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ABSTRACT 

A dose rate measurement survey was performed at various locations inside 

the radiation chamber of the Cobalt-GO gamma irradiation facility located in Room 

130, Building 20 at the University of Arizona.TLDs were used for the dose rate 

measurements. It was observed that the dose rates decrease rapidly with increasing 

distance from the source. Also, dose rates decreased with increased distance away 

from the centerline of the radiation chamber which is indicative of the position of 

the effective center of the source. Percent dose rates with respect to the dose rate 

of the calibration position were tabulated. 
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CHAPTER 1 

INTRODUCTION 

1.1. Objectives of Present Work 

The main objective of this research is to determine the gamma ray dose 

rates at 45 positions in the irradiation chamber of the Cobalt-60 irradiation facil

ity located in Room 130, Building 20 at the University of Arizona. The positions 

are routinely occupied by specimens during irradiation. Up to the present, there 

has been only one position with a known dose rate. This position, known as the 

calibration position, is located approximately 2 inches outside of the irradiation 

chamber. Knowledge of the dose rates at various positions within the irradiation 

chamber will enable more accurate estimations of the doses recieved to irradiated 

specimens and will also provide a means to irradiate several specimens simultane

ously. 

There are two basic types of dose measurements; absolute dose measure

ments and relative dose measurements. Chemical and calorimetric methods are 

used for absolute dose measurements. These methods employ complex techniques 

which are often quite costly. Relative dose measurements are used to compare 

the doses at different positions or times with respect to a known absolute dose 

measurement. There are several advantages of relative dose measurements. Rela

tive measurement techniques eliminate the need for a complete calibration curve 

which would require the use of severed dosimeters. Also, energy corrections are 
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unecessary for relative dose measurements since the same source is used for the 

calibration measurements as well as the dose measurements. With the properly 

designed experimental procedure, relative dose measurements can replace the more 

complex and expensive absolute dose measurement techniques. 

The instruments used in relative dose measurements require calibration in a 

known radiation field or must be compared with instruments which have a known 

response. For routine measurements, the instruments must be placed in a repro

ducible radiation field and read frequently. It is difficult to get an accurate dose 

measurement if the radiation field strength changes significantly over the volume 

of the detector. For example, using a dosimeter with dimensions of 10 cm. by 10 

cm. by 10 cm. will create large uncertainties in dose measurements at a distance of 

25 cm. from the source. It is imperitive for the dosimeter not to influence the ra

diation field it is measuring. TLDs are used for relative dose measurements. TLDs 

are inexpensive, reuseable and their small size is an advantageous characteristic 

especially in radiation fields which vary greatly over small distances. 

1.2. Definition, History and Applications 

Thermoluminescent dosimetry (TLD) is based on thermoluminescence, the 

emission of light, upon heating, from an insulator or semiconductor which has 

previously been exposed to ionizing radiation. The total light emitted is propor

tional to the total energy deposited in the material by the radiation, that is, the 

dose received by the material. Thermoluminescent dosimeters (TLDs) have sev

eral unique advantages over many of the other types of dosimeters in use today. 

The main advantages are: 

1. Small size (approximately 10 mg.) of material is sufficient for most 

purposes. 
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2. Linear response over a very large range of dose rates. 

3. "Tissue equivalence" can be achieved with certain thermoluminescent 

materials. 

4. Excellent signal storage properties which makes them suitable for sending 

through the mail. 

5. Discrimination ability in mixed radiation fields. 

6. Precision of dose measurements of 3% or less in the range of 10-2 to 103 

rads. 

Several international recommendations such as the Health Physics Soci

ety Standard Committee, the Commission of the European Communities and the 

Physikalisch Technische Bundesanstalt support the use of TLDs while numerous 

national standards strengthen their use [1]. Although TLDs are widely employed 

in the field of practical radiation dosimetry, intensive research concerning thermo

luminescent (TL) properties, TL mechanism and refinement of techniques are still 

underway. 

TL is by no means a newly discovered phenomenon. Over two-thirds of 

all naturally occuring minerals exhibit thermoluminescence [2]. TL has also been 

observed in materials such as bones, fish scales, teeth and organic solids. Pre

historic cavemen probably observed TL and it was surely known to the medieval 

alchemists. The first documentation of TL is attributed to Sir Robert Boyle. In 

1663, he reported to the Royal Society of London the observation of a glimmer

ing light when he warmed a diamond in the darkness. He stated [3]: " I also 

brought it to some kind of glimmering light by taking it into bed with me and 

holding it a good while upon a warm part of my naked body". Boyle also stud

ied the shining of diamonds by using more conventional heat sources such as hot 

iron, friction and candles. Elsholtz, in 1676, observed the thermoluminescence of 

fluorspar. Actual scientific investigation of TL started in the latter portion of the 



nineteenth century. In 1883, Henry Becquerel reported on the effects of TL in his 

work concerning infrared spectra. He observed the phosphorescence of a sample 

become brighter and then being extinguished rapidly upon heating after previous 

exposure to light. He remarked that the effect of red light and infrared radiation 

of a phosphorescent sample was the same as an increase in its temperature [4], 

In 1904, Marie Curie reported in her doctoral thesis the TL of CaF2 exposed to 

radium [2]. It was not until 1950 that Daniels suggested the possibility that TL 

could be used as a radiation dosimeter. The first application of TLD occured 

in 1953 when Daniels used LiF to measure radiation following a bomb test [5]. 

Daniels and Brucer also used TLD in 1953 for in vivo dosimetry where a patient, 

after receiving a dose of radioactive iodine (I131), swallowed a LiF crystal which 

was recovered after passing through the digestive tract and its TL was measured 

to determine the amount of internal dose received [5]. 

The TLD mechanism is best explained by the energy band model of solids. 

In a pure crystalline solid, the electronic energy levels are broadened into a series 

of continuous allowed energy bands separated by forbidden regions [6]. Impurities 

and defects in the solids produce energy levels located within the forbidden region. 

When ionizing radiation impinges on a crystalline solid, some of the excited elec

trons may get "trapped" in energy levels located within the forbidden region. The 

trapped electrons remain in a metastable state until they are thermally stimulated 

to the ground state with the subsequent emission of visible light. A typical TL 

material has several distinct energy levels of the traps which then require different 

temperatures to release the electrons to the ground state. As the temperature 

of a TL material is linearly increased with time, distinct cluster of traps empty 

producing transients of light which result in several peaks on a glow curve. A 

typical glow curve of LiF is shown in Fig.l. The glow curve represents the sum 



14 

of the different glow peaks brought about by the untrapping of different energy 

levels. 

In recent years, many different applications of TLD have been reported. 

Many industrial techniques such as polymerization, treatment of rubbers, cracking 

of hydrocarbons, food processing, radiation sterilization and material testing which 

require high dose rates (Iff* —10® rads) are routinely measured with TLDs. Many 

of the dosimetry problems arising in radiation diagnosis and therapy can be 

0 150 300 
Temperature 

Fig.l. A typical glow curve of LiF. 
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eliminated by using TLD. The small size and large dose range of TLDs make them 

ideal in vivo dosimeters for both internally and externally applied fields. The 

specifications of radiotherapy treatment fields are conventionally determined by 

using a combination of transport calculations involving standardized geometries 

together with dept dose and transverse dose measurements in tissue equivalent 

phantoms [7]. TLDs are also used to determine therapy machine output and 

uniformity [8]. TLDs are ideal for personnel monitoring. Tissue equivalent TLDs 

axe available to measure skin dose, whole body dose and extremity dose of photons 

in the energy range of interest as well as to detect neutrons and beta rays. A 

multidetector badge which takes advantage of the different energy dependence of 

different phosphors is used to determine radiation quality. 

TLDs are used in reactor shield tests in which the detector must occupy a 

hostile environment. Studies involving radiation heating in a stainless steel and 

sodium shield were reported by Boulette et al. [4], Analysis was performed using 

discrete ordinates transport theory (SQPZ) for the gamma flux and benchmark 

measurements were established by Marker et al. [4] using TLD. All measurements 

were in excellent agreement but the predicted gamma radiation heating with re

spect to penetration was underestimated. TLD has several geological and archeo-

logical applications such as age determination of specimens (pottery, artifacts and 

minerals), radioactive prospecting and are used in the study of meteorites and 

lunar material. TLD has proven to be a technique of immense versatility and has 

become one of the preferred methods in practical radiation dosimetry. 
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CHAPTER 2 

THEORY 

2.1. Theory of the Thermoluminescent Mechanism 

The first theoretical treatment of TL phenomenon was developed over forty 

years ago but due to the complexity of the TL mechanism, a general model has 

not yet been developed which is capable of explaining all of the characteristics of a 

TL material. The theory of the TL mechanism is based on solid state physics. TL 

materials are insulators which have a crystalline structure. Schrodinger's equation 

for an electron in a perfect crystal in three dimensional rectangular coordinates is 

[9]: 

V2$ + ̂ -(W - = 0 (1) 

where 

^(x,y, z) : wave amplitude function 

W : total energy of the electron 

V : triply periodic potential function with the same 

periodicity as the crystal lattice 

m* : effective mass of the electron, and 

h : Planck's constant. 
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The solution of Schrodinger's equation for a periodic potential function 

with periodic boundary conditions arising from the crystal structure is a Bloch 

function of the form: 

* = «„(£, fy*? (2) 

where 

etk'i>: plane wave 

up : modulating function 

k : wave vector 

r : position vector 

/? : band index 

Thus, the Bloch function is a plane wave modulated by the periodicity of 

the crystal lattice through the modulating function, u^, and for each permitted 

value of the wave vector k there is a corresponding value for the electron energy 

Wp(k). The bandlike structure of the energy function Wp(k), is for all practical 

purposes, a continuous function of the reduced wave vector within any particular 

energy band. The reduced wave vector is a wave vector which is restricted to the 

volume of the unit cell in reciprocal space of the crystal,i.e., in the first Brillouin 

zone. 

The arrangement of the energy bands for any particular crystal depends on 

the crystal structure and the types of atoms involved. In general, the bands extend 

through the crystal and the electrons are free to move to any location within the 

bands without any additional activation energy. In TL materials, the highest filled 

energy band, the valence band, is separated from the lowest nonpopulated energy 

band, the conduction band, by a forbidden region of a few eV. Figure.2a shows a 

typical energy band diagram of a TL material. Local energy levels exist 



^ Conduction Band (CB) 

>4/ \as 

Traps * ^ Forbidden Region (FB) 

SA/ 

n 0 Valence Band (VB) 

Fig.2. a) Energy bands of a TL material. 
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Fig.2. b) Possible outcomes of the excited electrons. 
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in the forbidden region due to imperfections in the crystal such as lattice defects, 

dislocations, vacancies and impurities. These defects are responsible for the TL 

phenomenon. The energy levels located within the forbidden region can act as 

traps or recombination centers for the electrons and holes produced by the ionizing 

radiation. As ionizing radiation passes through a dosimetric material, electrons 

located in the valence band absorb enough energy to transfer to the conduction 

band, thus producing positive holes in the valence band. 

There are several outcomes for the charge carriers. The electrons and holes 

may recombine through a radiationless transition or a radiative transition known 

as fluorescence. These transitions occur immediately after excitation with a typical 

half-life on the order of 10-8 seconds. Another possibility is for the electrons to 

get trapped in a metastable state within the forbidden region in which direct 

transitions are not allowed. Ambient temperature is sufficient for the electrons 

to absorb enough energy to transfer to the conduction band with the subsequent 

recombinations previously described. This phenomenon is called phosphorescence. 

A typical half-life for a phosphorescent transition is on the order of 10-4 seconds. 

Approximately 1% of the radiation induced charges remain trapped in metastable 

states which require additional energy to transfer to the conduction band. As 

the temperature of a TL material is increased, the trapped charge carriers absorb 

sufficient energy to be raised to the conduction band. Once in the conduction 

band, the electrons recombine with the holes at luminescent centers where the 

excess energy is emitted as visible and ultraviolet light.(Fig.2b) 

The TL mechanism is a complex phenomenon. TL materials contain many 

electron traps which may have several excited states. The trapped electrons have 

several possible decay schemes. Assuming the simplest case of a single electron 

trap with no possibility of retrapping, consider the first order kinetic equation 

describing the release of charge carriers: 
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dn 

dt 
(3) 

where 

n : concentration of trapped charges 

k : Boltzmann's constant 

s : frequency factor determined by the specific lattice defect ( 10-8.sec-1) 

E : trap depth, energy difference between the trap and the conduction band 

T : absolute temperature 

The physical significance of Equation.3 is apparent, namely that n charges 

are vibrating back and forth in a potential well at frequency s. The rate of escape 

from the potential well is ns multiplied by the Boltzmann factor exp(—E/kT). 

The Boltzmann factor is the probability that a charge will escape as it approaches 

the potential barrier of the well. A thermodynamic analogy is to consider the 

Boltzmann factor as the propability that a molecule, at temperature T, escapes 

the surface of a liquid into the vapor phase. The luminescent intensity, I, is 

proportional to the rate of recombination of the charge carriers located at the 

luminescent centers. Assuming that the fraction of the released charge carriers 

that recombine at the luminescent centers is independent of time and temperature, 

I can be assumed to be proportional to dn/dt, that is: 

If the heating rate is linear in time with T = at, the solution of Equation.3 

for n is 

= —— = n s exp (4) 

T 

n = n0exp|— J (^)e~E/* rdr] 
o 

(5) 



21 

and I is given by 

T 

I = n0exp exp[—y (^)e E/kTdT^ (6) 

o 

The plot of I vs. T is called a glow curve. At low temperatures, the 

luminescent intensity I increases exponentially and after reaching a maximum 

vanishes. The slope of the glow curve can be explained by examining the relation

ship between the probability of untrapping, the number of trapped charges and 

the luminescent intensity, I. At room temperature, the probability of untrapping 

is essentially zero but as the temperature is increased the trapped charges have 

sufficient energy to escape thus starting the luminescent phenomenon. The proba

bility of untrapping increases exponentially with an increase in temperature until 

it reaches the saturation level (Fig.3). At first, the number of trapped charges is 

constant but as the temperature increases, the number of charges avaliable for re

combination vanishes. Thus, the luminescent intensity I initially increases due to 

the untrapping of the charge carriers. As more charge carriers are untrapped, the 

TL signal attains a maximum and then tends to zero due to the lack of avaliable 

charge carriers. A second order kinetic model, developed by Garlick and Gibson 

[2], considers the case in which the untrapped charges may fall back into a trap 

with the same probability of recombination at a luminescent center. The model 

also assumes that the concentrations of electrons and holes are equal. Letting N= 

total numbers of traps of a particular type, the second order kinetic equation is 

1= - (7) 

Assuming a constant heating rate, the solution of the second order kinetic 

equation is 
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m= ]  [ 1  +  ^  (8) 

" I  

" Z X _  

' A 
Temperature 

Fig.3. Relationship between the probability of untrapping, P, number 

of trapped charges, N, and luminescent intensity, I. 
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Multiplying Equations (7) and (8) by dt and integrating from 0 to oo yields 

oo oo oo 

j I(t)dt = — J = ~ J dn — n0  — n0Q (9) 
0 0 0 

where n^ is taken to be zero. This integral represents the area under the glow 

curve and is equal to no, the initial concentration of charge carriers which is 

proportional to the imparted dose. 

In practice, the instrumentation needed for dose measurements is quite 

simple. A heating system is used to heat the TLD from ambient temperature to 

around 250°C. A read-out system employing a photomultiplier tube (PMT) is 

used to detect the TL emitted during heating. The PMT converts the TL signal 

into an electical current. After being digitized by a charge-to-pulse converter, the 

PM current is fed into a counter. The total number of pulses resulting from the 

heating of the TLD is proportional to the integral light output, or in other words, 

the area under the glow curve [10]. TLDs attain their highest efficiency when the 

maximum TL response can be produced from a given radiation field,i.e., when they 

are placed broadside in the field. It is essential that the TLDs retain their same 

geometries with respect to the source during repeated measurements. TLD-700s 

have a linear response up to several thousand rads. Also, the energy response of 

TLD-700s is linear in the range of KeV to several MeV which makes them ideal 

dosimeters for Cobalt-60 gamma radiation fields. 
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CHAPTER 3 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

3.1. Cobalt-60 Gamma Irradiation Facility 

The following is a brief description of the Cobalt-60 gamma irradiation 

facility located in Room 130 of the Engineering Building at the University of Ari

zona. The facility consist of a radioactive source, shielding, building, handling and 

storage facilities and a detection system with an automatic alarm. The irradia

tion chamber, approximately 12 inches high, 12 inches wide and 36 inches long, 

together with the source axe located below floor level. The radioactive source 

is housed in a stainless steel capsule which is stored in a block of lead under a 

shielded trench [11]. A diagram of the Cobalt-60 irradiation facility is shown in 

Fig.4. The irradiation chamber consists of a ^ inch thick stainless steel pan. The 

pan is shielded with 3 inches of lead and 1 inch of grout. The handling system is a 

hoist which serves to load and unload the source into the irradiation chamber. A 

1.3 hp motor moves the cover plate from side to side of the trench. The detection 

system consist of a wall monitor equipped with an automatic alarm, a high dose 

rate meter and a portable survey meter. 

In the storage position, the source is located approximately 9 inches below 

the floor of the irradiation chamber. A 9 inch by 12 inch by 12 inch lead block 

located adjacent to the source block is used for shielding while the source is in 



4" -x-

^'4" Irradiation Chamber 

2' 10" 
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Fig.4. A diagram of the Cobalt-60 irradiation facility. 
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its storage position. Specimens are inserted by lowering the source to its storage 

position and moving the cover plate to the position located above the source. 

During operation, the source is raised to its irradiation position located directly 

behind the aluminum wall at one end of the irradiation chamber at a height of 1^ 

inches above the chamber floor. An aluminum grid was fabricated and installed 

approximately 1 inch from the mouth of the chamber. The grid is used to ensure 

fixed and reproducible positions for the TLDs during each irradiation. 

The University of Arizona Cobalt-60 irradiation facility located in Room 

130, Building 20 at the University of Arizona is somewhat unique as compared to 

most other gamma irradiation facilities. Since the radiation source is loeated at one 

end of the irradiation chamber, different radiation dose rates can be obtained by 

varying the distance from the source to the sample. The large irradiation chamber 

makes it possible to irradiate large samples such as plants, seeds, wood, minerals, 

electronic systems find circuit boards. Research conducted using the Cobalt-60 

facility during the last 3 years include irradiation of semiconductor circuits by a 

local manufacturing firm, irradiation of seeds and live plants for the Plant Science 

Department, irradiation of superconducting film material for the Department of 

Material Science and Engineering and irradiation of several types of semiconductor 

devices for the Electrical and Computer Engineering Department[ll]. 

3.2. Gamma Source 

The radioactive source consist of 2 metal cylinders of Cobalt-60. The di

ameter of the cylinders is 2 inches and the height is 1.87 inches. A diagram of 

the Cobalt-60 source is shown in Fig.S.The cylinders are positioned end to end 

such that the total length of the source is 3.74 inches. The cylinders are doubly 
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embedded in a welded stainless steel capsule. The capsule is stored in a 2 inch 

diameter cylindrical hole in a 12 inch cube block of lead covered with a stainless 

steel plate. During operation, the stainless steel cover plate is moved to the other 

side of the trench and the center of the source is lifted to a height of 3 inches above 

the floor of the irradiation chamber. Calibration of the dose rate was performed 

by the National Institute of Standards and Technology using Fticke dosimeters. 

The calibration dose rate on January 17, 1990 was 225.5 rads/min with an overall 

uncertainly of 5.2% at a 99% confidence level [12]. The half-life of Cobalt-60 is 

approximately 5.3 years and thus the dose rate is decreasing 12.6% per year due 

to radioactive decay. The original strength of the Cobalt-60 source was 500 Curies 

at the time of installation. Since then an additional 500 Curie source has been 

added. At the present time the total source strength is about 170 Curies. Cobalt-

60 decays to Nickel-60 by the emission of a beta particle. The Nickel-60 atom is 

left in an excited state and decays to the ground state by the emission of 2 gamma 

photons with energies of 1.173 MeV and 1.332 MeV in two stages which when 

added together gives a total photon energy of 2.5 MeV [13]. The decay scheme of 

Cobalt-60 is shown in Fig.6. 
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Co-60 Source 

Stainless Steel Capsule 

Fig.5. Diagram of the Cobalt-60 source. 



Co-60 
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E~, = 1.332MeV 
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Fig.6. Decay scheme of Cobalt-60. 
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3.3. Test Jig 

A test jig was used to reproduce the calibration position and irradiation 

positions of the TLDs. A diagram of the test jig is shown if Fig.7a. The test jig 

consist of an aluminium frame in which 6 parallel plates are attached. The plate 

located closest to the source (calibration plate) contains the calibration position. 

During irradiation, the calibration position is located approximately 3.2 inches 

from the effective center of the distributed source. Spaced 2 inches apart, 5 other 

plates (irradiation plates) are located directly behind the calibration plate. The 

center of the plates axe approximately perpendicular to the radiation field. The 

test jig frame fits into the aluminium frame located at the mouth of the irradiation 

chamber. With the test jig in position, the centerpoints of the 5 irradiation plates 

were identified by extending a line containing the effective center of the source 

and the calibration position. The centerpoints of the 5 irradiation plates along 

with the calibration position of the calibration plate are located approximately 

1.7 inches above the chamber floor. A plastic grid was fabricated which attaches 

to the irradiation plates. The grid consists of a 4 in2 area, identified by 9 points 

which are the irradiation positions of the TLDs. (Fig.7b.) The centerpoint of 

the grid is positioned with the center of the corresponding irradiation plate. This 

ensures reproducibility in positions of the TLDs for each irradiation. 
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Fig.7. a) Diagram of the test jig. 
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Fig.7. b) Diagram of plastic grid depicting 9 irradiation positions. 
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3.4. TLD Read-Out System 

Dose measurements were taken with a Panasonic TLD UD-513A Thermolu

minescent Dosimetry System Measuring Unit. The Panasonic TLD UD-513A uses 

a photoelectronic multiplier to detect the light emitted when a TLD is heated with 

N2 gas for a specific period of time. The integrated value of the output current 

is proportional to the measured absorbed dose. The calculation formula used to 

determine the measured dose is: 

, , output voltage * output conversion factor 
Measured dose = ; r-r-; —• ?—; (10). 

reader sensitivity correction factor 

where the output conversion factor is a parameter supplied by the user and the 

reader sensitivity correction factor is determined by the built-in calibration system. 

An Artisoft XT personal computer is employed as the control unit of the read-out 

system. The basic configuration of the Panasonic TLD UD-513A is shown in Fig.8. 

The specifications of this unit are shown in Table. 1. 
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Personal computer 

Computer/Read-out Interface 
UD-5I3H 

Nitrogen gas 

TIT 

Dosimeter read-out system 

Fig.8. Basic configuration of Panasonic UD-513A and periferals. 
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Table. 1 

Specifications of the Panasonic UD-513A 

Items Description 

Dosage Display Range 
Display and Printer 

Heating Measurement Time 
Measuement Data Memory 

Heater Temperature 
Zero-point Adjustment 

Calibration Light Source 
Heating System 

Operating Temperature Humidity 
Power Source 
Dimensions 

Weight 

0.01 mR- 99.9 KR 
PC CRT and printer 

Variable 
Floppy Disc 

200 C- 450 C, variable 
Manual 
Built-in 

Nitrogen Gas 
5-40°C / 10-80% RH 

AC 120V+/-109S 50/60 Hz, 350 VA 
342 mm X 371 mm X 237 mm 

15 kg. 
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3.5. Thermoluminescent Dosimeters 

TLD-700s manufactured by Harshaw/Filtrol Partnership were used for the 

dose measurements. The dimensions of the TLD-700 ribbons are 3.1mm x 3.1mm 

x 0.89mm. TLD-700s are composed of LiF with the isotopic concentrations of Li-6 

and Li-7 being 0.07% and 99.93% respectively. Since the isotopic concentration 

of Li-6 is so small, TLD-700s are nearly transparent to thermal neutrons thus 

TLD-700s are efficient gamma dosimeters in mixed radiation fields. The response 

of TLD-700s to beta and gamma radiation is nearly energy independent from 10 

KeV up to several Mev and closely resembles that of human tissue but the response 

to neutrons is dependent on the neutron energy.The effective atomic number of 

LiF for photoelectric absorption is 8.14 as compared to 7.42 for human tissue. 

In contrast, most of the other common types of dosimeters have effective atomic 

numbers that range from 15 to 40. 

3.6. Annealing Ovens 

Two ovens were used for the annealing procedure, a Blue M Stabil-Therm 

and a Temco Type 1400 with operating temperatures of 100°C and 400°C respec

tively. The specifications of the ovens are listed in Table.2. 



Table. 2 

Specifications of the annealing ovens. 

Items Description 

Manufacturer Blue M 
Model No. OV.4904.1 
UA ID No. A-010191 

Temperature Range 38 C-260 C 
Motor hp 1/6 

Electrical Data 120V/1PH/60 Cycle 
Manufacturer Temco 

Model No. F-1415T 
UA ID No. A-010205 
Volts A.C. 115 

Amps 13 
Cycles 60 
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3.7. Calibration Procedure 

The sensitivity within any batch of commercially available TLDs is dif

ferent. Before dose measurements were made, 10 TLD700s were selected and a 

calibration factor was determined for each one. The dose measurements follow

ing the calibration procedure required a minimum of 10 TLDs; 1 located at the 

calibration position of the calibration plate and the other nine located at the irra

diation positions of the square grid. The TLD700s were individually placed on the 

calibration position of the test jig. The test jig was positioned in the aluminum 

frame at the mouth of the irradiation chamber. The source was raised to the 

irradiation position for a period of 2 minutes. While maintaining the identity of 

each dosimeter during all portions of the irradiation and measurement cycle, 30 

calibration measurements were made for each of the 10 TLD700s. TLDs are used 

for relative dose measurements which are ultimately affected by the accuracy of 

the calibration procedure. 30 calibration measurements were made to reduce the 

additional error in the dose measurements caused by the calibration procedure. 
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3.8. Irradiation Procedure 

The following is the procedure that was used in the irradiation of the 

TLD700s. The experimental group consisted of the 10 calibrated TLD700s plus 

an addition 4 TLDs that were used to ensure proper functioning of the equipment. 

The control group consisted of 4 TLD700s which underwent the same procedure 

as the experimental group with the exception of the irradiation. TLD#11 was 

chosen to be irradiated in the calibration position. The selection was based on the 

smelliest deviation of the calibration factor which was calculated for each TLD. 

4 TLDs used to test the equipment were positioned at various positions on the 

calibration plate along with TLD#11 located at the calibration position. A 4 

in2 grid was constructed on a plastic sheet. The remaining calibrated TLD700s 

were located on the grid in the positions shown in Fig.9. The center position of 

the grid was alligned with the center of the corresponding irradiation plate. The 

test jig containing the experimental group was positioned into the mouth of the 

irradiation chamber and the source was lifted into the irradiation position for 2 

minutes. Five dose measurements were taken for each of the 5 irradiation plates. 

Each TLD maintained the same irradiation position on the 4 in2 grid throughout 

the entire irradiation procedure. 
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Fig.9. Positions of the TLDs during irradiations. 



3.9. Annealing and Read Out Procedure 

After irradiation, the experimental group and the control group were pre-

annealed for a period of 10 minutes at 100° C. The TLDs were allowed to cool for 

15 minutes before read out. A Panasonic UD-513A was used for the dose measure

ments. The read out cycle was 5.9 seconds with a 0.2 second preannealing time 

and a 5.7 second measurement time. The low temperature preannealing greatly 

reduced the errors in the dose measurements by emptying the shallow traps that 

have a short halflife. The operating parameters for the PUD-513A used in the 

calibration and dose measurements are listed in Table.3. After the dose measure

ments were made, the experimental group and the control group were annealed at 

400°C for 1 hour. The TLDs were allowed to cool to room temperature and the 

irradiation procedure was repeated. 

The original experimental procedure utilized 20 TLD-700s; 4 TLDs for 

equipment tests and 13 TLDs to be used in the actual calibration and dose rate 

measurements. In the original experimental design, calibration measurements and 

dose rate measurements were to be made simultaneously. The 13 TLDs were to oc

cupy the same irradiation positions described previously but the TLDs were to be 

rotated in a predetermined manner with the objective of minimizing the system

atic error encountered in the experimental procedure. Due to the large variance 

occuring in the computed calibration factors of the individual TLDs, this pro

cedure was abandoned and the calibration and irradiation procedures previously 

described were employed. 



Table.3. Operating parameters for the PUD-513A. 

Parameter No. Value Parameter No. Value 
P0000 0002 P0020 3333 
P0001 0098 P0021 1000 
P0002 0001 P0022 1000 
P0003 0059 P0023 0680 
P0004 0002 P0024 0680 
P0005 0298 P0025 1000 
P0006 0002 P0026 0100 
P0007 0296 P0027 0490 
P0008 0002 P0028 0550 
P0009 0098 P0029 0975 
P0010 1000 P0030 0967 
P0011 0025 P0031 0926 
P0012 0520 P0032 0100 
P0013 1009 P0033 0000 
P0014 1110 P0034 0000 
P0015 1AA1 P0035 0000 
P0016 0500 P0036 0000 
P0017 0060 P0037 0000 
P0018 0500 P0038 0000 
P0019 0500 P0039 0000 
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CHAPTER 4 

DATA ANALYSIS AND REDUCTION 

4.1. Determination of the Calibration Factors 

Within any given batch of commercially available TLDs, the sensitivity of 

the individual TLDs is different. The nonuniform!ty in sensitivity is due to small 

differences in impurity concentrations, surface effects and heat treatment. Since 

each TLD will produce a slightly different TL signal after exposure to the same 

radiation field it is necessary to determine the response of each TLD individually. 

The calibration factor, F, is a multiplicative factor in which an unknown absorbed 

dose can be determined by the measured TL signal 

< " >  

where Sc is the TL signal of the irradiated TLD, So is the mean TL signal of the 

unirradiated control TLDs and Dc is the known calibration dose [1]. The cali

bration factor is relevant only for a specific TLD system, including the read-out 

system, the TLDs used and the experimental procedures employed. The calibra

tion factors for the 10 TLDs used in the dose rate measurements were determined 

by repeatedly exposing each of the detectors to a known radiation field. Each of 

the 10 TLDs underwent 30 individual exposures for 2 minutes,i.e., the imparted 

doses to the TLDs were known. For each of the 30 exposures, the average absorbed 
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dose of the 10 TLDs was calculated and used as the known calibration dose, Dc, 

in Equation 11. The mean TL signal of the unirradiated control group, 50, was 

always zero. The individual calibration factors of the 10 TLDs were calculated 30 

times by dividing the measured absorbed dose of each TLD, Sc, by the average 

absorbed dose, Dc. The average calibration factors and the standard deviations 

of the 10 TLDs axe listed in Table 4. 
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Table.4 

Calibration factors of the 10 TLDs. 

TLD No. Ave. F a 
9 0.869 0.011 

10 1.040 0.009 
11 0.998 0.006 
12 0.996 0.015 
13 1.074 0.017 
14 0.967 0.019 
15 0.957 0.014 
16 1.020 0.015 
17 1.046 0.018 
18 1.033 0.024 
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4.2. Determination of the Dose Rates 

The dose rate in the calibration position must be corrected on a routine 

basis due to the decay of the Cobalt-60 source. A useful quantity is to express the 

dose rates at the various positions inside the irradiation chamber as a percentage 

of the dose rate of the calibration position. For each dose measurement, the 

percentage dose rate with respect to the dose rate of the calibration position was 

determined by the formula 

%DA  = (12) 

where 

Fa : calibration factor of TLD 

D a : measured dose of TLD #A 

F\ i : calibration factor of TLD #11 

D\i : measured dose of TLD #11. 

The average percent doses and the standard deviations were calculated for 

each of the 45 irradiation positions and are listed in Table 5. TLD #11 was chosen 

to occupy the calibration position during the dose rate measurements because of 

the small deviation associated with its calibration factor. 



Table.5. Percent doses of the 45 irradiation positions. 

Plate No. Position No. TLD No. Average 7i D o 
1 1 9 12.4 0.89 
1 2 10 14.9 1.00 
1 3 12 12.8 0.71 
1 4 13 18.5 1.12 
1 5 14 25.6 1.10 
1 6 15 20.2 1.63 
1 7 16 16.1 0.98 
1 8 17 19.2 1.39 
1 9 18 15.0 1.12 
2 1 9 7.21 0.45 
2 2 10 7.58 0.35 
2 3 12 6.98 0.29 
2 4 13 10.8 0.40 
2 5 14 9.93 0.48 
2 6 15 9.62 0.52 
2 7 16 8.70 0.65 
2 8 17 9.11 0.56 
2 9 18 8.37 0.49 
3 1 9 3.22 0.16 
3 2 10 4.54 0.44 
3 3 12 3.92 0.14 
3 4 13 5.48 0.13 
3 5 14 4.65 0.20 
3 6 15 4.33 0.19 
3 7 16 5.31 0.28 
3 8 17 5.77 0.33 
3 9 18 5.04 0.25 
4 1 9 2.26 0.14 
4 2 10 2.34 0.14 
4 3 12 2.19 0.16 
4 4 13 2.79 0.22 
4 5 14 3.01 0.20 
4 6 15 2.83 0.20 
4 7 16 3.39 0.17 
4 8 17 2.96 0.15 
4 9 18 2.94 0.22 
5 1 9 2.46 0.20 
5 2 10 2.25 0.22 
5 3 12 2.19 0.29 
5 4 13 2.56 0.19 
5 5 14 2.67 0.21 
5 6 15 2.41 0.25 
5 7 16 2.61 0.12 
5 8 17 2.57 0.16 

5 9 18 2.97 0.26 -
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1. Conclusion 

A dose rate measurement survey was performed in an area located in the 

Cobalt-60 irradiation chamber located in Room 130, Building 20 at the University 

of Arizona.The area is commonly used as the irradiation position for specimens. 

TLD-700s were used for the dose rate measurements. The effect of distance from 

the effective center of the source at a height of 1.5 inches above the chamber 

floor is shown in Fig. 10. The rapid drop in dose rate as the distance from the 

source is increased is clearly apparent. In the past, dose rate measurements have 

been estimated by assuming a point source and an inverse square (^) law for 

the relationship between distance from the source and field strength using the 

following formula [14]: 

Dose rate at R cm. from a C curie source = 5.2xl06-^--— (13) 

where E = 2.5, the combined photon energy in MeV. 

Using 170 as the value for C and an effective center for the source located 

3.2 inches from the calibration position, the dose rates were calculated for the 

centerpositions of each of the 5 parallel irradiation plates. The calculated and 

measured dose rates of the centerpositions of the plates are listed in Table 6. 



0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

Distance FVom Calibration Position (in) 

Fig.lO. Dose rates at 1.5 inches above chamber floor. 
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Table.6 

Calctilated and measured dose rates 

of the centerpositions 

Position Calculated Dose Rate* Measured Dose Rate* 
1-5 211 50.0 
2-5 110 19.0 
3-5 68 9.1 
4-5 46 5.9 
5-5 33 5.2 

* rads/min 
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In the dose rate measurement survey, the highest dose rates were observed 

in the centerpositions of the irradiation plates. The centerpositions are located 

approximately 1.7 inches above the irradiation chamber floor. This is indicative 

that the effective center of the source is located approximately the same height 

when it is in the irradiation position. As can be seen from Table. 5, the dose rates 

are clearly symmetric about the plane perpendicular to the chamber floor and the 

centerline of the irradiation chamber. The dose rates of the positions located away 

from the centerline decrease as a result of increasing distance from the source. 

As with every measured quantity, there is some error associated with it. 

TLDs are subject to imprecision and systematic error due to environmental effects 

during their use, production, irradiation, read-out and annealing procedures.Some 

of the commonly encountered sources of errors in TLD are 

* variance of the optical properties of the detector 

* contamination of the TLDs 

* instability in the performance of the read-out system and peripherals 

* variance inthe rate of flow of inert gas (N2) 

* inconsistency of the thermal read-out cycle during calibration and dose 

measurements 

* nonreproductivity in the post and pre-irradiation annealing procedures 

The variation of sensitivity with a specific batch of TLDs are mainly due 

to 

* differences in the amount of phosphor 

* differences in the size of the TLDs 

* differences in the grain size of the phosphor 

* variation in the optical density due to the production process. 

By assigning an individual calibration factor for each of the TLDs used in 

the dose measurements, the effects of these variations were reduced to a minimum. 
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Treating the systematic error in the %D in a straightforward procedure, there are 

2 common methods to estimate the overall uncertainity of the %D. As can be 

seen from Equation.12, %D is a function of 4 variables and thus 

a/o,™ d(%D) . d(%D) . d(%D) , d(%D) 
A ( % D )  -  -feu"*+  a57"* +  + ( 1 4 )  

and 

f „ w p y >  ( 9 ( % D ) \ \  2 , ( d ( % D ) y  ,  ( % % D ) y  , , f B ( % D ) y  2  

<-A%D> - \-3FT) "f" +("asrJ °d* +{-mr) +vmr) °d" 
(15) 

The first method tends to overestimate the total overall uncertainty in %D 

while the second method tends to underestimate it [15]. The A%D of the dose 

rates of the centerpositions of the irradiation plates are listed in Table.7. 

20 measurements were made to determine the reproducibility in the position 

of the source. The standard deviation of the 20 position measurements was .8mm. 

Thus, the reproducibility of the position of the source was high. The source timing 

error was estimated to be less than 1% or i.e., less than 1 second for an irradiation 

period of 120 seconds. 
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Table.7 

Uncertainties in the percent dose rate 

of the centerpositions. 

Position No. A%D(lat  method) A%D(2nd method) 
1-5 .11 .07 
2-5 .14 .09 
3-5 .10 .07 
4-5 .09 .06 
5-5 .15 .12 
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5.2 Recommendations 

It is extremely important to know and use the proper annealing procedure 

for each different type of TLD. Annealing has 2 basic goals: the first is to empty the 

traps of the phosphor completely after the read-out cycle and the second is to sta

bilize the electron traps in order to reproduce the glow curves. In the case of LiF, 

it is critical to maintain the same annealing procedure throughout the entire set 

of dose measurements, otherwise the results may differ significantly.Temperature 

measurements were made of the 2 annealing ovens using an Omega 450 ATT 

Thermocouple Thermometer with a Type T thermocouple. The results indicate 

an uncertainty in the temperature of the Temco oven maintained at 400°C to be 

±15°C and an uncertainty in the temperature of the Blue M oven maintained at 

100°C to be ±5°C. Due to the lack of reproducible results, the acquisition of 

an annealing oven is strongly recommended. Annealing ovens should possess a 

temperature control which is capable of maintaining the temperature of the TLDs 

within narrow limits. Not only the heating but also the cooling of the TLDs should 

be in a uniform, controlled manner. Ovens used for annealing TLDs should be 

used solely for this purpose. Different usages may contaminate the oven with ma

terial that could be transferred to the TLDs which would ultimately effect the TL 

response. 

As can be seen in Table.6, there are large differences between the measured 

%D and the calculated %D. It is recommended for future irradiations that Fig. 10 

be used for dose rate estimations of the irradiated specimens. If more accurate 

estimations are needed, the same experimental procedure described earlier may be 

employed with the exception of a larger number of TLDs being used for the dose 

rate measurements. 
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APPENDIX A 
EXPERIMENTAL DATA 

Table.8. Calibration measurement data. 

TLD Number 
Irr.No. 9 10 11 12 13 14 15 16 17 18 

1 309 376 361 352 378 339 341 364 369 361 
2 330 397 383 390 410 367 362 390 393 394 
3 347 421 404 409 436 395 385 409 431 410 
4 314 362 348 343 385 326 339 366 373 381 
5 285 350 385 340 350 315 329 341 350 345 
6 361 428 408 413 425 402 398 420 417 417 
7 366 437 421 413 455 401 404 434 450 436 
8 323 384 370 370 397 354 352 383 394 377 
9 318 380 365 368 402 354 348 382 373 365 

10 335 397 384 380 425 369 365 393 399 409 
11 335 404 391 380 420 382 373 393 402 400 
12 337 397 382 379 412 371 372 387 403 385 
13 321 384 365 365 380 369 342 374 380 399 
14 306 355 343 342 380 335 329 345 352 371 
15 304 366 351 353 376 339 336 352 379 360 
16 314 382 368 371 393 356 357 388 393 369 
17 286 339 327 326 355 311 315 347 350 351 
18 357 426 416 421 433 399 403 422 436 441 
19 354 422 403 408 435 399 377 416 416 426 
20 347 416 401 407 435 402 393 401 421 418 
21 349 411 392 382 428 385 369 392 415 405 
22 319 380 361 361 386 347 342 362 386 365 
23 283 347 332 327 362 319 314 341 357 348 
24 340 417 395 396 422 396 383 401 405 395 
25 310 378 360 365 386 353 342 364 373 357 
26 336 404 384 376 415 374 372 387 395 397 
27 343 412 396 396 424 378 382 407 404 414 
28 346 415 399 392 441 387 389 415 417 413 
29 359 437 414 404 443 406 389 413 440 430 
30 377 418 402 405 433 378 391 410 423 411 



Thble.9. Dose meaaurement data. 

TLD No. Po6ition No. DOK I Dom 2 Doae 3 Doae 4 Doae 5 
9 1-1 51.1 60.0 45.6 47.9 44.6 

10 1-2 45.7 54.2 44.5 47.8 57.9 
11 CAL 345 387 351 334 382 
12 1-3 44.6 46.1 48.5 41.8 50.1 
13 1-4 54.8 71.6 60.0 59.9 63.2 
14 1-5 88.7 103 78.6 93.8 102 
15 1-6 79.5 76.7 79.4 69.7 73.3 
16 1-7 66.7 5B.3 51.2 56.5 59.8 
17 1-8 61.2 73.5 57.9 66.9 70.3 
16 1-9 45.3 58.7 48.2 48.1 60.5 
0 2-1 25.0 24.9 30.9 31.3 30.7 

10 2-2 25.0 23.6 25.6 26.4 24.2 
11 CAL 325 318 372 359 346 
12 2-3 21.6 22.4 25.1 26.2 24.9 
13 2-4 31.0 31.4 39.3 36.1 35.4 
14 2-5 31.8 31.6 40.7 35.9 36.6 
15 2-6 31.8 30.1 37.6 35.6 37.8 
16 2-7 28.0 27.7 30.1 27.8 32.5 
17 2-8 27.7 29.8 29.4 31.3 30.9 
IB 2-9 25.7 23.5 30.4 31.3 28.8 
9 3-1 13.8 12.3 13.2 14.3 13.4 

10 3-2 17.4 15.0 18.0 14.4 14.0 
11 CAL 359 342 383 371 352 
12 3-3 14.1 13.0 15.5 15.1 13.3 
13 3-4 18.1 18.0 19.9 18.5 17.7 
14 3-5 16.9 15.7 19.4 17.3 17.5 
15 3-6 15.8 14.9 18.0 16.1 16.8 
16 3-7 18.5 17.2 20.5 18.1 19.6 
17 3-8 20.6 18.1 19.8 22.0 19.0 
18 3-9 17.6 17.1 17.5 19.2 16.6 
9 4-1 9.19 9.03 9.20 8.72 8.81 

10 4-2 7.26 7.12 7.62 8.80 8.28 
11 CAL 362 321 335 367 352 
12 4-3 8.20 6.98 8.22 7.65 6.95 
13 4-4 9.35 9.46 7.97 9.65 8.54 
14 4-5 11.3 10.7 9.23 12.1 10.7 
15 4-6 10.8 10.7 9.15 10.4 10.2 
16 4-7 11.8 11.1 11.9 11.5 11.2 
17 4-8 10.2 9.46 10.4 9.84 9.30 
18 4-9 10.5 8.84 8.51 10.4 11.3 
e 5-1 10.9 10.9 9.15 8.71 10.1 

10 5-2 7.9B 8.64 7.46 7.11 6.72 
11 CAL 363 349 332 356 359 
12 5-3 6.40 7.52 8.62 8.67 7.27 
13 5-4 8.70 7.56 7.59 8.40 9.71 
14 5-5 11.4 9.80 9.0S 9.11 9.08 
15 5-6 7.91 7.86 8.55 9.62 1D.2 
16 5-7 9.84 8.76 8.64 8.43 8.99 
17 5-8 8,67 9.09 7.54 9.41 8.32 
18 5-9 11.0 9.98 10.6 10.0 8.77 
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APPENDIX B 

NATIONAL INSTITUTE OF STANDARDS AND 

TECHNOLOGY CALIBRATION MEASUREMENTS 

Fricke dosimeters were supplied to the University of Arizona College of 

Engineering and Mines by the National Institute of Standards and Technology 

(NIST). Fricke dosimeters were used to determine the absolute dose rate of the 

calibration position in the Cobalt-60 irradiation facility located in Room 130, 

Building 20 at the University of Arizona. The dosimeters were irradiated on Jail. 

17, 1990. The Fricke dosimeters were analyzed in terms of optical absorbance by 

NIST on Feb. 1, 1990, using a Cary Model 219 spectrophotometer. Measured ab

sorbed doses were interpreted from a calibration of this batch of Fricke dosimeters 

perfomed on Dec. 1, 1989.The NIST calibration measurement data is summa

rized in Table.10. Applied chemical dosimeters are subject to imprecision and 

systematic error due to environmental effects during use, production, irradiation 

and readout. As long as adequate care against environmental and other sources 

of systematic error is exercised, an uncertainty of ±5.2% of the average dose rate 

of 225.2 rads/min can be assumed. 



Table. 10. 

NIST calibration measurements. 

Dosimeter No. Irr.Time Abs.Dose Dose Rate* 
1-5 0 min. 0 Gy 0 
6-8 90 min. 201 Gy 223.3 
9-11 60 min. 134 Gy 273.3 
12-14 30 min. 68.7 Gy 229.0 

* rad/min 
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