of the trapping
centers in LiF it is necessary to discuss briefly a few

important concepts of the solid state.

A. ENERGY BANDS, TRAPS, AND GLOW CURVES

(1) Band theory applied to LiF

The atomic electrons of a single atom exist in
discrete energy levels, separated by large forbidden energy
regions. A similar situation exists in a solid except that the
single levels widen into energy bands due to interactions be-
tween the atoms in the crystal. These bands of allowed energies
are separated by forbidden regions. In LiF, the 2s level of Li
forms the uppermost band, the conduction band, but in the ionic
crystal these electrons are transferred to fluorine, and the
conduction band is empty. The 2p level of fluorine forms the
next band, the valence band, and in the ionic crystal this band

is full. All lower bands are full.

(2) Tracping levels

Even a pure crystal cannot exist as a perfect crystal.

For thermodynamic equilibrium there must be a certain number

of ion vacancies distributed randomly throughout the crystal.
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If the crystal is not pure there will be impurity atoms also
distributed throughout the crystal. Electrons occupying posi-
tions at one of these impurity atoms or vacancies may have
energies which would be forbidden in the perfect crystal, and
hence may lie between the valence and conduction bands.

Electrons may be excited from the valence to the
conduction band by ionizing radiation. These electrons can
travel through the crystal, and some of them will drop into
the localized levels created by the crystal defects. If the
transition from there to the valence band is forbidden, the
electron remains trapped - until it is thermally excited out
of the trap into the conduction band, from where it can de-
excite back to the valence band with the emission of light.
(see Fig. 1.)

The electron in the trap has a mean lifetime T ,
which depends on the trap depth and on the temperature. If P
is the probability of liberating a trapped electron,per second,
then P = 1/t and

1/T =P =686 e e sececscessesesnsesensnsas L{13.)

where E is the trap depth, T the absolute temperature, and S is
a frequency which gives the number of times per second that the

34
electron hits the barrier.

(3) Glow curves or thermoluminsscence curves

After the traps have been filled by irradiation, the

solid is warmed at a uniform rate,B. The traps emoty as the
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temperature rises, the "shallow" ones first, and at each
temperature T those with lifetimes of a fraction of a second
or so are principally responsible for the observed thermo-
luminescence. If there is only one trap depth the thermo-
lﬁminescence is very weak initially, then increases with T,
reaches a maximum for the temperature of thermoluminescence,

T*, and then decreases to zero as the traps are all emptied.
The resulting curve of light intensity vs. time (or temperature)
is called a glow cuxve. Knowing T% it is possible to

calculate the trap depth E from the following theory of

Randall and Wilkins34’35

If n is the number of filled traps at time t, and

if T is the mean lifetime of the trapped electrons, then

,g._:(_}; = - _]_.- dt— ooooooooooooooooooooooooooooooo 0(140)
n T
or n = noe—t/t Ceeeeeeaan teeesecsecccecanananeeas(15.)

The thermoluminescence intensity I is given by:

I =.§Q‘= N teeecvcescscssocncsnansnans cee..{16.)
dt T

Now, if the temperature, T, is allowed to increase with time
according to 4T = B dt, and if T varies according to (13),
then (15) must be replaced by:

_ St (dt ) _ ST (S o -E/KT .QE)
AT (t) Ti Blevreneuana(17.)

n = n.e = nge
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and the thermoluminescence intensity I (T) at the temperature
T is given by

-E/kT - ST_ Se feliy
I (T) = n,Se e L B

....... cesesss(18.)
The trap depth E may be found from T% by setting (dL/dT) = o
at T = T¥%, This gives

BE = ge B/kT*

k(T*)

The need to know S can be avoided by using two different warming
rates By and By. The same trap depth then results in two
different temperatures for the peak in the glow curve Tj;*%* and

To%*. Thus S can be eliminated from (19) to give

E ( i - 1 ) = 1n [Bj (Tz*)2 (20.)
- - et .

from which E is easily obtained. Since T% varies very little

with warming rate, E can only be estimated with a 20 or 30%
accuracy.
B. TRAPPING CENTERS IN LITHIUM FLUORIDE
The mechanism of thermoluminescence and the nature

of the traps in LiF is not accurately known. Most investigations

published recently are concerned with the application of the
thermoluminescence rather than with its mechanism. It is
known, however, that ionizing radiation causes the production
of F-centers in LiF. An F-center is an electron trapped in a

negative ion vacancy, and the radiation not only fills existing
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negative ion vacancies with electrons, but also creates
additional vacancies. Alpha particles have enough momentum
to displace lattice ions thus creating vacancies and F-centers
all along their range. Gamma rays or electrons with their
small momentum can produce vacancies only at dislocations where
binding energies are reduced.® F-centers are detected easily
because the electron can be excited from its ground state
(about 5 ev. below the bottom of the conduction band) to a
level just below the conduction band by light of about

6 have shown that this F-band

2500 A°. Morehead and Daniels
absorption is related directly to the total amount of
thermoluminescence (as determined from the area under a glow
curve) . This indicates that all of the thermoluminescence is
related to the emptying of F-centers as the crystals are heated.
Positive ion vacancies are also found in LiF, and the
ionizing radiation creates more of these. One of the surrounding
negative ions will then tend to give away an electron. Since
the six surrounding ions will tend to share the loss, the
resulting "hole" will be associated with the positive ion
vacancy; the combination of vacancy and hole is called a
V~center. Other types of more complicated centers involving more
than one vacancy will also be formed.

Morehead and Daniels also refer to transition

centers which can capture an electron from the conduction band
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and return it to the valence band, in some cases by radiation
of light. The de-excitation may be due to the recombination
of electrons from F-centers with holes from V-centers, the
transition centers being the stepping stone. As the
temperature is raised the number of empty traps increases, and
the supply of transition centers diminishes. "Once this
supply has been exhausted further light emission from the
emptying of F~centers must wait until a higher temperature is
reached when more holes are released from V-centers to re-
activate the transition centers. The escape of an electron
from an F-center remains the rate determining step and hence
the activation energy of the F-center is greater than that of

any V—center."6



CHAPTER IV

APPARATUS AND PRELIMINARY OBSERVATIONS

The thermoluminescent dosimeter (TLD) was pur-
chased from Controls for Radiation Inc. (Con-Rad.) It is a
complete dosimetry system based on the thermoluminescence of

LiF. Preliminary results with this system were encouraging.

A. APPARATUS

The Con-Rad system consists of LiF phosphor,
ground into a crystalline powder, two sieves for selecting

only crystals within a certain size range, an aluminum dispen-

ser which dispenses a constant amount of phosphor, polyethylene

capsules in which the LiF is irradiated, a readout instrument
which heats the irradiated phosphor, and measures the amount
of light emitted, metal planchets which hold the phosphor for
insertion into the readout instrument, and a self luminous
light source for calibration purposes.

The LiF powder is classified as type-N or type-7
as described earlier. All measurements were made with type-N
unless otherwise stated.

The phosphor dispenser is a volumetric device which

dispenses about 60 mg. of powder (Fig. 2.) The phosphor to



FIGURE 2.

APPARATUS
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CAPSULE AND CAP PLANCHET
(actual size) (actual size)
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be used is placed in the cylindrical hopper. The slide is
pushed in and then pulled out to dispense the proper amount
of powder,

When the planchet containing the powder is inserted
into the readout instrument, it is gripped by a pair of copper
fingers. When the start bar on the front of the instrument is
depressed, a current of about 150 amps. flows through the plan-
chet for 10 seconds, heating the planchet to about 300°C. BAn
EMI 9536 S photomultiplier tube is seated 1.4 cm. above the plan-
chet, and at the moment the start bar is depressed its output is
connected to a 10 uf polystyrene capacitor. BAn electrometer tube
of input resistance 1010 ohms, connected as a cathode follower, is
used to measure thé voltage on the integrating capacitor. The out-
put of the electrometer is displayed on a digital voltmeter with a
100 mv (1000 digits) full-scale sensitivity. The integrating
capacitor remains connected to the photomultiplier for 15 seconds,
after which time the integrated response is read. When a second
sample is inserted, and the start bar is depressed, the capacitor
is momentarily shorted erasing the previous reading. There was
no response on the instrument when an empty planchet was put
through a heating cycle.

A zero adjustment and a calibration adjustment are
provided. To extend the range of measurements a scale switch is
also provided. When this is depressed, a 90 uf capacitor is

momentarily connected in parallel with the 10 uf integrating
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capacitor draining 9/10 of its charge. The voltmeter read-
ing is thus reduced by a factor of 10 each time the scale
switch is pressed.

A variac is provided in the primary of the heater
circuit to adjust the current through the planchet, and a
voltmeter connected across the copper fingers measures the
voltagerdrop across the planchet.

It was found necessary to install additional
apparatus, especially for trouble shooting. An ammeter was
installed in the secondary of the heater circuit so that the
total power developed in the planchet could be calculated.
Thermocouples were silver soldered to the bottom of a few
planchets, and heating curves were obtained by feeding the
voltage developed iﬁto a recorder. A thermocouple was also
installed in the photomultiplier housing, near the photocathode.
A microammeter was installed to measure the output current of

the photomultiplier tube.

B. PRELIMINARY OBSERVATIONS

(1.) Digital voltmeter

It was found that the digital voltmeter did not run
smoothly, but rather it moved in short pulses of about 0.05 mv
(0.5 digits.) For example, a series of readings with the standard

light source would give 101.2 digits or 101.8 digits but never

anything in-between. The voltmeter was calibrated with a




- 38 -~
standard cell and a voltage divider. The total error was
found to be less than 2% at 1.5 mv {15 digits) and less
than 0.2% at 100 mv (1000 digits.)

(2.) Phosphor dispenser

After four months of use the average weight of
twenty samples of LiF from the dispenser was 59,7 mg. with a
standard deviation of 0.6%. After 10 months of use the average
sample weight was 60.1 mg. and after 20 months it was 61.5 mg.
with the same batch of powder. The standard deviation re-
mained about the same. However, at the end of the 20 month
periodithe average sample weight using a new batch of powder
was 58.6 mg. Therefore, the increase in sample weight cannot
be attributed to wear of the dispenser, but rather to a change
in the phosphor. (Under a microscope the new crystals were
transparent and had very jagged edges. The old crystals were
duller, and the edges were somewhat smoother. This would
allow them to be packed closer together in the dispenser.)

(3.) Response to 100 roentgens

The standard deviation of the response of twenty
samples of powder, exposed to 100 roentgens, was found to be
less than 2%. An attempt was made to correlate
fluctuations in response with fluctuations in sample weight,
or with fluctuations in planchet current, but no cor-

relation was found. An attempt was made to improve the

results by allowing a cooling time of 2 minutes between read-




- 39 -
ings. (This is recommended in the Con-Rad manual.) No
virtue was found in this when only a few (twenty) readings
were being taken. (It was found in later experiments, how-
ever, that this cooling time should be allowed when a few
hundred readings are being taken during the day.)

(4.) Powder distribution in the planchet

The technique used is to tip the powder from the
capsule into the planchet by hand, and then to drop the
planchet lightly a few times to roughly level the powder.
The response was found to be a maximum with the powder as
level as possible. If the powder was slightly (but noticeably)
heaped in the middle or around the edges of the planchet the
response was decreased by 2 or 3%. If the planchet was
deliberately dropped lightly many times, the powder tended
to heap around the edges leaving no powder in the center of
the planchet. This resulted in readings 8-12% low. If no
attempt was made to level the powder after being spilled
from the capsule, the response was found to be as much as
50% low.

These results show that the distribution of the
powder in the pan portion of the planchet is the most likely
source of random error in the measured response. However,
careful visual inspection can assure proper leveling and

minimize this source of error.
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Various amounts of powder from 10 mg. to 120 mg.
were read-out and it was found that the response was nearly
proportional to the amount of powder in the planchet. The
response/mg. was 11% lower at 120 mg. than it was at 10 mg.
due to the increased number of layers of powder (powder was
only one layer deep at 10 mg.) This indicates insufficient
heating of the top layer, or scattering of the light from
the bottom layers by the top layers, or both, when the powder
is too deep. With one year old powder that was noticably
yellowed, the response/mg. was 35% lower at 120 mg. than it
was at 10 mg. indicating an increased scattering of light from
the bottom layers.

(5.) Power requirements to planchet

The power delivered to the planchet must be
sufficient to heat the powder to a high enough temperature and
to hold it there for a long enocugh time to release all the
trapped electrons. If the temperature becomes too high, how-
ever, a high temperature thermoluminescence caused by previous
mechanical shaking will be emitted.(tribothermoluminescence.)
With a Con-Rad D-15 stainless steel planchet 70 watts was the
minimum requirement to release all the energy from the
phosphor. With the variac at its maximum setting the power
was about 72 watts and no tribothermoluminescence was

observed. The variac was left at its maximum. When the

planchets had been used several times their surfaces became
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dull, heat losses were increasad, and 72 watts was no longer
sufficient. The planchets were then discarded. Con-Rad
D~-20 planchets showed greater heat losses and sufficient
power could not be supplied to them. Therefore D-15's were

used in all experiments.



CHAPTER V

EXPERIMENTAL METHODS AND RESULTS

Some of the experiments described below pertain
only to clinical measurements with the particular system under
investigation. Other experiments are of a more general nature
and were performed in order to gain a better understanding of

thermoluminescence in LiF.

A. CALIBRATION CURVES

In all measurements, five capsules of LiF were
exposed simultaneously in a tissue equivalent phantom. The
phantom was prepared by sandwiching a perspex slab between
sheets of a special tissue equivalent rubber. A hole, 3 cm.
in diameter, was drilled from one edge of the perspex slab
into the center of the phantom. A hollow perspex cylinder,
3 cm. in diameter, was filled with paraffin and five small
holes were drilled in the side of the cylinder near one end.
The five capsules were then placed in these holes and the
cylinder was fitted into the hole provided in the phantom.
The rubber, perspex, and paraffin, the polyethylene capsules,

and even the LiF itself are all nearly tissue equivalent

materials as far as absorption of radiation is concerx




- 43 -

Other cylinders were shaped to house various ionization
chambers and one was shaped to hold a plastic test tube con-
taining ferrous sulphate solution. Thus, each of these
dosimeters could be exposed at the same point in the phantom.
(but not at the same time.)

The radiation (x-rays, gamma rays, or electrons)
was then allowed to fall normally onto the rubber surface of
the phantom. The distance of the dosimeter from the surface
was varied by changing the number of sheets of rubber in
front of the perspex slab.

{1.) Cobalt calibration -

The cobalt exposures were made on an A.E.C.L.

Theratron, model F, with a 10 x 10 cm. field at 75 cm. from

the source to the surface of the phantom. Six cm. of rubber

in front of the perspex slab placed the center of the dosimeter
at a depth in the phantom equivalent to 7.9 cm. of water. A
sub-~standard ion chamber, calibrated by N.R.C., was used to
measure the exposure rate (roentgens/min.) at that point in

the phantom. The exposure rate was then multiplied by the £

factor (see page 23) for water at 1 Mev.* to give the number

* The f factor used above was 0.974 and was based on

36

W = 34 ev. This was revised in 1963 to 0.965 based on

W = 33.7 ev.Zl, however, the calibration was completed

prior to receipt of the revised f factor and the necessary

correction was not applied.
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of rads per minute that would be absorbed by water (or-tissue)
if it were exposed at that point in the phantom.* A timer
which operates the shutters of the teletherapy unit was then
set to give the desired number of "rads". Then LiF capsules
were exposed, five at a time, to various doses and the average
TLD response was plotted as a function of absorbed dose.
i.e.: as a function of rads absorbed in water.

This calibration curve is shown in Fig. 3. The
curve is not linear, and it is therefore impossible to calibrate
the instrument to read 1 digit = 1 rad. except over a very small
range. The curve is similar in shape to those presented by
Cameron et alll, Karzmark et all4, and Marrone and Attix.

The departure from linearity is shown effectively in Fig. 4.

* In choosing the f factor for 1 Mev. gamma rays, scattered
radiation has been ignored. Singly scattered photons
probably account for less than 20% of the total beam
intensity, and have an energy spectrum peaked at about
300 kev.37'38 Multiply scattered photons would have lower
energy but would account for less than 2% of the total beam

37 Also, the f factor for water varies by less

than 10% over the range from 10 kev to 1 Mev.21

intensity.
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where response per rad is plotted vs. rads. A possible
explanation for the increase in response/rad up to lO4 rads
is as follows: If the ionizing radiation creates F-centers
by filling vacancies with electrons, and if the radiation also
creates vacancies, and if the rate of vacancy creation exceeds
the rate of conversion to F—centers, then towards the end of
a long exposure there would be more vacancies available for
conversion to F-centers, and hence a larger response per rad
than at the beginning of the exposure. The fact that the curve
turns over around 10% rads could then be explained as a
saturation of the potential vacancies (such as the atoms near
a dislocation edge.) Once no more vacancies were created, the
existing ones would be converted to F-centers, and further
exposure would not increase the response. This appears to be
happening around 10° rads (Fig. 3.) The turning over of the
response curve could also be the result of permanent damage to
the crystals of LiF by high doses. (Such permanent damage was
observed and is reported later.)

It is not certain that the response/rad curve turns
up at the low doses end, as shown. It has since been found that,
due to finite shutter speed and/or timer inaccuracy at small
exposure times, the point at 10 rads is 4-5% high and that at
20 rads is 1=2% high. This would flatten the curve at the low

dose end.
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{(2.) X-ray calibration

The x-ray exposures were done using a Siemens
250 kv. constant potential x-ray machine. All exposures were
made in the phantom with a 10 x 10 cm. field. Calibrations
were done for two different tube potentials, 250 kv. with a
thoraeus filter, H.V.L. (half-value layer)= 2.8 mm. Cu, and
100 kv. with no filter, H.V.L.= 2.5 mm. Al. (These are the
standard energies used 1in treatment of patients.) The higher
energy exposures were done at a depth equivalent to 3.8 cm. of
water and the lower energy ones at 1.7 cm. of water. Exposure
rate was measured as for cobalt.

In Fig. 5 the TID response per roentgen is plotted
vs. roentgens for both x-ray energies and also for 0060. It
is seen that the shapes of the curves are differen£ than for
Co60. A possible explanation is that the lower energy x~rays
could not create vacancies as easily as the higher energy gamma
rays, but the x-rays could fill the vacancies with electrons
just as the gamma rays do. A smaller vacancy production would
result in a less pronounced increase in response per roentgen
with increasing exposure time.

Cameron et al8'lo'll have reported that the response
to 30 kev. effective x-rays is 30-40% greater than the response

to Coe}O (due to the increase in the f factor for LiF at low

energy.) According to Fig. 5 this is true only for exposures
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of less than 100 roentgens, (the energy spectrum at 100 kv.
could be likened to what Cameron calls 30 kev. effective
x-rays) and at exposures around 1000 roentgens the LiF is
less sensitive to the soft x-rays than to the co®° gamma rays.

The response of the LiF to x-rays, relative to
60

Co is shown as a function of exposure in Fig. 6.

(3.) Electron calibration

The electron exposures were done using a 35 Mev.
betatron, constructed and installed by Brown-Boveri. The
electrons pass thréugh an ion chamber on their way out of the
betatron, and when the ionization builds up to a certain level,
a counter is triggered. The dose delivered is determined by
the number of "kicks" registered on the counter.

All exposures were made in the phantom at a depth
equivalent to 1.7 cm. of water. An aqueous solution of ferrous
sulphate was placad in the phantom, and exposed to 3500 "kicks"
(approx. 4000 rads) to determine the number of rads per "kick"
absorbed by the water. Capsules of LiF were then exposed to
various numbers of "kicks" from 10 to 2000. Fig. 7 is a plot
of response/rad vs. rads. for two different electron energies,
25 Mev. and 35 Mev. These are compared to a similar curve for
0060 gamma rays. (This cobalt curve is the same as that in

Fig. 5 except that roentgens have been converted to rads using

the £ factor for water, 0.965.) The response per rad rises

more sharply for the higher energy electrons as would be
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expected on the model proposed in the last section.

For all three curves shown in Fig. 7 the response
is a measure of absorbed dose in LiF, and the dose (in rads)
is a measure of absorbed energy in water or tissue. The
curves are therefore useful for measuring absorbed dose in
tissue, but it may be unrealistic to compare the response
curves unless the term "rads" refers to absorbed dose in LiF.
Absorbed dose in water was converted to absorbed dose in
LiF as follows.

The absorbed dose in water for co®0 gamma rays was
multiplied by the ratio (M /%) qip / (/e )Hzo to give the
absorbed dose in LiF. This ratio was found to be 0.833
(details of the calculation are in Appendix A.) This assumes
that all the electrons responsible for ionization in the LiF
were released in the LiF. This is only valid if the volume
of LiF is such that its linear dimensions are large compared to
the range of a secondary electron. The average range of

secondary electrons from Co60 gamma rays is 3-4 mm. in water

It

(density 1) and therefore would be 1-2 mm. in LiF

il

(density 2.6). The inside diameter of the capsules is 3 mm.
and the walls are 1 mm. thick. Therefore, some of the
ionization in the LiF is due to secondary electrons generated

in the polyethylene walls and in the paraffin.

To determine the extent of the wall effect, the wall

was eliminated by irradiating a large volume of LiF, and then

reading out dispensed samples of the irradiated powder. The
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response was found to be 1.6% higher than for LiF irradiated
in capsules, indicating that the effective absorption co-
efficient (which should be used in place of (/¢ )piF) is
1.6% lower than‘that for LiPF.

Thus the conversion factor to use in converting

absorbed doses from water to LiF for COGO gamma rays is

(MR ) eff = 0.820 wuvevnneeeenaneaaa(2ll)

In the case of high energy electrons it is the mass
stopping powers which are important, rather than mass absorp-
tion coefficients as for electromagnetic radiation. To convert
absorbed dose in water to absorbed dose in LiF for the electron
beam, the multiplying factor is (S)y4ip / (mS)HZO' The stop-
ping powers are energy dependent, and hence the ratio of stop-
ping powers is also dependent on electron energy. This ratio
was calculated (details in Appendix B) from 0.2 Mev. to 50 Mev.
and found to vary very little with energy. The ratio was a
maximum (0.809) at 10 Mev., and a minimum (0.806) at 0.2 Mev.
Ignoring the slight energy dependence, the factor to use for
converting absorbed doses from water to LiF for the electron
beam is

(MS) LiF = 0.808.cccsvncnenvsssenssans(22.)
(mS) HzO

Tn Fig. 8 the data of Fig. 7 is reproduced, but the

dose refers to energy absorbed in LiF instead of in water. For
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low doses, the response/rad is independent of energy, but
the energy dependence is appreciable at higher doses. On
the previously described model this would be due to the great-
er ability of the high energy electrons to produce new trap-
ping centers.

At low doses, the ratio of energy absorbed in LiF
to energy absorbed in water is the same for the electron beam
as it is for Co60 radiation, (within 2%) so that powder

0

calibrated with Co6 radiation may be used with electrons for

routine clinical measurements.
B. STATISTICAL ANALYSIS

It has already been stated that the standard pro~-
cedure in measuring a dose was to irradiate five capsules of
LiF simultaneously and average the readings. In all cases,
before reading out the energy, a reading was taken with the
standard light source. Then the five samples were read out,
followed by another standard light source reading. The standard
light source readings were averaged, and the average of the
five capsules was then corrected to a standard light source
reading of 100.

Standard light source readings were usually between
90 and 110, but could drift downward as much as 6% during one

day. If left unused for 2 or 3 hours the instrument would

normally recover. It was suspected that the standard light
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source may not be fully compensating for the sensitivity
drift, and so the following investigation was carried out.

One hundred capsules of LiF were all dosed to
100 rads.(cobalt radiation.) Each was read out in the read-
out instrument. At the beginning and after every fifth
capsule a standard light source reading was taken. This
affected a division of the population of 100 capsules into
20 samples, each sample containing 5 capsules. Each reading
in a sample was then corrected for sensitivity drift, the
correction factor beaing determined from the average of the
standard light source readings preceding and following the
sample.

The sample averages were obtained as well as the
standard deviation within each sample. The population
average and the standard deviation of the population were also
calculated. On the average, the standard deviation, O , within
any sample was 1.08% but o for the.population was 1.25%. In
a purely random population these two should be the same,
hence in this population there must be an additional between-
sample variation. This is also supported by the fact that in
a purely random population, the standard deviation of the
sample averages should be {1.25%)/ 5 = 0.56% while for this
population this figure was 0.81%.

An analysis of variation was carried out by a

method described by M. J. Moroney39, to determine the extent
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of the between sample variation. The results are sum-
marized in the following table, along with the results of a
similar analysis on powder dosed to 1000 rads.

Standard Deviation

Dose population within sample between sample
100 rads 1.25% 1.08% 1.81%
1000 rads 1.74% 1.55% 2.38%

The standard deviation due to the between sample
variation is shown in the last column, and was obtained by
replacing each member of a sample by the sample average in
order to eliminate the within sample variations. It is readily
seen that the standard deviation of the readings within a sample
is an underestimate of the possible error involved.

In Fig. 9-a the corrected sample averages at 100 rads
were plotted as a function of the standard light source read-
ing. During the day the standard light source reading drifted
down from 104 to 99, a change of 5%. The sample averages,
even after being corrected, show a downward drift of about 2%,
indicating that the standard light source was not correcting
adequately for the drift. At 1000 rads where the drift might
be expected to be larger, it was in fact smaller. The standard
light source only drifted by 2%, and the sample averages did
not show the strong functional dependence on the standard light
source reading, although there was still considerable spread in

sample averages. (Fig. 9-b)
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The only difference between the two populations
(100 rad and 1000 rad) was that the readings at 1000 rads
were off scale. This meant that at the end of the integration
the X 10 scale switch was depressed. The voltmeter would
then return rapidly to the proper reading but would overshoot
in the direction toward zero. It would then take 60 - 90
seconds for it to climb slowly to the final reading. This
allowed about a 2 minute cooling time between readings and is
very likely the reason for the reduced drift. (In later
experiments the drift at about 100 rads was reduced by allow-
ing a 2 minute cooling time between readings.)

Karzmark40 reported that light standards using a
long lived radioactive source to excite a luminescent phosphor
have a fluorescent intensity which depends markedly on tem-—
perature. The standard light source used above (Cl4 excites
a luminescent phosphor) was heated above a water bath to tem-
peratures as high as 80°. and then immediately placed in the
readout instrument. There was no change in the amount of light
given off.

Heat, however, was the cause of the drift, because
heating about 100 planchets (allowing no cooling time) caused
the temperature in the photomultipler housing to rise to about
380C., and caused a 5 or 6% decrease in sensitivity to the Cl4

source. The temperature returned to 25°%. in about 2 hours,

and the instrument recovered its original sensitivity during
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this time.
The EMI 9536 S phototube in the Con-Rad readout
instrument is of the venetion blind type. The photocathode
is 4.3 cm. in diameter and is mounted on glass. At 100 rads,
the anode current was less than 1 umA. and at 1000 rads it was
4 - 5 uA. peak. The photocathode current must be much smaller

12,40,41,42 o\ hoto-

than that. A study of several papers
multiplier fatigue has shown that saturation or photocathode
fatigue are probably not responsible for the sensitivity drift.
One possible cause is a reduced secondary emission factor due
to increased temperature of the dynodes.4l One puzzling thing
is that the change in sensitivity must be larger £for the
thermoluminescent light than it is for the standard light source
light., If this is a wavelength dependence, then the photocathode
must be responsible for the change in sensitivity.

Whatever the cause of the drift, it does not show up
until about 10 readings have been taken, and then it can be
nearly eliminated by allowing a 2 minute cooling time between

readings. Even if the drift is ignored, the errors introduced

into the dosimetry are not large.

C. ANNEALING PROCEDURE
Shortly after work began on the TLD system, some of

the previously used powder was irradiated for a second time and

when the energy was read out the response to 100 rads was found
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to have doubled. Con~Rad had suggested annealing the powder
for one hour at 400°C. (to release any trapped electrons from
a previous irradiation} prior to re-use. After this was done
the response to 100 rads was still 50% higher than what it had
been originally.

This increased response was observed by Cameron
and others and attributed to a low temperature peak in the glow
curve produced by the previous irradiation. Cameron found that
the new trapping centers, responsible for the low temperature
peak, could be destroyed by anﬁealing the powder for 24 hours
at 80°%.10.11

The usad powder was annealed at 80°C. for 24 hours
and the response dropped to its original value. It has since
been found that the annealing temperature is quite critical.
For example, 24 hour annealing at 83°C.-did not guite return
the response of the irradiated powder to normal. A temperature
of 78° - 80° c. was found most efficient.

The standard annealing procedure recommended for re-
use of the phosphor is therefore 400°C. for one hour followed
by 78° - 80° C. for 24 hours. (It is desirable to remove the
low temperature p=ak because the traps responsible for the peak
are shallow and fading of the stored energy at room temperature
would result.)

Calibration curves for unannealed powder are not

constant multiples of curves for properly annealed powder. The
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ratio of unannealed response to annealed response was 2 at
100 rads, 1.8 at 400 rads, and 1.7 at 700 rads. The curves
slowly converge.

The annealing may also destroy some of the trapping
centers in the original crystals. Powder that had been an-
nealed and re-used about 10 times, and had received an accum-
ulated dose of a few thousand rads showed a response 20% helow
the original response. (This fatigue was only measured at 20
to 140 rads.)

This fatigue may not be due to repeated annealing,
but may be due to the accumulated dose. Capsules of powder that
were given single doses of 104 to 10° rads (in obtaining Fig. 3)
were kept separate from the rest. This powder was annealed and
given doses of 60, 100, and 140 rads. The response was 56%,
53%, and 50% respectively of the original response. This
decreased response is certainly a result of radiation damage,

and not a result of prolonged annealing.

D. GLOW CURVES
In the last section it was stated that glow curves
obtained with used powder exhibited a low temperature peak, and
that this peak was responsible for increased fading of the total
stored energy. It is suggested here that the readout cycle
could be responsible for the low temperature peak. As the powder

O »
is heated to over 300 C., vacancies would be created in the
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crystal. Then when the heater shuts off after 10 seconds,
the powder cools rapidly (to nearly room temperature in
15 - 20 seconds) freezing in the vacancies,

To investigate this a batch of LiF was properly
annealed. Half the batch was heated to 400°C. and then dumped
into a sieve to cool rapidly. Both halves of the batch were
then irradiated to about 250 rads, and glow curves obtained
for. each.

Glow curves are normally obtained by monitoring the
output of the phototube as a function of time (or temperature.)
Since no device was available to monitor the P.M. tube output
(less than 1 pA.) a new method was devised. About 100 capsules
of powder were dosed to 250 rads. The powder was all tipped
into a test tube and placed in an oven. The oven temperature
was then increased uniformly at the rate of 1 degree per minute.
Every 5 minutes (or 5 degrees) about 180 mg. of powder was lift-
ed out of the test tube and dispensed into planchets. Then the
energy remaining in the powder was determined and the remaining
response was plotted against oven temperature. (Fig. 10.) (The
error bars give the maximuﬁ and minimum of 3 readings while the

circle gives the average of 3 readings.) The slope of this

curve is the energy released per unit temperature interval and
is therefore proportional to the height of a glow curve., This

slope was plotted vs. temperature to give the glow curves of
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Fig. 1l. Both curves have peaks at 185°C., 140°., and at
70%¢. - 80°c., although the low temperature peaks are much
more pronounced with powder that had been heated and rapidly
cooled.

Powder that was run through a readout cycle before
irradiation showed a 60% increase in response due to these low
temperature peaks. Powder that was irradiated to 100 rads,
and then read out showed a 1l00% increase in response when ir-
radiated again without further annealing. Therefore, 60% of
the increase could be attributed to the readout cycle and 40%
to the previous irradiation. This 40% also appears to be due
to an increase in the number of shallow traps, as evidenced by
a further increase in the low temperature peaks with used
powder. It should be noted that the glow curve for used powder
was obtained in a somewhat different manner to those in Fig. 11,
(a plot analogous to Fig. 10 was obtained by heating 5 capsules
of irradiated powder directly to the desired temperature, and
then measuring the energy remaining in the powder. There was,
therefore, no uniform heating rate) and because of this the

evidence is not conclusive.

E. TRAP DEPTH
From equations (13.) and (16.) of chapter three, the

intensity of the thermoluminescence may be expressed as
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I=n/T =nS8s e‘E/kT..................(23.)
The number of filled traps, n, of course is not a
constant, but is continually changing along the glow curve
according to (17.) Assuming that n is constant near the begin-
ning of a glow curve, a plot of 1n I vs, 1/T should yield a
linear region of slope E/k. Morehead and Daniels® found a trap
depth E = 1.4 ev. from such a plot.
In Fig. 12 ln I was plotted vs. 1/T, the data being
obtained from the glow curve for properly annealed powder in
Fig. 11, At 1/T = 2.92 the curve approaches —oo ; it is linear
from 2,46 to 2.67, and roughly linear around the inflection
point at 2,27. The two linear regions correspond to temperatures
near the beginning of the second and third glow peaks of Fig. ll.
Setting the slopes of these two regions equal to E/k gave trap
depths of 0.84 ev. and 1.25 ev, respectively., The value of
1.25 ev. may easily be too low since the curve in Fig. 12
would not reverse curvature at 1/T = 2,27 if it were not for the
presance of the low temperature peak in the original glow curve.
Even if the low temperature peaks could be completely eliminated,
there would be difficulty in choosing the correct slope. This
is because at the beginning of a glow curve {(temperature T;)
I must be zero, and hence 1ln I must approach -~o0 as 1/T ap-

proaches l/Ti.

Another method, based on equation (20.), page 31, was
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also used to determine the trap depth. This method uses the
fact that the position of a glow peak depends on the heating
rate used in obtaining the glow curve. Karzmark et all4 obtained
glow curves by monitoring the output of a photomultiplier tube
while the powder was heated at a uniform rate. In order to
obtain a measurable intensity large heating rates had to be
used. They found the main glow peak at 220°c. for a heating rate
of 260 degrees/min. It was assumed that the traps in Karzmark's
LiF (TLD-100) were of the same nature as the traps in the powder
used in Fig. 11 (Con-Rad type~N), and the values B1= 1 degree/min.,
By= 260 degrees/min., Tp*= 185°%C. = 458°K, and Ty*= 220°%. = 493°k
were substituted into equation (20.) This gave a trap depth
E = 3.0 ev., considerably larger than the values found previously.
As a further check, a glow curve was run with properly annealed
powder using a heating rate Bj= 1.4'degrees/min. The main glow
peak was found between 188°c. and 190°C. Using T *= 188%. in
equation (20.) along with Karzmark's data gave E = 3.1 ev. and
using Tq %= 190°c. gave E = 3.5 ev.

Both these methods were based on the Randall and
Wilkins model of thermoluminescence. The second method involved
no assumptions except that the two types of powder involved had
the same kind of traps. This is probably a valid assumption.
The first method assumed that n was constant at the beginning of

a glow curve but in this region the curve had to approach —-oo .

The choice of slope for one glow peak was made difficult by the
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presence of the next lower peak. It is therefore felt that the
second method was more accurate, although it is recognized that
both methods were based on a simplified model which may not ac-

curately describe the mechanism of thermoluminescence in LiF.

F. FADING OF STORED ENERGY

Several experiments were done to determine the extent
of the fading with powder treated in various ways. The expe-
riments were started with new powder which was supposed to have
been annealed by the manufacturer before shipment.

The results for type-N powder are shown in Fig. 13.
Curve A-was obtained by irradiating the new powder to 100 rads
on day zero, and then reading out the stored energy immediately
after, as well as every 12 - 15 days thereafter. Curve B was
obtained by running somz of the new powder through a readout
cycle to create shallow traps. It was then irradiated to 100 rads
and read out immediately after as well as every 12 - 15 days
thereafter. Curve C was obtained by running some of the new
powder through a readout cycle on day zero. Then every 12 - 15
days, three capsules were irradiated to 100 rads and read out
immediately after. Curve D was obtained by irradiating new
powder to 100 rads, and then running it through a readout cycle.
This used powder was then given another 100 rads and the response
was measured immediately as well as every 12 - 15 days thereafter.

New powder ({curve A) showed a 5% fading after 75 days,
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most of the fading occuring during the first 30 days. Some
fading was expected because as Fig. 1l showed, the shallow
traps are not completely destroyed by the standard annealing
procedure. Cameron et allo reported a fading of less than 5%
in one year. It is quite possible that the powder used here
was annealed for less than 24 hours, or at a temperature
slightly different from 80°C. This would account for the in-
creased fading. To show how critical the annealing temperature
is, some new powder was annealed at 400°c. for 1 hour {(this
would create vacancies in the crystals) and then for 24 hours
at 82°C. (instead of 78° - 80°). The response of this powder
was up to 129, an increase of 7% over the new powder, and the
fading was 6% over the first month compared to 3% for new powder.

Powder which had been run through a readout cycle Jjust
prior to irradiation stored 61% more energy than the new powder,
but lost 24% of the total stored energy over the first 75 days
(curve B.) This was expected because of the increased number of
shallow traps. The 24% fading could be accomplished by the
escape of 24% of the trapped electrons. There is alsc the pos-
sibility that the shallow traps are slowly destroyed at room
temperature. (Since a temperature of 80°c. destroys nearly all
the shallow traps in one day, a temperature of 22°%. may destroy
an appreciable number in 75 days.) To investigate this, the

fading due to electron escape was eliminated by irradiating just
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before the readout (curve C.) The time axis in Fig. 13 then
represents the time that the powder sat, unirradiated, at room
temperature, after creation of the shallow traps. Curve C shows
that 19% of the total nuwmber of traps were destroyed at room
temperature in 75 days. These results indicate that the stan-
dard annealing procedure 1is necessary, even if the energy is
to be read out immediately after irradiation, because a cal-
ibration curve obtained with used powder one week could be out
by 8% two weeks later due to destruction of shallow traps.

Curve D was obtained with used powder, but unfort-
unately the powder was used a few days before the second ir-
radiation. The second irradiation was done on day zero. Dur-
ing those few days some of the shallow traps would have been
destroyed, and the powder was able to store only 90% more energy
than the new powder (instead of 100% more as was found previous-
ly.) Even if the curve D is displaced to the right by 5 or 6
days, and the initial response assumed to be about 240, the
fading is still no more severe than for powder B. If anything,
the fading is less severe, and this would indicate that the traps
created by the previous irradiation were deeper than the ones
created by the heating and rapid cooling. This contradicts the
results stated in section D but because of factors unknown at
the beginning of each experiment, neither investigation with
used powder was conclusive.

Similar fading curves were obtained with type-7 powder,
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(Fig. 14.) (It was stated in the Con-Rad instruction manual
that annealing was more important for type-7 powder.) The
response to 100 rads at day zero was 134, for new powder, and
the fading amounted to 16% over 75 days so that the fading curve
approached the curve for type-N. The increased fading was prob-
ably because of improper annealing by the manufacturer. The
type-7 powder was much more susceptible to the heating cycle,
increasing in response by nearly 200%. The fading of the heated
powder was also much more severe than it was for type-N.
(Curves A, B, and C of Fig. 14 were obtained in the sams way as

curves A, B, and C of Fig. 13.)

G. RESPONSE OF OTHER LiF

Because of the high cost of the "specially activated"
lithium fluoride supplied by Con-Rad, lithium fluoride from two
other sources was investigated for thermoluminescent response.

Some large crystals of LiF were obtained from the
solid state section of the ﬁniversity of Manitoba Physics
Department. The past history of these crystals was unknown.
There was a remote possibility that an attempt had been made to
instill F penters in some of the crystals by diffusion of excess
Li into the crystal. These large crystals were ground to the
same size as the Con-Rad crystals (100 - 200 mesh sieve), and
were then run through a readout cycle. No response was found.

They were then properly annealed and irradiated with 0060 gamma
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rays. The response was found to be only 15% of the Con-Rad
LiF response at 100 rads, and 1l0% at 2000 rads. This would
still be sufficient for a useful dosimeter., (The final reading
could be increased by increasing the voltage on the dynodes of
the photomultiplier tube.)

A very finely ground LiF from the J. T. Baker
Chemical Co. was irradiated. Fifty mg. of this powder gave a
response of %% of that for the Con-Rad LiF. Because of the very
small crystal size this powder could not be dispensed, nor
could it be leveled in the planchet.

It appears that the activation not only results in
an increased response to low doses, but also in an increased
rise in the response/rad vs. rads curve. This suggests that
less activation would give more linear dose response curves,
and may account for the fact that curves obtained by Cameron

with TID-100 were more linear.



CHAPTER VI
CONCLUSIONS

Thermoluminescence in LiF has shown itself to be a
useful tool in c<¢linical radiation dosimetry. Because of its
small size and simplicity of use, the dosimeter has in vivo
applications such as depth dose measurement, dose distribution
in whole body irradiation, intracavitary dosimetry, and dose
confirmation for radicactive implants. Other uses are beam
calibration for both electromagnetic and corpuscular
radiation, and even half-value layer determinations.

With some care in dispensing the powder, in leveling
the powder in the planchet, and in supplying the right amount
of heat to the planchet, the precision of any measurement can
be within 2% of the correct value, If several measurements are
to be taken a two minute cooling time between samples is recom-
mended.

The unwanted annealing at room temperature, and the

fading of the stored energy at room temperature should not result
in errors of more than two percent over a few months provided
the powder is properly annealed after each use, For most

clinical measurements of less than a few thousand rads there is
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no need to separate the powder according to dose received. The
powder need only be classified as "used" or "annealed".

The accuracy with which a measured response can be
converted to an absorbed dose depends on the care taken in
calibrating the powder. Figures 3 -~ 8 present calibration
curves for Co®0 gamma rays, for x-rays generated at 100 kv,
and 250 kv. and for electrons at 25 Mev. and 35 Mev. Unfort-
unately, since these curves were obtained the powder has been
used and annealed several times, and, because of a change in
sensitivity, the absolute magnitude of the response curves no
longer applies. However, the cuxrves of Figures 5 - 8 were all
obtained with the same batch of powder and may be used as a
basis for all future calibrations. Assuming that the decrease
in sensitivity (fatigue) is independent of the dose to be
received, and independent of the radiation which delivers the
dose, then, after anneéling a batch of powder, only one
calibration point (say 100 rads from C060) nead be re-determined.
The factor required to normalize the response per rad for this
point to the Co60 curve in Fig. 7 may then be used to correct
all the other curves for fatigue. Alternately, the instrument
sensitivity may be adjusted to bring the response per rad to
the value given in Fig. 7. (Cobalt radiation was chosen for the

normalization because for a given geometry the dose rate has

been accurately determined and need only be corrected for decay

of the source.)
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The normalization described above was based on two
assumptions which may not be valid. It was shown in section C
that the fatigque of heavily dosed powder was 3% greater at
140 rads than it was at 60 rads. This could become a serious
problem when the total fatigue is greater than a few percent.
Further investigation is necessary to determine the dose
dependence at higher doses, and to determine the effects of

fatigue with other radiations.

Some of the experiments performed and the conclusions
drawn had little connection with clinical dosimetry. A simple
model for the mechanism of energy storage in LiF was proposed
to explain the dose dependence of the response curves. The
model involves two processes within the crystal, the creation
of new traps and the filling of existing traps with electrons.
it was suggested that the traps might be negative ion vacancies
which would become F centers after having trapped an electron
released by the ionizing radiation. It was further suggested
that the secondary electrons, released in the crystal by the
gamma rays or xX-rays, as well as the electrons from the betatron,
might create vacancies by dislodging ions along a dislocation

edge where the ionic binding is reduced. On this model the

increase in response per rad with increasing dose would be

expected if vacancies were created faster than they were filled
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with electrons. The fact that secondary electrons of higher
energy result in a more pronounced increase in response per
rad would also ba expected due to their increased ability to
produce vacancies.

Experiments with LiF which was not specially activated
showed less increase in response per rad with dose, as well as
an overall reduction in response. The drop in the response per
rad curve could be due to fewer ion vacancies and the flatten-
ing of the curve could be due to fewer dislocation edges.

A new method of obtaining glow curves, involving very
low heating rates, was devised., Three peaks were found in all
glow curves, the magnitude of the lower temperature peaks
being greatly increased by heating the crystals and then cooling
them rapidly. This was explained as a "freezing in" of
vacancies created by the high temperature. These "vacancies"
are apparently not the same as the "vacancies" referred to in
the above model. (because they result in shallower traps.) The
simple model may therefore have to be changed by replacing the
word "vacancy" by "trapping center" where a trapping center is
some combination of positive and negative ion vacancies, electrons
and holes, which can trap an electron. Such aggregates are not
uncommon in alkali halide crystals.

The main trap depth in LiF was determined by two dif-

ferent methods. The values obtained were 3.0 ev. and l.25 ev.,

the first value probably being the more accurate one. Both
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methods were based on a simple model involving a single trxap
depth. No attempt was made to further study the mechanism

of the release of electrons from traps.
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APPENDIX A
CAICULATION OF ABSORPTION COEFFICIENTS

In calculating the ratio (u/e ) 1ip / (u/§>)H20 for
cobalt radiation, only Compton interactions were considered.
The scattered radiation in the beam (see footnote page 44)
would introduce some photoelectric absorption but the net
amount was considered negligible in both LiF and water. Pair
production contributes a negligible amount in both materials
at 1.33 Mev.

The mass absorption coefficient is a product of the
electronic absorption coefficient and the number of electrons
per gram of material.

W@ = (NZ/M) (qU) ececorscancscrceenansas (A1)

For the Compton effect, the electrons are considered
as free, and therefore QU = eo‘ is independent of the absorb-
ing material. The ratio of the absorption coefficients is there-
fore just the ratio of the numbers of electrons per gram.

For compounds % is the effective atomic number, and
is 12 for LiF and 10 for H.0. The molecular weight, M, is

2
25.94 for LiF and 18 for Hy0. Thus

= ] = - 2L CET B OSES B SEBSOFES A"‘Z-
(W/@ )y = (ZN/M) g p = 0.833 ( )

(u/¢ )HZO (ZN/M)HZO



APPENDIX B
CAICULATION OF STOPPING POWERS

Equation (1l.), page 26 gives the stopping power
for electrons per electron of the absorbing material. If this
is multiplied by n, the number of electrons per cm.3, and

divided by ¢ , the density of the medium, one obtains the mass

stopping power of the medium, S, which may be expressed in
Mev. per gm./cm.2 The resulting expression, which may be shown

to be identical with the expression for S as stated in Hand~
book 7927, may be re-written as
— 2
S = A2 [ B + 2 ln(P/mOc) + In T - 1n 2 + (1l- Y )
2
- (2 l—-/32 —l+/82) ln2+—18;(l—'/ l—FZ) —§]..(B-l.)

It

where A 2ﬁne4/mOC2€ CQ..OO'.OOQOC...0.0..‘...O....O.U.(B—zc)

ln [mocz (106 eV.) / Izlotoo.ooonoooo.oocooo-ooooo.(B"‘3¢)

and B
and where T is the incident electron energy in Mev.,
P=mv=mgoc is the electron momentum, and § is the density
correction. The eguation was written in this form for easy
comparison with Sternheimer's papers of 1952 and 1956.3%432  1he
density correction was calculated by the method of Sternheimer.31
The values of A for LiF and H,0 are listed in table B-1

expressed in Mev. per gm./cm.2 The value of Y for LiF was taken

as 2,601 gm./cm.3 from the Handbook of Chemistry and Physics,
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forty-fourth edition, Chemical Rubber Publishing Co. The value
given in the American Institute of Physics Handbook is in error.
(Dr. H. P. R. Frederikse - private communication)

The values of B are also listed in table B-I. The mean
ionization potential, I, for LiF and for Hy0 was calculated from

the mean ionization potentials of the constituent atoms using

ln I = Zl: (Z, / Z)IN I eeocencocooccncasons(Bd,)

For both lithium and fluorine the relation I = 13Z was used as
suggested by Sternheimer.43 This gives I = 39 ev. for lithium
in good agreement with Bakker and Segre's value of 38 ev. quoted
in Handbook 79.27 Although no data was available for fluorine,
I = 13Z was a good approximation for the elements with Z near
9, and hence was assumed to hold for fluorine. For hydrogen and
oxygen the values of 17.6 ev. and 98.5 ev., respectively, were
takén from table 3 of Handbook 79.27' The values of I are listed
in table B~l in rydberg units (1 ry. = 13.6 eav.)

The density correction, § , as derived by Sternheimer

is given by

- 2 2 - 2 2 2
§=2 £ [(V2 + 25/ 5%] -0 @-pH a5
where f£; is the oscillator strength of the 1 th ¢ransition whose

frequency is Vi, and & is a frequency given by

,__1__1 = E -fi ooooootooo.ooooaoooocoo(B"6n)
pE T A V2 42
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Here, Vi is to be expressed in terms of the plasma
frequency of the medium which is given by

Vp =[ n e2 } %p.otoocooo.oooooooooootooooo(B‘?.)
7 mg,

The method from here on is identical with
Sternheiwmer's, (1952.) As a first approximation the frequencies
were found from the ionization potentials, hv i, of the K, L,

M, etc. shells. These appear in table B-I expresséd in rfdberg
units, and were taken from the tables of critical x-ray absorp-
tion energies on page 2776 of the Handbook of Chemistry and
Physics, and page 7-136 of the American Institute of Physics
Handbook, wherever possible. For LiF, h»’l pertains to the K
level of I, hv 5, to the L level; hv 3 to the K level of F '

h\J4 to the LI level, and h»)5 to the L II,III level. For H50,

hv 1 pertains to the K level of 0, hv 9 to the Ly level, hV 3 to

the L

TI,III level; and hV 4 to the K level of H,

The values of hV, of LiF and hV 4 of H,0 are first
ionization potentials and were taken from page 7-14 of the
American Institute of Physics Handbook.
of LiF and hv

The values of hvy of HZO were not

4 2

listed and were determined by extrapolation from Ly levels of

elements of higher atomic number.




TABLE _B-I
IaF HZO LiF H20

A .0711  .0853 hv 0.9  ————m
B 17.98  18.47 hv ] 6.17 115.0
I 6.54 5,13 hv 0.61 5.9
£ 2/12  2/10 hv'y 159.0 2.05
£, /12 2/10 hv’, 7.8 1,29
£, 2/12 4/10 hv/5 2.8  ———e=
£, 2/12 2/10 hv, 2.33 1.58
£, 5/12 —— Y1 2.65 72.8
hy g 4.0 39.3 Vo 0.26 3.7
hvy , 0.4 2.0 Vs 68.2 1.3
hV 5 51.0 0.7 Va 3.35 0.82
hy 4, 2.5 1.0 Ve 1.20 ————m

The hvV ; thus determined were then corrected by the
factor I/hvm where I is the mean ionization potential of one of
the constituent atoms, and hV, is the geometric mean of the
hy i for that constituent atom. Thus, a different correction
factor was obtailned for each constituent atom, and the corrected
energies (hy :i_/) are listed in table B-I. For Li, the geometric
mean, hv ., of h\l.i and h\/2 is 1.87 ry. and I = 39 ev, = 2.87 ry.

Thus I/hy = 1.53. For F, hY = 2,77 ry. and I = 8.6 ry. and

!

therefore I/hV = 3.10. For 0, hv = 2,49 ry. and I = 7.3 ry.

giving I/hV 4 = 2.93. For H, hV gy = 1 ry. and I = 1.29 ry.
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giving I/hvzm = 1.29.

Finally, the y j were determined from the h\//; by
dividing by h\’p, where \)p is given by equation (B-7.) and is
listed in table B-I in rydbergs.

The values of £ at various energies were determined
graphically by plotting egquation (B-6.)

The density correction, & , is plotted as a function
of loglo (P/moc) in Fig. B-l for easy comparison with Fig. 1 of
Sternheimer's paper of 1952,

From the data of table B-I and from Fig. B-1 the mass
stopping powers for LiF and H,0 were calculated using equation
(B=1.) The results are shown in Fig, B-2 as a function of
electron energy. (The dashed curves are not corrected for the
density effect.)

The ratio of the stopping powers for various energies

are given in table B-II.

TABLE B-IT

Eniigitizzv.) (n 8gir 7/ (n S)HZO
0.2 0.806
0.5 0.806
1.0 0,808
2.0 0.809
5.0 0.809
10.0 0.809
200 0.808

50.0 0.808
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