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THERMOLUMINESCENT RESPONSE
OF LITHIUM FLUORIDE TO
HIGH ENERGY PHOTONS

CHAPTER 1

INTRODUCTION

The unique properties of lithium fluoride have made it
the most widely used thermoluminescent dosimeter material,
Some of the properties that have made this material suitable
for all areas of radiation dosimetry have been well docu-
mented and include wide range of exposures, dose rate inde~
pendence, approximate tissue equivalence, long term response
retention, accurate measurement of various quality radiations,
approximation of an ideal "point detector," high precision,
and essential energy independence. These properties make
lithium fluoride extremely useful in medicine and the sci-
ences where the quantity of absorbed dose in a medium is de-
sired,

Ideally, a dosimetry system for measuring absorbed dose
in a medium should have a flat response with energy, because
the energy of exposure can vary over a wide range and the en-
ergy spectrum within a medium will vary for a given exposure.
Although lithium fluoride has a relatively flat energy re-
sponse when compared to other dosimetry systems, it does ex~
hibit a noticeable energy dependence at low kilovoltage en-
ergies, Published reports on thermoluminescent response of

1



2
lithium fluoride to energies in this range are consistent
and all verify this derendence,

With the increasing use of megavoltage radiation in
medicine, it is important that the thermoluminescent response
of 1lithium fluoride be well understood in this higher range,
At megavoltage energies, the response of lithium fluoride
has been generally assumed to be flat, However, several
recent investigations have been oriented to the thermolumines-
cent response of lithium fluoride to X-ray and electron ener-
gies to 35 Hev, Reports of these works are not consistent,
Several investigators have reported a decrease in response
with increasing energy, whereas others have not observed this
decrease,

The purpose of this study was therefore to investigate
the thermoluminescent response of lithium fluoride to mega-
voltage photon radiation and to extend the current informa-
tion to 65 Wev,

A thermoluninescert dosimeter made of 100% 1lithium
fluoride with dimensions of 1 mm x 1 mm x 6 mm is widely
used in radiation therany dosimetry, For this reason, this
form of lithium fluoride was selected for this study,

The radiation source was a 70 Mev synchrotron operated
by the Department of Radiolosical Sciences of the University
of Oklahoma FMedical Center, The X-ray beam from this machine

vas used to irradiate a semi-infinite water phantom in which

the dosimeters were placed,
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Thermoluminescent and ferrous sulfate dosimeters were
irradiated simultaneously at the following energies: 35 Mev,
50 Mev, and 65 Mev, They were positioned in the phantoem at
the depth of maximum dose for each energy, The ferrous sul-
fate dosimeters were used to establish the thermoluminescent
respernse per rad of absorbed dose at each energy, These
values were then normalized by the thermoluminescent response
per rad of absorbed dose to cobalt-60 gamma irradiation to
establish the effeci of incrcasing photon energy on thermo-

Juminescent response,



CHAPTER 11
THERMOLUMINESCENCE

2.1 Physical Process

Although the fundamental theory of thermoluminescence
is not fully known, the physical process is qualitatively
understood. This has been documented by Schulman (1966),
Fowler and Attix (1966), and Cameron et al. (1968)., For
the purpose of this study, however, a brief description of
the physical process will be given as a refresher in the
thermoluminescent process,

The energy lost when ionizing radiation is absorbed in
matter predominately results in the excitation and ionization
of orbital electrons, In lithium fluoride, the ionized elec-
trons and the associated free holes can be trapped in meta-
stable energy states before they have a chance to return to
ground state and recombine, These trapping sites are local-
ized defects and impurities within the lithium fluoride crys-
tal lattice, and arc attracted by coulombic forces to these
charged particles,

Energy level models for thermoluminescence in lithium
fluoride have been proposed by Cristy et al, (1967), and
Mayhugh (1970), Although the overall models differ, the
mechanisms proposed share one feature: +that is, thermolumi-
nescence occurs after electrons trapped at anion vacancies
recombine with holes, These models show an energy barrier

L
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of between 12 ev and 14 ev between the valence band and con-
duction band, and the energy level of trapped electrons is
on the order of 6 ev below the conduction band., The ther-
moluminescent process is initiated when thermal energy is
put into the lithium fluoride crystal, Ultimately, thermo-
luminescent photons are given off after the trapped elec-
trons tunnel through the energy barrier to recombine with
holes and return to ground state. Thus, the phenomenon of
thermoluminescence stems from thermally stimulated release
of light photons,

The probability of this mechanism is dependent on tem-
perature; increasing with increasing temperature, The ther-
mal energy required to initiate this process is large enough
to prevent these trapped particles from returning to ground
state at room temperature, By increasing temperature, a level
will be reached where essentially all trapped electrons will
be released to return to ground state, Therefore, increasing
temperature will increase thermoluminescent output, It will
pass through a maximum and then decrease with increasing tem-
perature,

The temperature at which a given trap will empty is de-
termined by the energy of the metastable state, Lithium
fluoride has five such characteristic metastable states which
require different levels of thermal energy for the release of
trapped electrons and holes,

A plot of the light output, or thermoluminescence, as a
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function of temperature is called a glow curve, A typical
glow curve for lithium fluoride is shown in Figure 1. The
different peaks in the glow curve indicate traps at different
metastable energy levels peculiar only to lithium fluoride,
Zimmerman et al, (1966) found that after irradiation
the peaks decay exponentially at room temperature with the
following half-lives: peak 1l-five minutes, peak 2~-ten hours,
peak 3-one-half year, peak lk-seven years, and peak S5-eighty
years, Peaks 1 and 2 are not suitable for practical dosime-
try since their half-lives would interfere with an attempted
readout after irradiation, Peaks 3, 4, and 5 are therefore
the most suitable for dosimetry due to their long half-lives,
The amplitude of the peaks indicates the relative propor-
tion of trapped particles at that energy level, The shape of
the glow curve is dependent on the heating rate and its uni-
formity; the size, shape, and thermal conductivity of the phos-
phor; the recording instrument used; the level of exposure;
the type of radiation; the radiation and annealing history of
the phosphor; and spurious effects, A complete survey of
these effects has been documented by Cameron et al., (1968),
The usefulness of lithium fluoride as a radiation do-
simeter is based on the fact that the light emitted when the
phosphor is heated is a function of the number of trapped
electrons and holes which, in turn, is determined by the
radiation dose, The total thermoluminescence emitted is es-

sentially constant per unit of radiation dose, The integrated



Thermoluninescence (arbitrary units)

| i |

Time (égconds) 2k

Fimure 1, Typical Gliow Curve of Lithium Fluoride TLD-100. The
rhosnhor has been annealed 1 hour at 400°C arnd read soon after
irradiation to 100 roentgens, (Zimmerman et al., 1966

32
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area under the glow curve is, therefore, a good reproducible
measure of dose information,

2,2 Instrumentation

The instrumentation used in this study to determine the
radiation dose received by lithium fluoride dosimeters was
the Model TILR-5 Thermoluminescent Dosimeter Reader manuiac-
tured by Eberline Instrument Company, This is essentially
a light measuring device which can supply controlled heat to
the lithium fluoride dosimeters and record the integrated
light output (Eberline Instrument Company, 1969),

The dosimeters are placed directly in a heater pan, When
the readout cycle is initiated, the heater pan is brought up
quickly to the preheat temperature and remains there for the
duration of the preheat time, This automatically anneals out
any unstable low temperature peaks incurred since the pre-~
vious anneal, During this preheat time no light output is
recorded,

At the end of the preheat time, the heater pan tempera-
ture is quickly increased to the readout temperature, which
is constant during readout, A graphical representation of
the entire readout cycle is shown in Figure 2, The light
given off by the dosimeters during this time is sensed by
the photomultiplier tube and converted to current., This cur-
rent is then converted to pulses which are integrated over
the readout time and registered on the display, The inte-

grated pulse is proportional to the rate of light emission,
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Figure 2, TLithium Fluoride Readout Cycle of Model TLR-5 Thermo-
luminescent Desimeter Reader. IEberline Instrument Company, 1969)
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This instrument has a range from 1 mR to 105 R. The
manufacturer lists instrument background at 25°C to be typi-
cally less than the equivalent of 10 mR,

The preheat and readout times and temperatures will de-
pend on the type of thermoluminescent material used, For
lithium fluoride, the manufacturer recommends the following
range of settings:

Preheat time..seecvcecsececses10 geconds
Preheat temperature..cceesses 140 C
Integration timesissceesseses.10 seconds
Integration temperature,......255°C

The manufacturer also recommends for dose measurements
of less than 10 R, 0,5 liters per minute of nitrogen gas
should flow through the heater pan, This is necessary to
reduce the non-radiation induced background thermolumines-
cence, Aitken et al., (1967) suggested that the removal of
this background is due to the absence of oxygen rather than
any specific quenching action of nitrogen, It was further
proposed by Svarcer and Fowler (1667) that an oxygen atmos-
phere can modify the traps near the phosphor surface by the
absorption of oxygen on the phosphor, Oxygen has a strong
attraction for electrons and would therefore trap them by a
strong energy bond, They found this idea consistent with the
fact that the luminescence emitted from these oxygen satu~
rated surfaces read out at a higher temperature than the ra-
diation induced thermoluminescence,

With an oxygen atmosphere, the background for undosed

lithium fluoride will typically give readings equivalent to
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100-300 mR (Isotopes/Con-Rad, 1968), This can, however, be
reduced to 5-25 mR with nitrogen gas. The standard deviation
of these measurements decreased by an order of magnitude using

nitrogen gas.



CHAPTER IIX
CHARACTERISTICS OF LITHIUM FLUORIDE

3.1 Dosimeters Used in Study

The lithium fluoride dosimeters used in this study were
the 1 mm x 1 mm x 6 mm high sensitivity rods manufactured by
Harshaw Chemical Company, These dosimeters are made with
100% lithium fluoride under conditions of controlled tem-
perature and pressure, In addition to the characteristics
listed later in this chapter, they are optically transparent,
rugged, and easy to handle, Their size, composition, and
characteristics made them ideal for this study.

Two types of rods, based on the isotopic abundance of
lithium fluoride, were used, Harshaw quotes the compositions
as follows: TLD-100 contains 7,5% lithium-6 and 92,5% lithium-
7, and TLD-700 contains 0,007% lithium-6 and 99,993% lithium-~7,
The use of these two types of lithium fluoride enabled the
diserimination of neutron and photon exposures, This tech-
nique is discussed later in this chapter.

3.2 Point Detector

Only a few milligrams of lithium fluoride are required
in order to make a measurement (Endres, 1965), The Harshaw
high sensitivity rods (1 mm x 1 mm x 6 mm) contain approxi-
mately 16 mg of lithium fluoride, This volume is several
orders of magnitude less than other types of dosimeters and

can be considered a "point detector" for many applications,

12
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3.3 Hich Sensitivity

Harshaw quotes the measured standard deviation in ther-
moluminescent sensitivity within a given batch of high sensi-
tivity rods to be between 2% and 4% of the mean at 1 roent-
gen exposure, A greater sensitivity than these values can
be obtained by matching dosimeters of like mean response
within the batch used,

3.4 Tissue Eauivalent

The effective atomic number for photoelectric absorption
in lithium fluoride is 8,14, This compares favorably with
air (2 = 7,64), and tissue and water (%2 = 7.42), The ratios
between the mass absorption coefficients for lithium fluoride,
air, tissue, and water vary relatively little with photon
energy, so the response of lithium fluoride can be considered
a close approximation of the dose received by an equal volume
of the other materials when exposed under like conditions,

At low energies, however, an exaggerated response should be
expected due to an increase in the photoelectric cross sec-~
tion, When a high degree of accuracy is desired, corrections
should be made for photon energy dependence,

3.5 Exposure Retention

The rate at which thermoluminescence is released from
lithium fluoride is dependent on temperature, This rate in-
creases with increasing temperature, There is, however, a
measurable loss of thermoluminescence even at room tempera-

ture, which is well below the temperature of the main glow
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peak,

Stored thermoluminescent energy decays less than 5% per
year at room temperature and less than 15% per year at body
temperature (Cameron et al,, 1964), Another investigation
(Ssuntharalingam et al,, 1968) supported this finding. The
loss of response was reported as less than 5% for a twelve
week period at room temperature. This establishes that
lithium fluoride shows a negligible decay of thermolumines-
cence if the response is measured soon after irradiation,

3.6 Dose Rate Dependence

Lithium fluoride has shown no dependence on dose rate

from 5 x 102 to 2 x 10l rads/second. This dose rate inde-

pendence was first established in the range from 5 x 102 to

8

2 x 10” rads/second (Karzmark et al,, 1964) and was later

extended to 2 x 10°1 rads/second by using flash X-ray units
(Tochilin and Goldstein, 1966),

3.7 Measurement of Various Quality Radiation

Lithium fluoride dosimeters have been used to detect
alpha particles (Jones et al.,, 1966), beta particles (Kast-
ner et al., 1967), and X- and gamma rays (Cameron et gl:,
1968), protons (Parker et al,, 1968), and neutrons (Wingate
et al,, 1967), The only radiations involved in this study
were neutrons, high energy electrons, and X-rays; so the
other types of radiation will not be discussed,

There is a possible problem with neutron contamination

associated with high energy X-ray radiation, Fast, inter-
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mediate, and slow neutrons will be produced through the photo-
nuclear process (¥, n) in which the high energy X-ray is in-
cident on the target material, The neutron yield is directly
proportional to the X-ray energy and intensity, and is depen-
dent on the target material, The extent of neutron contami-
nation must be determined before the response of lithium
fluoride to high energy X-rays can be accurately determined,

6

For the thermal neutrons, the Li(n,o&)BH reaction has a
high cross section, about 950 barns, The alpha particle and
triton release a total of 4,8 Mev of local ionizing energy.
As a result of this reaction, TLD-100 dosimeters show a re-
sponse to thermal neutrons,

On the basis of energy absorbed, thermal neutrons pro-
duce about one-seventh the amount of thermoluminescence pro-~
duced by gamma rays in TLD-100 (Cameron et 2l., 1968), This
can be explained by two effects: recombination of ionized
particles along the densely ionized track, and saturation of
the available trapping centers along the track,

TLD-700 contains almost entirely lithium-7 and has es-
sentially no response to thermal neutrons, This is due to
an extremely small neutron cross section, The response of
TLD-700 to thermal neutrons has been found to be less than
0,5% of the response of TLD-100 (Cameron et al., 1964),
Therefore, it essentially measures the photon dose in a mixed

field of neutrons and photons,

The fast neutron response of lithium fluoride is not
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dependent on isotopic composition as in the thermal neutron
case, This is because its response is due primarily to
lithium and fluorine ion knock-ons (Isotopes/Con-Rad, 1968a),
The thermoluminescence from lithium fluoride TLD-100 or TLD-
700 which have been exposed to 108 fast neutrons per cm2
(about 1 rem), is less than the thermoluminescence from an
exposure of 1 roentgen of photons (Cameron et al., 1964),

Thus, if a mixed field of photons and neutrons is present,
the dose contribution from each can be measured by irradiating
TLD-109 in combination with TLD-700 to the same field, The
TLD-700 gives essentially the photon component, which is sub-
tracted from the TLD-100 reading to obtain the thermal neutron
component, Corrections must be made, however, for isotopic
compositions in each type of material,
3.8 Range of Exposures

For lithium fluoride TLD-100, the relationship between
thermoluminescence and exposure is linear up to about 103
roentgens, Above this, it becomes supralinear, that is ther-
moluminescence increases faster than proportionally to ex-
posure, At about 5 x 105 rQentgens, thermoluminescence
reaches a maximum and decreases with increasing exposure
(Cameron et al,, 1964; Suntharalingam and Cameron, 1969),
This relationship is showvm in Figure 3,

The dose-response relationship for lithium fluoride
TLD-700 is not as well established, One investigation found

that TLD-=700 had a response similar to that of TLD-100, and
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that the response per rad dose changed less than 0.1% over
the 50 to 1500 rad dose range (Pinkerton et al., 1967). An-
other investigation showed that in the 200 to 1400 rad dose
range, the dose~responée curve is a linearily increasing
function, and the response increases about 17% from 200 to
1000 rads (Almond et al,, 1967),

Supralinearity has also been noticed for TLD-700 and its
magnitude is greater than for TLD-100, The point at which
this supralinearity becomes-apparent was found to be 500
rads (Suntharalingam and Cameron, 1969), Certain individual
batches of TLD-700, however, have shown supralinearity as
low as 200 rads (Almond, 1966),

Although the cause for supralinearity has not been well
established, several models have been proposed (Cameron and
Zimmerman, 1965; 1966; Cameron et al.,, 1967; 1967a; Sun-
tharalingam, 1968), In these works, threc possible causes
for supralinearity have been mentioned: (1) the creation of
additional trapping sites, (2) the creation of additional re-
combination centers, and (3) an increase in thermolumines-
cent efficiency, These models have been fit to experimental
data, and the agreement is very good considering that the ex-
act physical mechanism for supralinearity has not been es-
tablished,

The plateau in Figure 3 can be explained by relating
the number of filled traps to the total number of traps,

Saturation is reached when the number of filled traps is a
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significant fraction of the total number of traps. At this
point, an increase in dose will create a proportional in-
crease in electron-hole pairs, but they recombine immediately
since there is a deficiency of trapping sites.

3.9 Thermoluminescent Response Below 1,2 Mev

It was first reported by Morehead and Daniels (1957)
that the thermoluminescent response of lithium fluoride was
dependent on the quality of radiation, They observed that
the energy initially required to produce an F center (the
specific site consisting of an ionized electron trapped by a
fluoride ion vacancy) varied, It was about 700 ev for 2 Mev
alpha particles, 140 ev for 2 llev electrons, and 65 ev for
both cobalt-60 gamma rays and thermal neutrons,

The total thermoluminescence observed after irradiation
by alpha particles was less than that observed from the other
radiations, For example, it took about 10 times greater ex-
posure to alpha particles to produce the same thermolumines-
cent response as for the other radiations, This effect can
be explained by high LET radiations being less effective in
filling the available traps or activating the impurity sites
(Suntharalingam, 1968; Suntharalingam and Cameron, 1969),

Numerous investigations were made on the thermolumines-
cent respcense of lithium fluoride during the ten years fol-
lowing llorehead and Daniel's work, "These generally studied
the encrgy range below cobalt-60 gamma rays, and can be char-

acterized by the work of Cameron et al, (1964), They found-
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that the thermoluminescent response of lithium fluoride TLD-
100 was about 25% greater at 30 kev effective than at 1.2
Mev.

This enhanced response at low energies can be interpreted
as a response to absorbed energy rather than to exposure, At
energies less than 50 kev, the absorption of energy is pri-~
marily by the photoelectric process, The conversion from an
exposure'in roentgens to an absorbed dose in lithium fluoride
is given by:

f =0,809 (A ) LiF
() air

In this equation, f is the conversiocn ratio from roentgens
to rads and M, is the energy absorption coeficient, The
constant (0.869) is a conversion factor for roentgens to rads
in air (Johns, 1961), Since gk%n)LiF is greater than g*%n)air
at energies less than 50 kev, there is a greater absorption
of energy in lithium fluoride than in air, This results in
a greater sensitivity for lithium fluoride at low energies,

At energies from 200 kev up to 3 liev, absorption is pri=-
marily by the Compton process and all materials absorb about
the same amount per electron regardless of the atomic number
(Johns, 1961), Therefore, the f conversion factor in this
energy range will approach unity,

Figure 4 shows the calculated ratio between the mass en-
ergy absorption coefficienis for lithium fluoride and air,

as well as the measured data (Cameron et al,, 1964) for the
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response of lithium fluoride per roentgen of exposure,

Another type of energy dependence that depends on the
total dose of irradiation has been described (Naylor, 1965;
Wagner and Cameron, 1966), It was found in TLD-100 that the
dose-response relationship was energy dependent in the supra-
linear region, with the magnitude of supralinearity depen-
dent upon the quality of radiation, Curves representative
of this observation are shown in Figure 5. All curves are
identical up to about 103 rads, because in the linear region
lithium fluoride responds only to the amount of energy ab-
sorbed. In the supralinear region, however, a greater re-
sponse is observed with lower LET radiations,

A model proposed to explain this effect assumes that
supralinearity is caused by the creation of additional traps,
and the efficiency of forming such traps is dependent on the
quality of radiation (Worton and Holloway, 1966), A lithium
fluoride dosimeter contains a certain number of sites capable
of trapping electrons, and radiation is capable of not only
filling these traps, but also of creating additional trapping
sites, At low doses, the number of traps created would be
small compared to those already present in the dosimeter, and
therefore a linear response would be expected. At higher
doses, if the creation of traps exceeds the filling of traps,
the dose response curve would be expected to rise,

From this model, it appears that the ability to create

traps increases with increasing energy, and the dose-response
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relationship shows a greater supralinearity at higher energies,
This is because a lower ion-pair density is more effective in
the creation of additional trapping sites since the energy

is distributed over a larger volume and the probability of
electron-hole recombination will be less (Vagner and Cameron,
1966). Thus, as effective energy increases, linear energy
transfer will decrease and the greater will be the amount of
supralinearity,

3.10 Thermoluninescent Response Above 1,2 Mev

During an intercomparison study among several instal-
lations on absorbed dose measurements, persistent differences
in thermoluminescent response per rad in water were noticed
between cobalt-60 gamma rays and high energy electron ra-
diation (Pinkerton et al,, 1967). The response to cobalt-

60 was significantly greater than to high energy electrons
of equal dose, Since this was contrary to the accepted idea
of a flat response in the high energy region, it was decided
to further investigate the effect of energy on the response
of 1ithium fluoride,

Further investigations showed that 1ithium fluoride Type
7 (manufactured by Con-Rad and similar in composition to TLD-
700) responded about 10% higher to cobalt-60 than to high en-
ergy electrons (Pinkerton et al., 1966), This relationship
is shown in Table 1 and holds for both 10 Mev and 15 Mev e~
lectrons, The responses of both high energy electron radi-

ations were not considered to be significantly different from
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Table 1, Values of Thermoluminescent Response per Rad Nor-
malized to Cobalt-60 for High Energy Electrons and X-rays,
Pinkerton Crosby Benner Nakajima
Radiation et al, et al, et al, et al,
1966 1966 1967 1968
Cs-137 1,000+0,010
Co-60 1,000 1,000 1,000 1,000
Electrons
6 Vev 0,931+0,0068
9 Mev
10 Mev 0,876+0,021 | 0,925+0,012 1,00+0,01
12 Mev
15 Hev 0.893+0,018 | 0,903+0,021 0,24+0,05 1,01+0,03
18 Mov 0,886+0,015
20 lev 6.91+0,05 1,0240,03
25 lev 0,9240,05 1,03+0,02
30 Kev 0.921+0,05 1,0240,03
33 Hev 0,89+0,0¢
35 lev
X-rays
18,5 liev
22 lev 0,916+0,012
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Table 1, (continued)
Binks 1969 Almond and McCray 1970
Radiation
Tyve N Type 7 Calculated lieasured

Cs-137 1.019 0.99
Co-60 1,000 1,000 1,000 1,00
Electrons

6 Vev 0.936 0.9%4

9 HMev 0.928

10 Kev 0,876+0,016 | 0,904+0,019

12 bev 0,927 0,93

15 liev 0,866+0,007 | 0,852+0,020 0.926 0.92
18 llev 0,927 0.89

20 Liev 0,87{+6,010 | 0,698+0,021

25 liev 0.£879+0,027 | 0,928+0,022

30 Hev 0,880+0,010 | 0,91€+0,021 0,930

33 Liev

35 lev 0,868+0,021 | 0,916+0, 02/
X-rays

18,5 liev 0,927 0,94

22 lev 0,926 0.93
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each other,

In order to see if factors other than energy accounted
for this difference, glow curves viere taken at the three
energy levels, No qualitative difference between the glow
curves was detected, only a quantitative difference between
the two types of radiation was observed, A larger area
under the cobalt-60 curve indicated a greater response,

Another investigation resulting from participation in
the intercomparison study found a gradual decrease in the
sensitivity of TLD-700 as the radiation energy was increased
(Crosby et al., 1966)., This result is also shown in Table 1,
and generally agrees with the previous investigation, It
found about a 10% decrease in sensitivity between cobalt-60
and 15 Mev electrons, There is, however, a significant de-
crease in sensitivity with increasing electron energy., This
was reported as a rather unexpected result and no physical
explanation was offered for this observation,

Others have studied this effect for lithium fluoride
TLD-100, Type 7, and Type N (manufactured by Con~-Rad and.
similar in composition to TLD-100) and their results are
shown in Table 1 (Benner et al., 1967; Binks, 1969), They
confirmed the previous investigation that showed about a 10%
decrease in sensitivity from cobalt-60 to high energy elec-
trons, but failed to find any significant change in seasitivity
with increasing electron energy,

On the other hand, it was found that the response of
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l1ithium fluoride Type 7 is dependent on electron energy
(Almond et al,, 1967). This dependence is shown in Figure
6, and indicates a significant decrease in sensitivity with
increasing energy, This data does confirm, however, that
lithium fluoride is about 10% less sensitive to 15 Kev elec-
trons than to cobalt-60,

One investigation, however, failed to find any difference
in thermoluminescent response between cobalt-60 and high energy
electrons, or among various electron energies (Nakajima et al.,
1968), The lithium fluoride used in this investigation Qas in
crystalline form and supplied by the Institute for Applied
Optics in Tokyo. The isotopic composition of this material
was not given and the experimental design was different than
the other investigations, so any comparison of this data (as
shown in Table 1) and data from the investigations discussed
previously would be difficult to interpret,

An interesting comparison has been developed between the
measured and calculated sensitivities for lithium fluoride
TLD-700 to cobalt-60 gamma rays, and high energy electrons
and X-rays (Almond and McCray, 1970). As showvn in Table 1,
the measured response confirmed their previous investigationrs
(Crosby et al,, 1966; Almond et al,, 1967) which showed about
a 10% decrease in sensitivity to hish energy electrons and
X-rays as compared to cobalt-60, and a gradual decrease in
sengitivity with increasing electron energy.

In order to explain these resvlts, the expected responses
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were calculated using the general cavity theory derived by
Burlin (1966; 1968; Burlin and Chan, 1967). Almond and Mc-
Cray did, however, extend the Burlin theory to include high
energy electrons and X-rays,

Cavity theory is generally used to express the relation-
ship between absorbed dose in a cavity and absorbed dose in
the medium at the point of the cavity, The part of Burlin's
general theory applicable to this problem considers the in-
termediate cavity sizes in which the cavity dimensions are
comparable with the electron ranges, The electron spectrum
within the cavity is neither completely determined by the
medium nor by the cavity. Almond and licCray extended this
theory to account for the attenuation of the electron spec-
trum from the medium, which is due to absorption within the
medium itself, and the build-up of the electron spectrum in
the cavity, which is due to photon interactions within the
cavity,

Almond and licCray applied this extended theory to cal-
culate the relative sensitivity of 1lithium flvoride to high
energy electrons and X-rays as compared to cobalt-60 gamma
rays, Relative sensitivity was taken as the thermolumines~
cent response per rad at the energy of interest normalized
to the thermoluminescent response per rad for cobalt-60 gam-
ma rays.

The sensitivities calculated from this theory predict

that the response of lithium fluoride as compared to cobalt-
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60 will decrease with increasing energy. There is good agree-
ment between the calculated and measured points as shown in
Table 1, It appears that this.theory explains well the appar-
ent decrease in sensitivity reported for lithium fluoride,
Therefore, the observed decrease in sensitivity is due to a de-
crease in absorbed dose with increasing energy rather than to
an energy dependence of lithium fluoride, It was concluded that
lithium fluoride thermoluminescence shows no energy dependence,

Details of experimental conditions were not consistent
among any of the investigations mentioned so far in this sec-
tion, and their results can not be directly compared, With
one exception, there is general agreement that lithium fluoride
responds less to high energy electrons and X-rays than to an
equivalent dose from cobalt-60, If this response is real, it
is reasonable to expect close agreement among independent
investigations since all measurements were made in the dose
range between 100 and 300 rads., This is below the region of
supralinearity, No report, however, offered any physical
explanation for this response,

An explanation has been offered, however, to explain the
lack of dependence of thermoluminescent response on energy
that several investigators have reported (Suntharalingam,
1968), Thermoluminescent response is proportional to the
amount of energy deposited within the dosimeter material, and
stopping power provides a means for.eXpressing the mean en-~

ergy loss per unit path length in matter,
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Stopping power values as a function of energy show a
broad minimum from about 400 kev to 20 Kev, and gradually in-
crease with energy above 20 Mev (Berger and Seltzer, 1964&),
Any small changes in stopping power in the neighborhood of
the broad minimum would be insufficient to justify any sig-
nificant change in thermoluminescent response,

The energy dependence of the dose-response relationship
for 1lithium fluoride has also been studied for high energy
electrons and X-rays. There is little agreement among the
investigators who have measured this response,

One investigator measured the thermoluminescent response
of 1lithium fluoride Type 7 to both cobalt-60 gamma rays and
15 hkev electrons (Almond et al,, 1967). In the dose range
between 200 rads and 1400 rads, thermoluminescent response
per rad was observed to be a linearily increasing function
for both types of radiation (see Figure 7). It has been sug-
gested that the increased sensitivity with increasing dose is
due to the creation of additional trapping sites (Naylor,
;965). Since the curves for cobalt-60 and 15 Mev electrons
are parallel, the efficiency of forming such traps must be
the same for both qualities of radiation,

Another investigator used lithium fluoride Type K in the
10 rad to over 107 rad range (Worton and Holloway, 1966), As
shovin in Figure 8, it was also determined that the response
was a function of the dose measured, but that it became greater

with larger doses, But unlike other reports, the response
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per rad rises more sharply for the high energy electron ra-
diations than for cobalt-60, A discussion of the model to
explain this result was presented in section 3.9.

Two additional studies also found that supralinearity in
lithium fluoride TLD-100 was dose dependent, but found no dif-
ference in response between cobalt-60 and high energy elec~
trons throughout a wide dose range (Suntharalingam and Came-
ron, 1969; Ehrligh, 1970), This relationship is shown in
Figure 9, A model for this result has also been proposed
based on stopping power, and was discussed earlier in this
section (Suntharalingam, 1968),

These studies demonstrate the lack of consistency among
the investigations on the effect of the quality of radiation
on the dose-response relationship and the models proposed to
explain these results, This effect appears to be significant,
especially at higher doses, and must be more accurately de-
fined before measurements can be made with any degree of cer-~
tainty,

The errors reported in these works represent only the
standard deviations of the thermoluminescent readouts, They
do not include an allowance for the overall error in experi-
mental design, If the overall error had been considered, the
significance of some of these results might be questionable,

A1l studies reported in this chapter used lithium fluoride
in pouwder form, In addition, Ehrligh (1970) used lithium

fluoride TLD-100 plaques 0,25 in, x 0,25 in, x 0,035 in,
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and found the response of this form to be similar to lithium
fluoride TLD-100 powder,

The lack of agreement among the results of these inves-
tigations could be due to the configuration of the phosphor,
Since this was not reported by most investigators, a com=-
parison of results based on dosimeter configuration could

not be made,



CHAPTER 1V

ABSORBED DOSE

4,1 Heasurement

The measurement of absorbed dose was made by placing a
dosimeter within the material of interest and on the cehtral
axis of the incident photon beam, This dosimeter records in
its sensitive volume the energy deposited by secondary elec-
trons produced by the photon beam, These electrons may be
produced within the dosimeter itself, within the surrounding
material, or outside the material of interest. To correctly
interpret such a measurement complete information is needed
on the origin of all electrons interacting with the dosimeter,
Although many authors have presented a discussion of absorbed
dose, the reader is referred to Johns (1961) for a detailed
presentation,

The absorbed dose at any point in the material of in-~
terest is usually expressed as a percent of the maximum value
of the absorbed dose which occurs along the central axis of
"the incident beam'(ICRﬁ, 1962), A plot of this function is
called the depth-dose distribution and is shown in Figure 10,

Curve A represents the depth-~dose distribution where
only the secondary electrens produced in the material of in-
terest, or within the dosimeter itself, are considered, This
type of distribution is generally obtained when the incident

photon .beam is free of secondary electrons,
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The initial buildup with depth is due to the gradual
establishment of conditions approaching electronic equi-
librium, even though this situation is not actually attained.
Absorbed dose will increase to a maximum at 4, which is at
a depth less than the maximum electron range in the material,
This is due to the range of the electrons being comparable
to the photon range. In these distances, attenuation is
appreciable, Beyond the peak dose, the curve will fall
exponentially due to attenuation of the incident photon beam
in the material,

In practice, however, this distribution is difficult to
attain, The dose-distribution will depend not only on the
inecident photon beam, but also on any secondary electrons
arising from outside the material, Extraneous objects, like
beam defining collimators, filters, etc,, close to the sur-
face of the material will contribute to the production of
these secondary elecirons, They may accompany the incident
photon beam into the material to about the peak dose depth,

Curves B, C, and D result from differnt amounts and
energies of electron contamination of the incident photon
beam, Beyond the depth d, all curves coincide, Thus, a
depth of d or greater was-used for all measurements in this
study, Any measurements taken at depths less than d, will
depend on the individual photon source and experimental de-
sign, and there is no common basis for normalization if re-

sults are to be compared from various installations.
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k.2 cCavity Theory

The measurement of absorbed dose necessitates the inser-
tion of a dosimeter into the medium under investigation. The
dosimeter usually differs in both atomic number and density
from the medium and will therefore_constitute a discontinuity
in the medium. Under these conditions the dosimeter can be
referred to as a cavity.

Cavity theory is concerned with the relationship between
absorbed dose in the medium and absorbed dose in the dosimeter
or cavity, Absorbed dose as measured by the dosimeter is a
function of photon energy and dosimeter size and composition,
To relate this measurement to an absorbed dose in the medium,
the composition of the medium must aléo be considered.

A general cavity theory for X-rays has been derived by
Burlin (1966; 1968; Burlin and Chan, 1967; 1970), VWhere
facts in the discussion of this theory are not referenced,

a through review can be found in these references,
An equation expressing the relationship between absorbed

dose in the medium, Dj, and the absorbed dose in the cavity,

= 1
Dm = — Dc

where £ is the conversion factor between Dm and Dc'
In order to investigate the limits of the conversion fac~
tor, consider an X-ray beam passing through a medium, The

photons interact with electrons, producing ionization, This



L2
occurs in both medium and cavity material,

If the cavity dimensions are large compared with the
electron ranges, the absorbed dose contribution is negligible
from electrons generated within the medium, The electron
spectrum in the cavity will therefore be determined by the
cavity., Absorbed dose within the cavity itself will be in-
dependent of the surrounding material, The absorbed dose
will be proportional to the mass energy absorption coefficient
of the cavity g;énéo)c.

The absorbed dose in the medium will be proportional
to the mass energy absorption coefficient for the medium
g}én%o)m. Absorbed dose in the medium can then be related
to absorbed dose in the cavity through the correction factor
f.

f = 9*3@%9)°
ngoim

Values for mass energy absorption coefficients have been de-

termined by Hubbell (1969) and Evans (1968), This relation-
ship is valid only when the presence of the cavity does not
disturb the photon flux through the medium, If this condition
is not met, a factor must be introduced into the equation to
account for this effect,

On the other hand, if the cavity dimensions are small

compared with the electron ranges, photon interactions gen-

erating clectrons in the cavity are negligible, and the e-

lectron spectrum established in the medium is not disturbed
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by the presence of the cavity. Therefore, the electron spec-
trum within the cavity will be determined by the medium,

To express the ratio between absorbed dose in the medium
and absorbed dose in the cavity, an expression must be deter-
.mined for the electron spectrum developed in the medium by
photon interactions, and the rate at which these electrons
lose energy per unit path length as they traverse the two
materials, This has been expressed as the mass stopping
power ratio for the electrons of the cavity to the medium,

f=_1
S

m
(o]

Values for mass stopping power have been determined by Ber-
ger and Seltzer (1964),

In his general cavity theory Burlin also considers cavity
dimensions comparable with the electron ranges, In this case,
Burlin has developed the theory to account for conditions in-
between the two extremes mentioned earlier,

For an intermediate size cavity, the basic assumptions
for the extreme cases no longer hold, First of all, the e-
lectron spectrum set hp in the medium is now significantly
attenuated across the cavity. The energy distribution of
the spectrum changes little during absorption, and is general-
ly assumed to be constant across the cavity., The electron
spectrum is attenuvated on the average by a factor, d, which

is determined from the following expression,
g _ay -
./c')eﬂ)‘d:-: = _1-eP% =94
jg% ax 8e
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/31is the effective mass absorption coefficient of the elec-
trons in the cavity and g is the average path length of the
electrons in crossing the cavity.

The second assumption violated in this intermediate
case results from photons generating electrons in significant
amounts within the cavity. Since the resulting electron spec-
trum will have the same energy distribution as generated in
the medium, Burlin has shown this to be a corollary of the
previous case, Therefore, the spectrum generated in the
cavity on the average builds up to (1 - d) of its equilibrium

value,
./ég (1 - e®¥)ax = (1 - 4d)
SoE ax

The expression for d is applicable only when the cavity

density is unity. Cavity materials with densities different
than unity can be considered by replacing the effective mass
absorption coefficient with the effective linear absorption

coefficient, The effective linear absorption coefficient is
calculated by multiplying the effective mass absorption co-

efficient by the density of the cavity material, i.e./@/o.

Considering cavity density, Burlin's expression for d beconmes:
Jék e~FP¥ax 1 - e /P8
(28
S ax /3Pe

where p/og is dimensionless.

da =

Almond and McCray (1970) have followed Burlin's cavity -

theory and have arrived at a usable expression for the cor-
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rection factor, f, They considered the partial attenuation
of the electron spectrum from the medium in the cavity and
the partial buildup of the electron spectrum in the cavity
due to photon interactions in the cavity. Their expression

1St

fea—Ll—+(1-a —Lenle
S¢ P

If the cavity is very large, d approaches zero and the
expression reduces to the ratio of mass energy absorption
coefficients, If the cavity is very small, d approaches
unity and the expression becomes the mass stopping power
ratio,

In calculating the factor, d, Almond and lcCray deter-
mined the effective mass absorption coefficientzKS , from
the following expression:

/f?(cmg/gm)==-———le——

E1.11-1-

where E is the maximum energy, in Mev, present in the elec-
tron spectrum,

It is therefore concluded that the correction factor,
f, for the intermediate case be used to establish the ratio
of absorbed dose in the medium to absorbed dose in the
cavity, The built-in weight factor, 4, will correct for
any extreme situations, It should be noted that cavity
configuration is as important as photon energy and atomic

composition of both cavity and medium, The correction
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factor, £, is dependent on all three,
4,3 Calibration Standard

The response of the ferrous sulfate, or Fricke,
dosimeter to ionizing radiation was first described by
Fricke and Morse (1927), Since then, it has been exten-
sively studied and its response has been well established,
This dosimeter is now used for the precision measurement
of absorbed dose,

Recently, much effort has been invested in describing
its response to high energy photons and electrons., As a
result, the ferrous sulfate dosimeter is widely used for
absorbed dose standardization for these radiations,

An up-to-date comprehensive review of chemical do-
simetry has been presented by Spinks and Woods (1964) and
Fricke and Hart (1966); and a thorough discussion can be
found in these references, For the purpose of this study,
hovever, only a brief review of the mechanisms involved
in ferrous sulfate dosimetry will be presented, A sum-
mary of this nature has also been presented by Broszkiewicsz
(1967).

Perrous sulfate dosimetry involves the oxidation of
ferrous ions to ferric ions in a dilute aqueous solution.,
Irradiation of this system gives rise to free radicals
and molecular products, Hydrogen atoms (H), hydroxyl
radicals (OH), hydroperoxy radicals (HO,), and hydrated

electrons (e;q) constitute the free radical group while
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hydrogen (Hz) and hydrogen peroxide (Hzoz) constitute the
molecular product group, Hydrogen atoms and hydroxyl radi-
cals are the active species initially formed by the dis-
sociation of water during irradiation and are located along
the tracks of the ionizing radiations, All other products
are formed during the diffusion of the active products away
from the tracks,

The chemical reactions oxidizing ferrous ions to ferric
ions in a dilute aqueous solution involve the free radicals
and molecules mentioned above, The simplified reactions

proposed for this oxidation are:

+ Ionizing Radiation
H" + OH” ¢— H,0 —> H + CH

+2

Fe “ + OH —=> Fe+3 4+ OH™

H+ 0, —> HO,
Fe*? 4+ HO, —> Fet3 4 HO

-~ +
HO; + H' —> H,0,

+2

Fe'© + H,0, —> Fet3 4+ OH + o~

Each hydrogen atom forms a hydroperoxy radical. which in
turn leads to the oxidation of three ferrous ions, Each
hydroxyl radical oxidizes one ferrous ion whereas each
hydrogen peroxide molecule oxidizes two feryoug ions, The

importance of the hydrated electron in this chemical reaction
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is that it is quickly converted to a hydrogen radical (H)
in acid solution,

The usefulness of this system in dosimetry is that
the chemical change or amount of oxidation caused by ir-
radiation is proportional to the absorbed dose, Therefore,
a determination of the quantity of ferric ions produced
by radiation can be related to absorbed dose, Since the
radiation induced oxidation is irreversible, the concen-
tration of ferric ions can be considered as a permanent
measure of absorbed dose,

The yield for these oxidation reactions is expressed
by a G value, where the value of G (Fe+3) would indicate
the number of ferric ions produced for each 100 ev of
absorbed radiation energy. Unfortunately, this G value is
dependent upon the linear energy transfer of the incident
radiation, An increase in linear energy transfer will
decrease the ferric ion yield, This is because the free
radicals are formed closer together, and due to their high
reactivity, they recombine before they can oxidize ferrous
ions,

The recommended values of G (Fe+3) for the ferrous
sulfate dosimeter are 15,5 for cobalt-60 radiation, 15,6
for X-ray beams from 5 lev to 10 Kev, and 15,7 for X-ray
beams from 11 Mev to 30 lev (ICRU, 1969), The temperature
during irradiation should be between 20°C and 25°C in

order to apply the G (Fe™3) values, The values up to
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10 Mev were derived from a survey of published measurements,
At higher X-ray energies, the observations were too few and
too inconsistent to define the yield factor based on experi-
mental data. It had been predicted that the yield value for
25 Hev X-rays should be about 1% greater than that for
cobalt-60 radiation (Burch, 1959) and it has been observed
that numerous investigations of yield values were constant
at 15,5 for electron radiations between 1 Hev and 30 Mev
(Shalek and Smith, 1969)., Both of these observations indi-
cate that a value of about 15,7 is appropriate for X-ray
beams from 11 lilev to 30 llev,

At effective photon energies between 10 llev and 100
Mev, a yield value of 15,6 has been proposed (Shalek and
Smith, 1969). This value, although not supported by experi-
mental data, was calculated from the gamma ray energy ab-
sorption data of Hubbell (1969), Figure 11 shows a plot
of ferric ion yield as a function of photon energy as re-
viewed by Shalek and Smith (19€9).

The standard solution for dosimetry consists of

0.001 M FeSO, and 0,001 I NaCl in air-saturated 0,8 N H,SO,,

2
In this solution, the ferric ion yield is proportional to
absorbed dose over a limited range. The upper level of

about 4 x 10% rads is set by the oxygen content of the air-
saturated aqueous solution, Above this value, the oxygen
will be completely depleted, This stops the reaction between

hydrogen atoms and oxygen which forms hydroperoxy radicals,
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Stopping the yield of HO, will decrease the ferric ion yield,

The lower level of sensitivity is determined by the
sensitivity of the analytical method used to detect ferric
jon concentration and the presence of impurities in solution,
The oxidation of ferrous ions is very sensitive to the
presence of both organic and inorganic impurities, Inorganic
impurities are less important and their control may be
achieved by distillations of the aqueous solution,

Organic impurities, however, can influence the ferric
ion concentration by reacting with hydrogen atoms and hydroxyl
radicals to form organic radicals, This prevents the
formation of the peroxides and hydroperoxides which initiate
the chain oxidation of ferrous ions, This can reduce the
ferric ion concentration to where it is no longer proportional
to absorbed dose,

The NaCl is added to solution to reduce the effect of
these organic impurities, The chlorine ions react rapidly
with hydroxyl radicals

Cl™ + OH ===>» C1 + OH™
and the chlorine atoms formed, in turn, oxidize ferrous ions,
This reaction is much faster than reactions with organic
molecules,

Impurities may also be contributed by the irradiation
vessel itself, For this reason, the vessels made for this
study were constructed from teflon, which has been found to

contribute negligible impurity devels, As a precaution



52
against organic impurity contamination, the new vessels were
filled with ferrous sulfate solution and then irradiated to
15 megarads before being used for dosimetry purposes,

In the absence of radiation, aerated ferrous sulfate
solutions slowly oxidize, This also affects the lower limit
of dose which can be measured with accuracy. A correction
for this oxidation can be obtained from an unirradiated
sample of the same solution used as a control, A spontaneous
dark oxidation exceeding this value indicates impurities,

The formation of ferric ions is directly proportional
to energy absorbed between these limits as long as some
oxygen remains in solution, Any deviation from propor-
tionality indicates the exhaustion of dissolved oxygen and/or
the presence of impurities, The formation of ferric ions
has also been found to be independent of dose rate between
0.1 and 4,000 rads per second, The yield of ferric ions
is 1little affected by temperature, and usually no correction
is made for irradiations at or near room temperature (Shalek
and Smith, 1969), The positive temperature coefficient at
the time of irradiation is 0,04 i.0.0B percent per degree C
between 0°C and 70°C (Schwarz, 1954),

The ferric ion concentration was measured by direct
spectrophotometric observations, In the dilute stou
solution, practically all of the ferric ions are in the
FeSOﬂ form, This entity has absorption maxima at both

224 nm and 304 nm, Quantitative measurements are usually
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made at the 304 nm peak since spectrophotometric adjustment
is much more critical and impurities have a greater effect
at the shorter wavelength, At the 304 nm wavelength, the
molar extinction coefficient has been very precisely measured
at 2,196 liters mole~! cm™! at 25°C with a positive tem-
perature coefficient of 0,69% per degree C (Scharf and Lee,
1962),

Once the ferric ion concentration has been determined,
- the average absorbed dose in rads in the ferrous sulfate
solution can be determined, Shalek and Smith (1969) have
developed a convenient formula for this calculation, and

their method was used in this study,



CHAPTER V
EXPERIMENTAL DESIGN

5.1 Photon Source

The photon source used for this study was a 70 lev syn-
chrotron manufactured by General Electric Company and operated
by the Department of Radiological Sciences of the University
of Oklahoma Medical Center.

The synchrotron accelerates electrons in a circular
orbit, An increasing magnetic field holds the electrons in
orbit while an alternating electric field applied in syn-
chronism with the orbital period provides the accelerating
force, At the end of the acceleration, the orbit is changed
allowing the electrons to strike a tungsten target, thus pro-
ducing an X-ray beam in the forward direction of the electrons.
A complete description of the mode of operation, and various
features of its design and conétruction has been presented
by Elder et al. (1947).

The energy of this X-ray beam is distributed over a
spectrum, the maximum being determined by the energy of the
electrons, Schiff (1951) has developed a theoretical ap-
proach to determine the X-ray spectra from machines operating
in this energy range. Spectra obtained from Schiff's expres-
sions are tabulated in Handbook 55 (1954),

The electron energy is continuously adjustable from 5

Mev to 70 Mev, Therefore, the synchrotron is capable of gen-

Sk
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erating X-ray beams with maximum spectral edges from 5 Mev
to 70 Mev., Selected spectral edge points have been cali-
brated by Anderson and Swift (1970) with an accuracy of
about 1%,

General Electric has listed the maximum beam intensity
at 300 roentgens per minute at a distance of 1 meter from
the target, and the stray radiation to be less than 1 roent-
gen per hour, Both measurements were evaluated at 70 HMev,
More recent measurements have been made with a Victoreen
Condenser R-Meter and the maximum beam intensity was found
to be 240 roentgens per minute with stray radiation less
than 20 milliroentgens per hour,

The beam angle to half maximum intensity is 2° to 3°
at 70 Mev, The angle varies approximately as the inverse of
Mev, Collimators are available which offer a wide selection
of field sizes and shapes,

The duration of é%e X-ray pulse is in the order of sev-
eral microseconds, The pulse rate of 60 per second is suffi-
cient for steady state detector operation,

5.2 Phantom Design

Since scattered radiation will contribute to the dose
at any point in the medium, the phantom should be suffi-~
ciently large to make negligible the effect of increasing
its size, %o do this, a semi-infinite medium is gener-
ally used, This term means that any change in medium shape

or volume will not affect absorbed dose measurements at the
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point of interest,

Essentially no work has been done on semi-infinite me-~
dium design for absorbed dose measurements above 35 Mev, How-
ever, backscatter measurements above 35 Hev have indicated
that increasing the medium thickness beyond two mean free
path lengths does not significantly affect the measurements
(Crites, 1970), Since the physical size of the medium is of
practical concern, the minimum valve of two mean free path
lengths was the basis for semi-infinite medium design,

Water is recommended as the medium for absorbed dose
measurements (ICRU, 1969) and was used in this study, This
material was chosen because its radiation properties are si-
milar to those of most biological tTissues and it is a mediun
in which much information on absorbed dose has been obtained,

The incident photon beam was collimated to twenty-seven
centimeters in diameter upon entrance into the medium and the
absorbed dose measvrements were made at the peak of the depth-
dose distribution, At 65 Fev, mean free path length for this
energy beam is approximately 50 centimeters, Thus, the phan-
tom design along the central axis of the beam was 110 centi-
meters, This is the minimum length required for semi-infinite
medium design at 65 liev, considering buildup depth and pho-
ton mean free path length,

Scattering material was also needed around the volume of
water through which the, incident beam passes to insure semi-

infinite medium design, Since this material was not within
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the primary beam, its thickness was designed on secondary
electron range, A 65 Mev X-ray beam generates an electron
energy spectrum which has a mean range of approximately 10 cm
in water, This case is analogous to the photon case, and two
electron range lengths would establish a minimum of 20 centi-
meters of scattering material outside the primary beam,

From the previous discussion then, the miniumum medium
design was established to be 110 centimeters along the cen-
tral axis of the incident photon beam and 60 centimeters in
diameter perpendicular to the central axis, A phantom of
these dimensions was constructed of plexiglas for this study,
The side and back walls are 9 mm thick, the bottom surface 1
cm thick, and the front or irradiation surface is 6 mm thick.,

5.3 Ferrous Sulfate Dosimeters

The ferrous sulfate solution used in this study was
prepared by !,D, Anderson Hospital in Houston, Texas, Their
standard solution is composed of 0,001 M FeSO, and 0.001 5
NaCl in 0,8 N stou. High purity chemicals and water were
used in preparing this solution,

Irradiation vessels were constructed of teflon with the
following sensitive volume dimensions: 4,6 cm diameter and
0,6 cm depth, The walls of this disk are 0.1 cm thick, The
sensitive volume holds 10 ml of solution which allowed for
ferric ion determination using a 10 cm absorption cell,
Therefore, dose determinations can be made dovm to several

hundred rads with good precision (Shalek and Smith, 1969).
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The sensitive volume thickness was determined by the
length of the lithium fluoride high sensitivity rods, Both
dosimeter types were irradiated with this dimension parallel
to the central axis of the primary beam so that absorbed en-
ergy would be measured over the same path length, One wall
of the vessel is removable for access to the sensitive volunme,
but forms a water tight seal when in place,

In order to prerare these vessels for dosimetry, they
wvere filled with ferrous sulfate solution and irradiated to
15 megarads to remove any organic impurities originally pres-
ent in the teflon. The vessels were then filled with fresh
ferrous sulfate soluvtion and were ready for use,

After each irradiation, the vessels were returned to
11,D, Anderson Hospital for analysis, The ferric ion concen-
tration was measured on a Beckman DU lodel 2400 spectropho-
tometer using a 10 cm absorption cell and a wavelength of
304 nm, The optical density of irradiated solution was ob-
tained along with the optical density of unirradiated solu-
tion, From this information, the absorbed dose was calcu-

lated by the formula given below (Shalek and Smith, 1969),

. (AL /0)
E = 100 CHK ‘ D -1 on 11 e
mn 1,000M1 + a(t - 25)) €301L nm/3 1o * (/’é'néo)d e

The symbols are defined as followss

E

- absorbed dose in rads
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~1! -
C =1,602 x 101" rad zm ev 1

B!

6,023 X 102'3 molecules mo].e"1
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B = optical density of unirradiated solution
D = optical density of irradiated solution

L = length of the absorption light path in centi-
meters = 10 cm

= molar extinction coefficient for ferric ion in
1iterf mole~! em~1 at 304 nm = 2,196 liters
mole™* em~1 at 25°C for 0,8 H 1i,S0,

€ 304 nm

G = nolecules oi ferric ion formed per 100 ev ab-
sorbed

physical density of dosimeter = 1,024 gm em™3
for 0.8 I 1,50,

RS
e
i

a = fractional inqrease of extinction coefficient
per °C = 0,69% for 0.8 N HZSOu

t = temperature of dosimeter in °C at the absorp-
tion reading

i

£}éh40)m nass energy absorption coefficient of medium
Ljénfo)d = mass energy absorntion coefficient of dosimeter
Therefore, for ferrous sulfate solution prepared in 0,8
N H,S0, and read out in a 10 cm absorption cell, the formula

above reduces to the folloviing:

o h,201 » 105 D - B 40/
B ® TT ¥ 0,0069 (% = 25) % 10C X CAL 7] rads

‘This relationship is valid only when electronic equilib-
fium has been established, ' Phis condition can generally be
assumed at energies below 0,6 liev where the measure of ab-
sorbed dose is due almost entirely to electrons generated
within the dosimeter volume, A{ higher enersies, ‘electrons
originating in the buildup material enter the dosimeter vol-
unie and contribute to absorhbed dose, Corrections for this

condition have been discussed in scction 4,2 and must be con-
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sidered for this calculation,

5.4 Dosimeter Placement

To best compare dose measurements from lithium fluoride
and ferrous sulfate dosimeters, the dosimeters should be ir-
radiated under identical conditions, This is best accomp-
lished by simultaneous irradiation to eliminate placement
errors and variance in the photon beam,

But for simultancous irradiation, both dosimeters should
be referenced to the same volume within the medium, This is
necessary because dose rate not only varies with depth in the
phantom, but a2lso across the primary bean,

An irradiation technique has been developed for simul-
taneous irradiation, Two ferrous sulfate dosimeters were
placed equidistant from the center in a circular plexiglas
disk, These are shown in Figure 12, The disk was positioned
perpendicular to and centered on the incident primary beam,
During irradiation the disk was rotated about the central
axis, In this way, both dosimeters received the same dose
regardless of dose rate or angular distribution of the beam,

The 1ithium fluoride dosimeters were posifioned in the
same way, Fifty lithium fluoride dosimeters were arranged in
two 5 x 5 matrices as shown in Figure 12, The side dimension
of each.matrix was the same as the diameter of the ferrous
sulfate dosimeter sensitive volume, fThese matrices were cen-
tertd at the same distance from the point of rotation as the

ferrous suvlfate dosimeters,
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The matrix in the upper left-hand portion of the plexi-
glas disk in Figure 12 shows the placement of the lithium
fluoride dosimeters, One dosimeter is centered in each sguare
with the 6 mm dimensions parallel to the central axis of the
primary beam, The thermoluminescent response of each dosi-
meter represents the average absorbed dose within its square,
Thus, the thermoluminescent response of all 25 dosimeters
represents the total absorbed dose within the 5 x 5 matrix,

But the thermoluminescent response within a volume the
same shape and size of the ferrous sulfate sensitive volume
vas needed for comparison, To accomplish this, a circle wiih
dimensions ecual to the sensitive volume of the ferrous sul-
fate dosimeter was inscribed within the matrix, Each dosi-
meter reading was corrected for the percent of each square
lying within the circle, These correction factors were de-
termined using a planimeter and are as follows: sguares num-
bered 1, 13,25%; squares numbered 2, 77.,25%; squares numbered
3, 98,25%, All other squares were taken as 1007, The cor-
rected thermoluminescent response represents the total ab-
sorbed dose within a.volume equal to the sensitive volume of
the ferrous sulfate dosimeter,

5.5 Irradiation Technioue

Lithium fluoride thermoluminescent dosimetry finds its
greatest application in the medical fTield where il is used
to measure therapeuvutic doses in biological materials, Sev-

eral hundred rads is representative of therapeutic doses,
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It is in this dose range, then, that the thermoluminescent
response of lithium fluoride should be established.

The exact dose level to be investigated was established
by the sensitivity of the ferrous sulfate dosimeter, It vas
stated in a previous chapter that with proper precautions,
doses can be measured below 400 rads with good precision,

This study used the currently acceptable method of ferrous
sulfate dosimetry in order to approach this sensitivity.
Therefore, 400 rads was selected as the dose level for this
study,

It is generally accepted that the dose-~-response relation-
ship is linear up to about 103 rads, Thus, any small vari-
ation in dose levels around 400 rads will have no effect on
a response per rad relationship,

Photon energies of 35 liev, 50 liev, and 65 liev were selec-
ted for this study., The current information on the thermolumi-
nescent response of lithium fluoride covers electron energies
to 35 Fev and X-ray energies to 22 Mev, Sixty-five HMev gives
a peak dose at about the maximum depth used in therapy, The
35 Mev point was chosen to be a link between the 65 Mev point
and existing data, The point at 50 llev was selected to deter-
mine the linearity of the energy-response relationship

Since this study involved a comparison between the en-
ergy absorbed in lithium fluoride and the energy absorbed in
the medium which the dosimeter material displaces (measured

by the ferrous sulfate dosimeter), the depth at which these
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measurements vere made is not critical, Both 1ithium fluor-
ide and ferrous sulfate give a measure of absorbed energy,
and the ratio of these values is practically constant over
the depth-dose distribution,

But for consistency with.other published data and con-
sidering the depth in matter at which absorbed energy is of
interest to the radiotherapist, all measurements of absorbed
energy were made at the peak of the depth-dose distribution
for the photon energy under consideration, The plexiglas
disk containing two ferrous sulfate dosimeters and two sets
of 1lithium fluoride dosimeters were positioned at this depth
and rotated slowly while being irradiated, Thus, both do-
simetry systems were exposed under identical conditions and
can be compared,

Since the measurements were made within water, it was
important for the water not to come in contact with the sen-
sitive volume of either dosimetry system, The ferrous sul-
fate solution was contained within a water tight vessel, so
there was no interaction between solution and water. The
lithium fluoride dosimeters, however, were placed in holes
drilled in the plexiglas disk and measures had to be taken
so they would not get wet, The solubility of lithium fluor~
ide is 0,27 grams per 100 ml of water, and vater greatly af-
fects thermoluminescent response (llarshaw Chemical Company,
1971), A thin film of plastic was placed over the surface

of the plexiglas disk in order to keep water off both the
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lithium fluoride and the ferrous sulfate dosimeters during

irradiation,



CHAPTER VI
EXPERIMENTAL TESTS AND METHODS

6.1 Effect of Phantom Size on Dose

An investigation was made to determine if the water
phantom described in section 5.2 acted as a semi-infinite
medium, If this condition was not satisfied, a change in
the phantom size would affect dose measurements.

A Victoreen 100R high energy ion chamber was placed at
a depth of 10 em in the water phantom. This position is
approximately the peak of the depth-dose distribution for a
65 liev X-ray beam .(Adams and Paluch, 1965),

Exposure was integrated to a reading of 67.6 roentgens
on the ion chamber, This measurement was repeated with an
additional 30 cm of water placed behind the phantom and
again with an additional 30 cm of water placed beside the
phantom, The ion chamber readings from these measurements
were 67.3 roentgens and 67.5 roentgens respectively, The .
differences between these readings were less than 1%, Since
the precision of ion chamber measurements is considered to be
1 or 2% (Johns, 1961), there was no detectable difference
between these three measurements, It was therefore concluded
that the phantom was a semi~infinite medium for photon en-
~ergies up.to 65 Mev,

It was not necessary to convert these exposure measure-
ments to absorbed dose in water because the ratioc of exposure

66
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measurements are the same as absorbed dose ratios at any

given energy level, (Hospital Physicists' Association, 1969).

6,2 Effect of Phantom Material on Dose

An exposure measurement was again made in the water
phantom at a depth of 10 cm using a 65 Mev X-ray beam, This
was compared with a measurement made under the same conditions
but with an additional 9 mm plexiglas sheet added to the in-
side of the front surface, The ion chamber readings were
33.8 roentgens and 33.7 roentgens respectively. Considering
the precision of ion chamber measurements (see section 6.1),
these measurements are not significantly different, It was
concluded that the & mm plexiglas front surface does not sig-
nificantly affect exposure measurements in water, lMeasure~
ments made in this phantom are the same as if the entire
buildup material consisted of water,

For structural purposes, a front surface of less than
6 mm could not be used, Water pressure caused considerable
deviations from flatness when thinner materials were used,
6.3 Depth-Dose Distribution

The Victoreen 100R high energy ion chamber was used to
make relativq,deptpedose measurements at 35 Mev, 50 Mev, and
65 Mev, At éach energy, a measurement was made at a depth
of 2 cm from the front surface of the phantom, Readings were
then made at increasing distances until a maximum dose was
reached, This increase in dose is due to the gradual buvildup

of the electron spectrum in the phantom. Beyond the peak
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reading, additional measurements were made at several points
through the phantom to establish the exponential fall-off of
dose due to attenuation of the primary beam,

The relative depth-dose distributions in water for 35
Mev, 50 Mev, and 65 Mev photon beams are shovn in Figure 13,
The maximum dose occurs at 6 cm, 7 cm, and 9 cm, respectively.
These curves are plotted as a percent of the maximum value,

All measurements were made at the point of maximum dose,
which is constant over several centimeters length, Therefore,
absorbed dose will be nearly constant through the entire
sensitive volume of both the lithium fluoride and ferrous

sulfate dosimeters,

6.4 Calibration of Ferrous Sulfate Dosimeters

A group of nine ferrous sulfate vessels were filled
with a standard solution by 1M,D, Anderson Hospital and re-
turned for irradiation, Three were irradiated to 400 rads,
four to 1,000 rads, and one to 4,000 rads. One dosimeter o
was unirradiated and was used as background, The irradiation
source was cobalt-60 with a dose rate of 45,7 rads/minute,
. This wés‘determined by a-Victoreen 100R high energy ion cham;
ber along with the appropriate roentgen to rad conversion
factor, backscatter factor and percent depth~dose factor from
Johns (1961), After irradiation, the nine dosimeters were
returned to M,D, Anderson Hospital for dose determination,
The mean values of the readouts at the three dose levels

are presented in Figure 14, It can be seen that absorbed
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dose as measured by ferrous sulfate dosimeters is a linearily
increasing function between 400 rads and 1,000 rads., An
extrapolation of this curve passes through the origin which
indicates that impurities are not present in amounts suffi-
cient to affect ferric ion concentration,

Since optical density is proportional to absorbed dose,
the slope of the curve represents the dose rate as measured
by these dosimeters, The dose rate was calculated from the
expression in section 5.3 by using the slope in place of
(D - B) in the equation, This calculation showed a dose
rate of 45,9 rads/minute, There is less than 0,5% differ-
ence between this value and the true dose rate, This dif-
ference is well within the overall experimental error of
this study: therefore, ferrous sulfate dosimetry was used
to give a measure of the true absorbed dose in the phantom
at the 400 rad dose range., The standard deviation associ-
ated with the point at 400 rads is 4% of the mean, This
could not be shown in Figure 14 due to the large scale,

Nine ferrous sulfate dosimeters were again prepared by
M.D, Anderson Hospital and returned for use, They were held
for two veeks and then mailed back to M,D, Anderson for dose
determination, This was done to establish the background
levels associated with mailed dosimeters, The mean response
of these dosimeters was equivalent to a dose of less than 10
rads vhen compared to the response of freshly prepared ferrous

sulfate solution, This value is small when compared to an
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irradiation dose of 400 rads, An unirradiated dosimeter was
read out with each group of irradiated dosimeters to account
for the background dose,

6.5 Calibration of Lithium Fluoride TLD-700 Dosimeters

Thermoluminescent dosimetry is not a system of absolute
dosimetry since it measures only relative response., HKeaning-
ful interpretation can only be made through a comparison of
thermoluminescent response to a known dose, The best way to
calibrate this dosimetry system is to expose the dosimeters
t0 a dose which has been determined by an absolute technique,
In this way, a calibration factor can be obtained to accurat-
ely convert thermoluminescent response to absorbed dose,

The accuracy of a particular dose measurement is defined
as the difference between the measured dose and the true dose,
The two most important components of this difference are as-
sociated with the calibration factor and the non-linearity
of dosimeter response to parameters like energy, dose-rate,
and total dose, Since all parameters except energy were ac-
counted for during this‘study, the difference between measured
dose and true dose can be attributed to energy dependence,

The precision of the thermoluminescent dosimetry system
refers to the variation in thermoluminescent response among
dosimeters exposed to the same dose., This is expressed as
the standard deviation in such a series of measurements, Two
components of this variation are sensitivity variation, which

is proportional to dose, and background variation, which is
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independent of dose,

Background variation determines the minimum dose that
can be measured and is generally constant. This variation
is of consequence only when small doses are measured, Sen-
sitivity variation, however, is affected by parameters like
size of dosimeter, optical density of the dosimeter, and
thermal annealing effects., The parameters for a given batch
of dosimeters are fixed and precision can be determined by
measuriﬁg the thermoluminescent response of each dosimeter
exposed to the same dose, Thermal annealing effects can
be controlled as explained later in this section,

Initially a batch of 100 lithium fluoride TLD-700 high
sensitivity rods was selected for this study, The entire
batch was irradiated to 400 rads of cobalt-60 gamma rays.

The standard deviation of the readouts was 11% of the mean,
From this batch, the 75 dosimeters whose response was closest
to the mean were selected., Recalculation of the statistics
for this group showed a standard deviation of 3,6%# of the
mean, This is within the range of 4% quoted by Harshaw
Chemical Company,

Since thermoluminescent response is directly proportional
to dosimeter size, it was decided to compare the statistics
on dosimeter weight with the statistics on response given
above, Each dosimeter in the initial batch of 100 was weighed,
The mean weight was 15,5 mg and the standard deviation of

these weights was 11% of the mean, Recalculations of the
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statistics for the group of 75 dosimeters selected above
showed a mean of 16,0 mg and a standard deviation of 2,7%
of the mean, Therefore, there is close agreement between
dosimeter size and thermoluminescent respcnse., The group
of 75 dosimeters selected above were used in this study,

The relative magnitude of the glow curve peaks after
irradiation is highly dependent on pre-irradiation heat
treatment, The pre-~irradiation annealing procedure adopted
for this study was that proposed by Cameron et al,, (1964),
Their standard procedure begins by annealing the dosimeters
for one hour at 400°C+25°C in a pre~-heated oven, This emp-
ties all traps in the phosphor, The dosimeters are then
cooled to 80°C in 10 to 20 minutes (Zimmerman et al., 1966),
After cooling, the dosimeters are annealed for 24 hours at
80°C+2°C in a pre-heated oven, This anneal arranges the
distribution of traps within the crystal so the main dosime-
ter peak at 190°C predominates, and makes the contribution
from the low temperature peaks as small as possible, At
the end of this anneal they are cooled to room temperature
and are ready for use,

With this procedure, the low temperature peaks contribute
only a few percent to the total thermoluminescence, Even this
can be reduced by waiting at least 10 minutes after irradiation
for readout to allow these effects to decay out, Additionally,
a 140°C pre-heat anneal was used during the readout cycle to
further reduce these effects (Eberline Instrument Company,

1969).
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This standard procedure was used before each irradiation,
It was followed as closely as possible so the dosimeter trap-
ping characteristics would be the same for each irradiation,
This procedure will restore the trapping characteristics to
as near as possible to those originally present.

But even with this annealing procedure it can not be
assumed that the calibration factor will be the same for
every irradiation. In fact, sensitivity within the same
batch of dosimeters has varied as much as 35% between ir-
radiations (Beck et al,, 1968), The response of each do-
simeter with respect to the mean response of the batch
changed by approximately the same percent between irradiations,

To determine a calibration factor for each irradiation,
the following technique was used,

1, Anneal all 75 dosimeters by the stand-
ard procedure,

2, Take a random sample of 25 dosimeters
from the batch and irradiate to a knowvn
dose of about 400 rads, Read these do-
simeters and determine a mean thermo-
luminescent response per rad calibra-

tion factor,

3. Use the calibration factor in step 2
to normalize the readouts of the re-
maining 50 dosimeters used in this
study,

In order to establish a background for undosed lithium
fluoride, 25 dosimeters were irradiated to about 400 rads by
cobalt-60 gamma rays, They were then annealed by the stand-
ard procedure and read out, The mean of the readings was

equivalent to 200 mrads, This procedure was repeated
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but with 0,5 liters per minute of nitrogen gas flowing through
the heater pan, The mean of the readings was reduced to less
than 100 mrads, This was considered to be insignificant when
compared to the dose level of 400 rads used in this study,

The background using nitrogen gas was again determined
at the end of this study and it did not differ from the re-
sults above, For this reason, it was not necessary to make
background corrections. Nitrogen gas was used during the
entire study to minimize background,

To investigate the effect of total dose on thermolumines-
cent response, the 75 dosimeters were divided into 15 groups
of 5 dosimeters each, Each group was irradiated to a differ-
ent dose level between 100 rads and 1,000 rads., A plot of
the mean response of each group is shown in Figure 15, The
standard deviation of each mean could not be plotted due to
the large scale, The average standard deviation, however,
was 2.2% of the mean; the smallest being 0,7% at 500 rads
and the largest being 3,4% at 750 rads,

The relationship between thermoluminescent response and
absorbed dose is linear up to 550 rads., The line of linear-
ity is within one standard deviation of every mean in the dose
range between 100 rads and 550 rads, Above 550 rads, ther-
moluminescent response increases faster than proportionally
to absorbed dose, that is it becomes supralinear, During the

course of this study no measurements were made in the supra-

linear region,
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Figure 15, Dose-Response Curve of Lithium Fluoride
TLD-700,




78
6.6 Response of Lithium Fluoride to Mixed Radiation Field

An approximate determination of the neutron and photon
components in a mixed radiation field can be made by irra-
diating TLD-100 in combination with TLD-700, The TLD-700
gives essentially the photon component which can be used to
correct the reading of the other phosphor to obtain thermal
neutron response.

Any attempt to determine the neutron contribution to
the total response of TLD-700 in a mixed field becomes a
complex problem. Two major complications arise: one, the
glow curve produced by neutrons is slightly different from
that produced by photons; and two, TLD-100 and TLD-700 re-
spond differently to photon irradiation,

Reddy et al, (1969) have developed a technique for meas-
uring both neutron and photon components in a mixed field,
They determined the ratio between neutron and photon glow
curve peak heights., From this analysis, it was determined
that the thermoluminescent response of TLD-700 to 400 rads
of cobalt-60 gamma rays was equivalent to a thermal neutron

flux of about 5 x 101t n/bmz. Equivalent photon-neutron

doses were not determined for neutron flux below 1011 n cmz.
So, from this information, a neutron flux considered to be
insignificant compared to a 400 rad photon dose could not be
determined,

Mason (1970) has established that the ratio of thermal

neutron flux rate to photon dose rate is the critical factor
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in determining whether or not the neutron component contrib-
utes significantly to the thermoluminescent response of
Type 7 lithium fluoride., His calculations show that Type 7
is insensitive to thermal neutrons in a mixed field for which
g/R < 10“, where @ is the thermal neutron flux rate (n/cm®
" sec) and R is the photon dose rate (mrad/sec).

The maximum dose rate obtained under the conditions of
this study was approximately 10 rads/minute, This was the
average dose rate across the dosimeter volumes, The central
axis dose rate was approximately ten times this value,

Using the £/R ratio of Mason, Type 7 lithium fluoride
will be insensitive to a thermal neutron flux rate of less
than 106n/bm2sec in a mixed field containing a photon dose
rate of 10 rads/minute, The maximum thermal neutron flux
rate resulting from the photoneutron reaction is in the
range 102 to loun/bmzsec (Adams and Paluch, 1965), This
was measured along the central axis of a 70 Mev X-ray beamn,
A smaller flux rate would be expected at the dosimeter
location, Therefore, the thermal neutron flux rate at the
dosimeter location is several orders of magnitude less than
the minimum detectable value of 1O6n/bmzsec obtained from
Mason's work,

Since lithium fluoride Type 7 is isotopically similar
to lithium fluoride TLD-700, a similar response would be
expected from the TLD-700 material, Therefore, the thermo-

luminescent response of lithium fluoride TLD-700 in this
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study was a measure of only the photon component in the
mixed field.

In order to justify this conclusion, 25 TLD-700 dosime-
ters and 25 TLD-100 dosimeters were irradiated simultaneously
to approximately 400 rads by a 65 Mev photon beam, This
energy was selected since photoneutron yield increases with
increasing energy. The mean of each group was calculated
and the ratio of TLD-700 response to TLD-100 response was
0.81, This procedure was repeated with cobalt-60 gamma ir-
radiation and the ratio of TLD-700 response to TLD-100 re-
sponse vas again 0,81,

Since TLD-100 contains 7.5% lithium-6 and TLD-700 con-
tains only 0,0077% lithium-6, a smaller TLD-700 response to
TLD-100 response ratio would be expected if there was a sig-
nificant neutron component in the mixed field, Since this
was not the case, both TLD-100 and TLD-700 lithium fluoride
response was due solely to the photon component,

No attempt was made to measure the thermoluminescent
response to the fast neutron component in the mixed field,
The following argument is justification for neglecting this
component,

An approximation for the neutron energy distribution in
water assumes the high energy tail has an g-1 energy depen-
dence (Adams and Paluch, 1965), Therefore, the fast neutron
flux rate should be less than the maximum thermal neutron

flux rate of 10un/cmzsec. For an average run time of 40
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minutes to accumulate 400 rads operating at 65 Mev, the
thermal neutron flux would be less than 108n cmz. Assunming
the fast neutron flux is less than the thermal neutron flux,
the dose contribution from fast neutrons is less than 1 rad
in a mixed field whose photon component is 400 rads, This
is based on the thermoluminescence from either TLD-100 or
TLD-700 exposed to 108 fast neutrons/cm2 being less than
when exposed to one roentgen of photon irradiation (see
section 3.7). One rad is considered insignificant when com-

pared to the photon component of 400 rads,

6.7 Experimental Techniaue

The centerline of the water phantom was positioned on
beam center with a target to front surface distance of 150
cm, Alignment was obtained visually by placing cross hairs
in the center of the beam port and at beam center on the
primary barrier,

The primary beam was measured by photographic film to
be 27 cm in diameter at the front surface of the phantom,
The film also confirmed that the phantom was properly aligned
on the bean, '

The plexiglas disk which held the 2 ferrous sulfate
dosimeters and 50 lithium fluoride dosimeters was mounted
on a plexiglas shaft and suspended from the top of the phan-
tom by 2 plexiglas arm brackets, These hold the shaft on
the centerline of the incident photon beam -and allow the

disk to rotate freely about the centerline, This entire
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assembly could be positioned at any point along the length
of the phantom allowing the disk to be positioned at any
depth from the front surface. Rotation was powered by a DC
motor mounted on top of the arm bracket mount, The motor
shaft was connected to the disk by means of an O-ring, Ro-
tation speed was set at 1 revolution every 4 seconds, This
setup is shown in Figure 16,

A plexiglas cylinder extending from the top of the phan-~
tom down through the centerline of the incident photon beam
was used to hold a 100R high energy Victoreen ion chamber
with its sensitive volume centered in the beam, A plug was
put in the bottom end to make the cylinder water tight, It
was positioned in the rear of the phantom, 100 cm from the
front surface, The ion chamber could be removed from the
cylinder for readout. This chamber was used to measure
integrated exposure and is showvn in Figure 16,

The relationship between ion chamber exposure and the
average absorbed dose to the ferrous sulfate dosimeters was
established at 35 Mev, 50 llev, and 65 Mev, With a monitor
on the integrated exposure, dose levels of approximately
00 rads to the ferrous sulfate dosimeters were easy to
obtain,

Fifty lithium fluoride TLD-700 dosimeters were selected
at random from the batch of 75 and placed in the plexiglas
disk, Each matrix contained 25 dosimeters, A layer of thin

plastic tape was placed over the disk surface to prevent
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Figure 16, Experimental Setup Showing Syn-
chrotron Irradiation Port, Vater Phantom, and
Dosimeter Mount,
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water from reaching the dosimeters. Two ferrous sulfate
désimeters were placed in the disk and taped into place, The
disk was then mounted into the arm brackets and the entire
assembly placed in the water phantom. The distance from
the front surface of the phantom to the center of the disk
was adjusted to the depth of maximum dose for the energy
under consideration, The ion chamber was charged and placed
in the rear of the phantom, The setup was then ready to be
irradiated at the energy under consideration,

After irradiation, all dosimeters were removed from the
disk and prepared for readout, The two ferrous sulfate do-
simeters along with a blank were sent to M,D, Anderson Hos-
pital for readout, Once the ferric ion concentration and
temperature of readout had been determined, absorbed dose in
water was calculated by the method outlined in section 5,3,

Readout of the first matrix of 25 dosimeters was done
in the order as shown in Figure 17, It was necessary to
keep track of the position of each dosimeter so the appro-
priate square to circle correction factor could be applied
(see section 5.4t), Each dosimeter reading was multiplied
by the appropriate square to circle correction factor to
obtain the portion of thermoluminescent response lying in-
side a volume equal to the sensitive volume of the ferrous
sulfate dosimeter,

The individual corrected values were summed over the

matrix and divided by 19,64, which is the area of the circle
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inscribed inside the 25 square unit matrix. This gives an
average thermoluminescent response per dosimeter within a
volume corresponding to that of the ferrous sulfate dosime-
ter sensitive volume, This readout procedure was repeated
on the other matrix and the two values averaged,

The doses calculated from both ferrous sulfate readouts
were averaged, This value was used to normalize the average
thermoluminescent response {0 obtain a response per rad for
the energy under consideration,

In order to establish a calibration factor, the re-
maining 25 lithium fluoride TLD-700 dosimeters were irradia=-
ted to 400 rads by cobalt-60 gamma rays. Calibration of the
cobalt-60 source, in terms of rads in water, was done by
means of a 100R high energy Victoreen ion chamber with a
National bureau of Standards derived cobalt~-60 gamma ray
correction factor, and by applying the appropriate roentgen
to rad conversion factor, backscatter factor, and percent
depth-dose factor from Johns (1961),

The total thermoluminescent response of all dosimeters
was divided by 25 to give the average fésponse per dosimeter,
Normalizing this value to 400 rads in water establishes the
calibration factor (response per rad) for the other 50 dosime-
ters irradiated by high energy photons,

The response per rad to high energy photons was then
divided by the response per rad to cobalt-60 gamma rays,

This gives a response relative to cobalt-60 and allows for
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the detection of a difference in response between cobalt-60
and high energy photons,
This entire procedure was run 5 times at each of the
following energies: 35 Mev, 50 lHev, and 65 llev, Between
each run, the standard annealing cycle was used, A sanmple

calculation for one run at one energy is shown in Appendix

A,



CHAPTER VII
RESULTS AND CONCLUSIONS

7.1 HMeasured Thermoluminescent Response

The measured values of the thermoluminescent response
per rad normalized to cobalt-60 gamma rays are shown in
Table 2, Each value represents an average for one run;
that is, an average thermoluminescent .response of the two
matrices of 25 TLD-700 dosimeters each divided by the aver-
age absorbed dose of the two ferrous sulfate dosimeters and
normalized by the thermoluminescent response per rad for
cobalt-60 gamma rays.,

The mean value X was calculated by summing the indi-
vidual values X; and dividing by the number of values, n,
i.e,

— in
X n

The standard deviation of the mean was calculated from the
expression

S_="""'""'§""'"'"'

X \/n

where S is the standard deviation of the individual values,

i,e, —
> x5 - nX?

n-1

The mean and standard deviation have been plotted in
Figure 18 along with the corresponding calculated values
from the next section for cobalt-60 gamma rays and 35 llev,

88
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Table 2, Measured Thermoluminescent Response of Lithium
Fluoride TLD-700 High Sensitivity Rods to High Energy Pho-
tons Relative to Cobalt-60 Gamma Rays,

Energy Thermoluminescent Mean Standard
Response per Rad Deviation

- of HNean
(Mev) (normalized to cobalt-60) (X) (s_)
X

35 0,918 0.899 0.007
0,912
0,882
0,891
0.893

50 0,880 0.907 0.009
0.908
0,930
0,896
0.922

65 0.898 0,907 0.011
0,9k
0.893
0.919
0.879
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50 Mev, and 65 Mev photons. The dotted line represents the
mean of the measured responses at the three high energy pho-
ton levels,

7.2 Calculated Thermoluminescent Response

The expected thermoluminescent response wias calculated
using the general cavity theory derived by Burlin (1966;
1968; Burlin and Chan, 1967) and extended to include high
energy electrons and X-rays by Almond and licCray (1970).
This theory was developed in section 4,2,

The ratio of absorbed dose in the lithium fluoride do-
simeter to the absorbed dose in the water medium is given

by the relationship:
£ = _DLiF

DH,0
The thermoluminescent response to high energy photons rela-
tive to the thermoluminescent response to covbalt-60 gamma

rays is given by f,. in the following expression:

-
¢ - __ Photons (Op#/PHy0)pn0tons
r
fco-60 (Pp,37/P41,0)c0-60

From the theory developed in section 4,2, the f for both
high energy photons and cobalt~60 is calculated from the
following expression:

f=d—-—1-—-—-+(1-d) %néo)kif

Ho0

SLiF Sléhéznﬂzo
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Some general assumptions were made in calculating d.
The mean free path across the dosimeter, g, was taken as
6 mm, This length was positioned parallel to the incident
radiation, Using this value for g assumes that only the
primary radiation contributes to absorbed dose, There is,
however, a small contribution from secondary radiation,

This value is an over estimate for the mean free path across
the dosimeter which, in effect, under estimates d, But, 4
will only increase by about 1% using a g value of 5 mm, sO
the original value of 6 mm was used, Also, the expression
to calculate ,6 vas for beta rays in aluminum, This expres-
sion was used because the density of lithium fluoride is close
to the density of aluminum, and no emperical expression was
available for lithium fluoride, /63, however, is not greatly
affected by density so the expression for aluminum should be
good to a first approximation for lithium fluoride. In spite
of these assumptions, the calculated values of d do show an
increase with increasing energy. This was the expected
response,

The mass energy absorption coefficients were taken from
Hubbell (1969) and from Evans (1968), They were evaluated
from the coefficients,#énéiﬁ for the constituent elements
and weighted proportionally according to the weight of the
izh constituent, The mass stopping powers were obtained

from Berger and Seltzer (1964),

Both the mass energy absorption coefficients and mass
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stopping powvers were determined at the mean secondary elec-
tron energy, which was assumed to be one-third of the maxi-
mum photon energy (Johns, 1961),. .The exact mean electron
energy is not critical since the ratio of absorption coef-
ficients and the ratio of stopping powers are used in cal-
culating £, These ratios are fairly constant over the en-
tire energy range under consideration,

The calculated values for f., are shown in Table 3,
These values have also been plotted in Figure 18 to show
the comparison between calculated and measured response.

7.3 Conclusions

The results of the experimental measurements normalized
to cobalt-60 gamma rays show a 107 decrease in thermolumines-
cent response from cobalt-60 gamma rays to high energy pho-
tons, There was, however, no difference among the responses
at the three high energy photon levels to within approximately
1%. The mean of the responses at 35 liev, 50 Hev, and 65 lev
falls well within one standard deviation of each individual
value,

Cavity theory predicts the 10% decrease in thermolumi-
nescent response from cobalt-60 gamma rays to high energy
photons, But the theoretical approach also predicts a 2%
decrease in sensitivity from 35 Mev to 65 llev, The calculated
value at 35 llev falls within one standard deviation of the
measured value; but at 65 llev, the calculated value is ap-

_proxinately two standard deviations below the measured value,
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Table 3, Calculated Thermoluminescent Resvonse of Lithium
Fluoride 7LD-700 Hizh Sensitivity Rouds to Hish Energy Pho-~
tons Relative to Cobalt-60 Gamma Rays,

Radiation Thermol vminescent
Response ver Rad
(normalized to cobalt-60)

35 Mev Photons 0.901

50 Mev Photong R 0, 887

65 lev Photons 0, 880
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A possible explanation for the decrease in calculated
values with increasing photon energy lies in the dosimeter
configuration, If the dosimeter dimension is small compared
with the electron ranges, the value of d approaches 1 for
both cobalt-60 gamma rays and high energy photons, Since
the mass stopping power ratio of lithium fluoride to water
is relatively constant through this energy range, no decrease
in response with energy would be found,

This was verified by cavity theory calculations for a
1 mm thick dosimeter, The calculated sensitivities relative
to cobalt-60 gamma rays for 35 liev and 65 lev X-ray beams
vere 0,891 .and 0,889 respectively, Thus, a 1 mm thick do-
simeter will show approximately a 10% decrease in sensitivity
from cobalt~-60 gamma rays to 35 liev X-rays but no further
decrease up to 65 llev,

Since the measured responses from 35 Hev to 65 Mev act
as though the dosimeter dimension is small compared with the
electron ranges, the assumed value of g (6 mm) in calculating
d could have been an overestimate, By assuming a smaller
value of g, a 10% decrease in sensitivity from cobalt-60
gamma rays to 35 lev X-rgyg_gould bg vredicted with no fur-
ther decrease with increasing energy up to 65 HMev, But no
expression was available to give a better estimate of g,
Thus, the physical dimension of the dosimeter was used in

the thkeoretical calculation.

Agreement between measured and calculated values is good
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considering the assumptions made in the theoretical approach,
But if cavity theory is to be used to predict thermolumines-
cent response to high energy radiations with precision of
less than a few percent, additional work needs to be done

in refining the assumptions made in the theoretical approach,



CHAFTER VIII
SUMIIARY

Most recent investigators have found a ten percent de=-
crease in thermoluminescent response per rad for lithium
fluoride from cobalt=-60 gamnma rays to electrons and X~rays
up to 35 Liev, This decrcase was predicted from cavity
theory calculations, This study confirmed the ten percent
decreacse in resgponce using lithium fluoride TLD-700 hizh
sensitivity rods in the 35 liev to 65 liev X-ray energy range,

A few of the investizators cbserved a decrease in re-
sponse with increasing electron or X-ray cnergy, and this
decreace was faster than predicted from cavity theory cal-
culations, In this study, however, no difference was ob-
served between the measured thermoluminescent responses
at 35 licv, 50 llev, or 65 liev, Cavity theory predicted
approximately a one percent decrease in response over this
encrgy range, but considering the apprroximations used in
this calculation, the predicted response can be assuncd
‘to be flat,

In radiation dosimetry, thermoluminescent dosimeters
are usuaily calibrated with cobalt~C0 in order to make dose
determinations at different energies, This study has ex-

tended the usefulness of this procedure to 65 liev,
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APPENDIX A

SAMPLE CALCULATION OF THE THERMOLUMINESCENT RESPONSE PER RAD

FOR HIGH ENERGY PHOTONS RELATIVE TO COBALT-60 GANMA RAYS

Table 5 gives an example of the method used to deter-
mine the thermoluminescent response per rad for high energy
photons relative to cobalt-60 gamma rays, The third run at

65 Mev will be used to illustrate this calculation.
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L, viorksheet for Calculating the Thermoluminescent
Response per Rad Relative to Cobalt-60 Gamma Rays for the
Third Run at 65 lev,

65 Liev Photons
Thermoluminescent Square Corrected
Response to Thermoluminescent
Circle ’ Response
Correction

Position|iatrix 1 | llatrix 2 Factor Fiatrix 1 | Matrix 2
1 2752 2719 0.1325 365 360
2 2627 2516 0.7725 2029 194k
3 2956 2929 0,7725% 2284 2263
L 2894 2944 0,9825 2843 2892
5 29136 3090 1,0000 2936 309.0
6 3111 3009 0.9825 3057 2956
7 3431 3331 0.7725 2650 2573
8 3391 3500 1,0000 3391 3500
9 3084 3546 1,0000 3084 3546
10 3469 2817 0.7725 2680 2176
11 3348 3637 0,1325 bl Lg2
12 3742 3433 1,0000 37h2 3433
13 Lils 3624 1,0000 Lils 3624
1k 3453 3572 1,0000 3453 3572
15 3478 3312 0.1325 k61 L39
16 3654 166 0.7725 2823 3218
17 1063 Lo6s 1,0000 L4063 Lo65
18 h203 3661 1,0000 L1203 3661
19 3883 3785 0,7725 3000 2921
20 5005 h577 0,9825 k957 kho7
21 353 1,329 11,0000 11353 1,829
22 1381 hlyg7 0,9825 Lok Lbig
2 5134 5121 0,7725 3966 3964
2h 4980 910 0,7725 38L7 3793
25 5711 6421 0,1325 757 851
Totals 19,64 73835 73270

Fatrix 1 7L Response per Dosimeter = 19?64 = 3759

liatrix 2 TL Response per Dosimeter = ——%8%%%- = 3731

Average T'L Response per Dosimeter

= 3745
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Table 4, (continued)

Ferrous Sulfate Dosimeter 1 = 410 rads
Ferrous Sulfate Dosimeter 2 = U426 rads
Average Rads in Vater = 418

TL Response per Rad = 3785 o 8.959

418

Cobalt-C0 Gamma Ravs

Thernoluminescent Response of 25 Dosimeters

1116 1173 4100 3800 L2oL
382 k092 3516 3928 Lol s
3743 3742 5ol 3862 1007
3635 3868 4166 3755 4509
Logh L26lk k1ol 3717 3925

Total %L Response = 100291

Averase TL Response per Dosimeter = 1og§91 = 40124263
b

Rads in VWater = 400

TL Response per Rad = ——E%%%—- = 10,030

(TL. Response per Rad)65 ey

] = 8.959 = 0,893
(TI. Responsce per Rad)Co~60 10,030 .
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