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1. INTRODUCTION

Shortly after the discovery of X rays and radioactivity toward the
end of the nineteenth century, the need for measurement of e;ergy absorbed
became important not only to physicists, but aiéo to radioclogists, physicians,
health physicists and others. The amount of radiation energy absorbed is
known as radiation dose, and its measurement is called radiation dosimetry.
The increasing use of lonizing radiation in biology, industry, medicine
and other fields and the hazards involved in its use require accurate
dosimetry.

One of the recently developed dosimetry téchniques involves the use of
radiation effects in solids. Certain types of solid materials can store
energy upon irradiation and release it in the form of light at an elevated
temperature, The emission of light by thermal means is called thermolumi-
nescence, TL. The solid material used for TL.for dosimetric purposes is
known as a thermoluminescent dosimeter, TLD.

The TLD has been used quite widely in dosimetry due to the following

4 R to 108 R).

properties., They are useful over a wide range of dose (10~
They are small in size (needle shape dosimeters). They are sensitive to
all kinds of ionizing radiations. They are quite accurate, reusable,
convenient and easy to read out, Two main drawbacks of TLD's are the
difficulty in reproduction of the phosphors due to the extreme sensitivity
to minute impurity concentration and the requirement for complicated and
expensive reading equipment.

A list of materials exhibiting thermoluminescence is given in ref. (1).

It is seen that different characteristics of each dosimeter make it useful



in some situations and not possible in others. Thermoluminescent dosimetry,

utilizing the synthetic phosphor calcium fluoride manganese doped (CaF,:Mn),

2
was first developed by Ginther and Kirk (2) and Schulman et al. (3). CaF,:Mn

2
TLD's are available in two forms, TL-39 and TL-31, manufactured by EG and G
company. TL-39 and TL-31 are the same in composition, but differ in size.
Due to the different size, they need different read out equipment.

Although TLD can now be considered a well established technique, its
fundamental theory is far from understood. All the TL techniques are
empirical in nature, the dosimeters need to be calibrated before they are
put in an unknown radiation field.

The primary purpose of this vesearch is to obtain the response of
CaFZ:Mn TL dosimeters to the neutrons from the 252Cf source. The process
is to get the calibration curves for Can:Mn TLD's for gamma radiation and
neutron radiation; to compare these two curves and to determine where the
supralinearity (essentially non-linearity)} begins, if there is any. So far,
most of the efforts on the response of Can:Mn TLD's has been done with gamma
radiation, However considering the increasing use of Canth dosimetry, it
is important to know the response of CaFZ:Mh to neutrons. It is hoped that
this research together with other characteristics of thermoluminescence of

CaF,:Mn may contribute to our understanding of the TL mechanism.

2



2. THEORY
2.1 Definition of Terms
2,1.1 Radiation Absorbed Dose

2,1.1.1 Radiation Absorbed Dose in 2520f Source

Technically it is very difficult to determine the exact dose that the
dosimeters absorbed in the 252Cf source. The reasons are the complicated
gamma rays from the fission fragments and the neutrons with a fission
spectrum. In all the radiations involved in the zsch source, the fast
neutron is the dominant one. Thus the fast-neutron fluence is used as a
ﬁeasure of radiation absorbed dose in the 252Cf source, Fluence should be
an integral of flux during the irradiation interval. Since the half-life
of 2526f is much longer than the period of experiment, the flux is assumed
to be constant through the experiment, So, the fluence is the product of

flux and irradiation time. The determination of fast-neutron flux will be

discussed in Chapter 6.

2.,1.1.2 Radiation Absorbed Dose in Gamma-Ray Source

In the gamma~ray source the absorbed dose unit is rad, which is defined
as the absorption of 100 ergs per gram of matefial{ The rad unit used in
this study is the water rad. The absorbed rad in Can:Mh is equal to the

water rad times 0,.8534 (4).

2,1,2 Traps
Structural imperfections can be found frequently in the crystal and

form a localized center for positive or negative charge., When the radiation



is absorbed, electrons and holes are created due to ionization and can be
trapped by leocalized centers. After thermal excitation the trapped electrons
and/or the trapped holes can be released and recombine with &ach other and

luminesce, .

2.1.3 Trap Depth

The energy level of the trapped electron is located in the energy gap
between the valence band and conduction band of the ideal crystal. The trap
depth, Et’ is referred to as the energy gap between the lower edge of con-

duction band and the energy level of the trap.

Conduction Band

trap
Forbidden Energy Band E

Valence Band

Fig. 1. Energy band of a crystal

2.1.4 Glow Curve

A plot of the luminescence intensity, at constant rate of temperature
rise, versus the temperature of an irradiated phosphor is known as the glow
curve, The total area under the glow curve is the total light emitted,
which is proportional to the absorbed dose, A typical glow curve for

CaF,:Mn (5) is shown in Fig. 2.

2
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2.2 Several Models of Supralinearity

2.2,1 Model Developed by Cammon, Zimmerman and Bland (6)

This was the first mathematical model developed to explain the TL vs.
Roentgens in LiF. It assumes that there are new traps created upon irradi-
ation, The properties of those radiation produced traps are taken to be
identical with those originally in the material. If one assumes the proper
values for the initial number of unfilled traps, the maximum number of
traps and the proportionality constants of trap creation and trap filling,
then the model produces a good fit to the expérimental data for several

measurements on LiF. This model includes an explanation of supralinearity.

2.2.2 Model Developed by Cammon, Suntharalingam and Wilson (7)

In this model, the presence of a competing trap with a cross-section
for capturing an electron larger than the dosimetry trap has been assumed.
The model also assumes the total number of these competing traps is smaller
than the number of dosimetry traps. The competing trap has a larger
probability of capturing an electron because of its larger cross-section.
As the dose is increased most of the competing traps are filied, and more
of the electrons are available in the dosimetry traps. This results in the

supralinearity of the response to the radiation dose,

2,2,3 Model Developed by Bloch (8)

After examining the assumption that was made for most of the models
that the spectral output of the TL matefial is the same at low and high
absorbed dose, Bloch W;s led to suspect that the small spectral change

during TL could be important since the quantum efficiency of the PM



cathode strongly depends on the wavelength of light. To test this
possibility, the optical spectrum from the LiF dosimeters was split using
a dichoric filter, which transmitted wavelengths longer than 450 nm and
reflects shorter wavelengths. Two PM tubes were set to measure the split
thermal luminescences. After comparing the results, Bloch concluded that
the supralinearity was partially associated with the spectral changes of

the TL emission from LiF dosimeters.

2.2.4 Model Developed by Claffy, Klick and Attix (9)

It is proposed that in the case of x-ray and y-ray irradiatioms,
ionization is produced along the track of an energetiﬁ electron and the
luminescent centers are close to this track. At low doses, each track is
well separated from each other and the TL response arises from the
recombinations of holes with luminescent centers occurring in the same
track. As the dose increases the tracks begin to interact, so that a
hole released from one track during heating may interact with luminescent
centers in other nearby tracks, as well as with those in its own track.
Thus, an increase in recombination probability results in the observed
supralinearity response.

Based upon this model, Dobson and Midkiff (10) derived a dose-TL
formula. The formula shows a good fit to some sample data which in turn

supports this model.

2.3 Effect of Neutrons

In the 25ZCf source fast neutrons are dominant. The mechanism of

transferring energy from a fast neutron is to create charged particles



by scattering with the TL material. The charged particles produce
ionization as they travel through the TLD. Therefore, the models that
have been developed for gamma irradiation can apply to neutron irradiation.

Thus, a supralinearity is expected in the neutron response of TLD.



3. THERMOLUMINESCENCE DOSIMETRY

3.1 Use of a Phosphor as a Dosimeter
The thermoluminescence technique involves the detection and measurement
of the TL output of an irradiated phosphor at an elevated temperature. The
TL output is proportiomal to the number of trapped electrons in the phosphor,
which in turn is proportional to the radiation dose the phosphor received.
In order to perform as an accurate dosimetric tool, some desirable character-
istics of TLD's listed in ref. (5) are:
1) a high concentration of electron and hole traps,
2) high efficiency of luminescence when electrons and holes are
thermally released and recombine with each other,
3) long storage of trapped electrons and holes at normal working
temperature,
4) a simple trap distribution for greatest simplicity of operation
and reading interpretation,
5) a luminescence spectrum which matches the detector and is
separated as far as possible from the emission of the heating
source;,
6) stability of phosphor to radiation.
Spurny (11) also specifies the following desirable properties:
1) no excitation of phosphor other than by radiation,
2) 1inear response to dose,

3) cheap and reproducible production of phosphor material.
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3.2 Factors Affecting the Dosimeter Response
In the fcllowing sections, some of the factors that critically affect
the response together with reasons for selecting particular methods in this

research are discussed.

3.2,1. Preirradiation Annealing

The traps in the TLD's cannot all be depopulated by the heating cycle
of the TL reader, so there is a necessity for preirradiation annealing to
assure that there are no occupied traps in the dosimeter before using.
However, the method of thermal annealing affects the response of TL dosim-
eter (12). Therefore, it is important to decide upon and adhere to a
suitable annealing procedure for consistant results.

For the EG and G TL-39 TLD's used in this research, EG and G has
recommended that the dosimeters should be annealed for 5 hours at 350° C
if the exposed dose was of the order of 50,000 rad, or until the response
of the dosimeters is less than 0.0005 reader unit (13). This annealing
procedure has been used by Alexander (14) and Smarsh (15) in their research

on Can:Mn and found suitable. Thus it also was adopted in this research.

3.2,2., Postirradiation Annealing

To function as a satisfactory dosimeter, a phosphor should have a TL
response that is independent of the storage time at room temperature between
the irradiation and reading. Phosphors containing shallow traps produce
responses which fade faster than those containing deep traps, and hence are
not suitable for dosimetric purposes. Phosphors containing both shallow
and deep traps present some potential problems connected with fading. Effects

of fading that may be expected in such phosphors are:
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1) a reduction in total light output due to the escape of

electrons from shallow traps,

2) an increase in the light of the high temperature peaks due to

some of these escaping electrons falling into deeper traps.

Since the peak height of the glow curve is taken as a measure of the
response in this study, the first effect can be avoided., The details will
be discussed in Section 3.2.5. To eliminate the second effect of fading,
a post irradiation annealing is used.

For the EG and G TL-31 CaF,:Mn dosimeters, Alexander (14) found that

2
a partial annealing of the irradiated dosimeters for 7 minutes at 161° C
removes the low temperature peak and reduces the spread of the response data.
With regard to fading, he found that no significant changes were observed in
the TL after partial annealing and storing up to 100 hours. Smarsh (15) used
the same procedure to do his research on CanzMn TL-39 dosimeters and
reported satisfactory results. Therefore, this kind of partial annealing

was adopted in this research. A typical chart record of the EG and G Model

TL-39 dosimeter after partial annealing is shown in Fig. 3.

3.2,3 Types of Radiation
Different types of radiation can affect the response of the dosimeter.

These data are not available for CaF,:Mn dosimeters, but we can see the

2
effects on LiF dosimeters. Morehead and Daniels (16) compared the energy
required to procedure an F-center in LiF by different radiations. Their

results are presented in Table I.
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Table I. Energy (eV) required to produce an F-Center in LiF. (16)

Radiation
2 MeV alpha particles
2 MeV electrons
1 MeV Gamma Photons

Thermal Neutromns

Initial

700
140
62

. 65

After 106 rad

700
140

160

100

After 108 rad
700
700
700

700

13
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The different types of irradiation produce different concentrations
of F-centers and also effect the glow curve area. Morehead and Daniels (16)
determined the glow cufve areas under the conditions of different types of
radiation and same F-center concentration. The results are presented in

Table II1.

3.2,4 Physical Characteristics of the Phosphor

The physical characteristics of the dosimeter can affect the response.
For example, a larger amount of phosphor can store more energy and emit more
light. There is a problem with large samples; the light emitted from the
lower layer of the dosimeter can be scattered so that it is not collected
by the PM tube. So, due to the variatiocns in the weight, grain size,
geometry and other physical characteristics of dosimeters, the responses
of individual dosimeter will vary. EG and G company selects its dosimeters
80 tﬁat the variation of response is within f 10% in a particular batch of

dosimeters.

3.2.5 Quantity Taken to Represent Response

The TL output, which in principle is the area of the glow curve, is
proportional to the number of trapped electrons which in turn is pro-
portional to the absorbed dose. However, there are two problems associated
with the determination of the area under the glow curve, First of all, the
heating elements can emit infrared light which is unwanted in the TL.output.
Secondly, at low dose the main radiation induced peak (v 280°C) is quickly
followed by a non-radiation induced tribothermoluminescent peak (4 350°C)
which is induced in loose powder by mechanical handling (17). In order to

solve these problems, it has been found that the height of glow curve is



Table IT, Glow curve area produced from F-Center concentration of

2 x 1018 cm_3.

(16)

Radiation producing 2 x 1018

F-Center cme

Area (inzlmg LiF)

11’.)6 rad thermal neutrons
106 rad betatrons
1.5 x 106 rad gamma photons

107 alpha particles

2500
2200
2000

4000

15
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proportional to the induced TL response if the rate of temperature rise is
constant., In addition to the advantages mentioned, the height of glow curve
remains the same even though there is a reduction in total light output due

to the escape of electrons from shallow traps.

3.2,6 Heating Rate

The glow curve shape is highly dependent upon the heating rate. The
peaks in the  glow curve appear at higher temperature as the heating rate
is increased (1). The magnitudes of the peaks in the glow cufve decrease
when the heating rate is greater than 30°C/min. (1). For dosimetric purpeses,
reproducibility of the heating cycle is the most important factor in order to

get consistent results.
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4, DESCRIPTION OF EQUIPMENT

4.1 Dosimeters

EG and G Model TL-39 "Can:Mn Micro Thermoluminescent Dosimeters" (see
Fig, 4) were used in this work. The dosimeters contain 0.8 mg of CaF,:Mn
phosphor in a glass capillary tube 0.9 mm in diameter and 6.0 mm in length,
EG and G batch number 10-4-68.

The dosimeters are useful in the dose range from 1 R to 105 R (13).
The TL response of the dosimeters was linear with respect to dose within
+ 3% (13).

Reproducibility of the dosimeters was reported to be within + 3% (13).
Due to small fluctuation in phosphor weight, grain size and geometry of

sample, the responses of dosimeters in a particular batch were within

+ 10% of the mean (13).

4,2 Reader Unit

An EG and G Model TL-3B Thermoluminescent Dosimeter Reader (Fig. 5) was
used to read the dosimeters. The function of the reader unit was to position
the dosimeters for readout, provide a reproducible constant heating rate,
direct the light emitted toward a photomultiplier (PM) tube and provide a
recorder trace of the glow curve.

A block diagram of the recorder unit circuitry is shown in Fig. 6. A
regulated current supply of 6.5 ampers fed the read head adapter (described
later) in which the dosimeters were positioned. Light emitted by the
dosimeters was reflected foward the PM tube. The output signal of the PM
tube was fed to a pen-servomechanism through an automatic ranging circuit

in the reader unit. The sensitivity of the reader unit was originally set
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FIG. 4. EG AND G MODEL TL—8IA READ HEAD ADAPTER
AND TL-—39 DOSIMETER.
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to its maximum, which gave the lowest response range of the recorder. When
the light output exceeds this range, the automatic cifcuit lowered the reader
sensitivity by a factor of 10. Due to the automatic ranging circuit, the
range from 0.050 reader units to 5,000 reader units ﬁas covered. After
readout of the dosimeter, the status indicator gave the full range of the
recorder,

The recorder unit had to be calibrated prior to use. A standard
reference dosimeter known as Model TL-32, which was a 14C source intimately
mixed with thermoluminescent calcium fluoride, gave a readout of 0.34 reader
units. The head adapter used for this reference dosimeter was Model TL-8l.
The calibration was accomplished by changing the voltage across the PM tube.
The normal useful range of the reader was 0,050 to 5,000 reader units. By
increasing or decreasing the gain of the PM tube, the range can be extended
down to 0.005 reader units or up to 50,000 reader units, at the expense of
accuracy,

A typical trace of the glow curve from a TL-39 dosimeters is shown in
Fig. 3. The heater current was turned on when the reéorder senses the short
vertical line near the middle of the chart and turned off at the end of the
program (see Fig. 3). An event marker pen produced a vertical "pip" at the
top of the chart each time the range changed. Thus the final response
range can be determined by counting the number of "pips", or by reading
thg status indicator.

The EG and G Model TL-81A reader head adapter shown in Fig. 4 was used
to hold and heat the Model TL-39 dosimeters in the reader unit. It consisted

of a heating coil and a shunt resistance. The regulated current supply
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provided a constant current of 6.5 amperes through the heating coil, The
shunt resistance could be adjusted so that the correct amount of current
flowed through the heating coil. This adjustment causes the glow peak to
be recorded near fhe middle of the three lines on the left side of the
chart {see Fig. 3).

The final péak height with reference to the final response range

shown on the status indicator gave the measure of the thermoluminescence,

4.3 Gammacell

The pamma irradiations were performed with a Gammacell-220 manufactured
by the Atomic Energy of Canada, Ltd. The Gammacell was loaded with a 3,963
Ci 6000 source on March 15, 1965. The source was in the form of a hollow
cylinder, with twelve linear source elements equally spaced in a stainless
steel rack, located inside a thick water shield. The linear element con-
sisted of a welded stainless steel pencil filled with metallic cobalt.

A motor driven plunger, located centrally in a surrounding radiation
shield, was driven vertically through the center of the sources. An
irradiation chamber, 6-inch in diameter and B-inch in height, was lecated
in the plunger. The plunger was controlled by a panel beside the unit. The
control panel lowered and raised the plunger. The time period of irradiation
could be pre~-set in the panel and the plunger would automatically raise at
the end of the pre-set time. A view of Gammacell is shown in Fig. 7. The
dose rate at the time of irradiation was obtained by applying the radioactive-

decay formula for 6080 to the results of Kaiseruddin (18).



