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CHAPTER |

INTRODUCTION

1.1 lonizing Radiation and Reasons for Measurement

lonizing radiation is the term used to describe electromagneties or particles
such as electrons or atomic nuclei that possess energy high eoougid atoms or
molecules into multiple charged components. Light in the visible mpecit ~2 eV is
powerful enough to strip electrons from atoms in processes like phttesis and
photovoltaic electricity generation. Of course, at higher enetbesadiation readily
breaks stronger atomic and molecular bonds, having such effectsnaibuting to
biological mutation via disruption of deoxyribonucleic acid (DNA) emniles (as well as
wholesale cell death), malfunction or destruction of sensitiveretecs due to extensive
electron excitation or structural damage in materials usedettrehics, production of
secondary radiation that may be more harmful than the primaryg\ardactivation of
stable nuclei into radioactive isotopes. The effects can be hafmifublso beneficial,
and over the last 100+ years many technologies have been developkd $pdaific
advantage of ionizing radiation for industrial, medical, and military apaitat

The fundamental quantity of ionizing radiation measurement is alosaidse, or

absorbed energy per unit mass. The Sl unit for absorbed Dpsethe gray (Gy), after



Louis Harold Gray (Suit, 2002), and is defined as one joule per kilogram, or
1 Gy=1 J/kg. With respect to radiobiology and radiation protection, absorbed dose
alone does not adequately account for biological effects. Radigtiahty and the
different susceptibilities of various tissues represent otherilbotig factors. Thus,
three dose-like quantities are defined to encompass these fatierose equivalenH]
was developed in the early 1960s for weighting dose to a point, and is and given by
H=QD (I/kg), (1.1)
whereQ is the radiation quality facto is a unitless number that pertains to a specific
energy and type of radiation and expresses the absorbed dose’s ampictexample,
organic tissue relative to other radiation types. For x-rayapgarays, and electron®,
= 1, while for neutrons and protor3,> 2. The equivalent dodér adjusts the absorbed
dose by averaging over the volume of a certain organ or tiESigeie to a type of

radiationR) by the radiation weighting factas:

H, =Y oD, 5 (J/kg). (1.2)

@r equals unity for photons and electrons of all energies, vidile; <2C for different
energies of neutrons. The effective ddSegoes one step further by adjusting the

equivalent dose by a tissue weighting factgr

E=> wH; (J/kg). (1.3)

This quantity encompasses the contributions of each type of radiatiorbethdy each
type of tissue in the context of a uniform irradiation of the whmldy (ICRP, 1990;

2007). Though the equivalent and effective doses share dimensions of absorhed dose



they are not fundamental quantities, and require a unit distincttiremray. This special
unit is the sievert (Sv), after Rolf Sievert (Morgan, 1976)

The annual dose received by a person by all man-made and raokairound
radiation, averaged over the whole population, is ~3 mGy (Johns and Cunnjngham
1983). Table 1.1 lists thresholds of different effects to humans duéedcedt radiation
doses given in a short period of time (acute doses) and table 1.2 lists dose rangag that
to human death after periods of days (ICRP, 1984; ICRP, 2007). Appropriate
measurement of dose, or dosimetry, is paramount for determining amtiabtor harm
when dealing with situations involving increased or unknown levels of ionizing radiation.

Nuclear waste storage facilities represent a type of enveaonmvith unnaturally
elevated levels of radiation. The U. S. Nuclear Regulatory Cesiom (NRC) uses three
categories to classify regulated radioactive waste: low-leraste (LLW), high-level
waste (HLW), and uranium mill tailings, which are wastes geeérduring the mining
of uranium ore and contains small amounts of long-lived uranium, radisenthorium
isotopes (NRC, 2002). LLW consists of many things, including contamirgtees,
shoe covers, and other protective garments, as well as mops, toalseahgarts from
nuclear industry and medical facilities.

The NRC defines three sub-classes for LLW (A, B, and C) which ireiaagrength
going from Class A to C and are differentiated by the coragornr of radionuclides,
defined as average activity by volume (curies per cubic meiém®Cor by mass
(nanocuries per gram, nCi/g). Considerations are also made for whhthevaste

contains long-lived or short-lived radionuclides. Though LLW of Class i&-8uitable

! Though the gray superseded tteel unit (1 Gy = 100 rad) and the sievert superseded the réntgen
equivalent manrém 1 Sv= 100rem) as the Sl derived units for absorbed dose ané @gsivalent,
respectively (Jennings, 2007), ttael andremare still in use today.



Table 1.1Estimates of the thresholds for tissue effectdinltehumans

Time and effect

Threshold

Total dose
received in a
single brief

exposure (Gy)

Total dose received i
highly fractionated or
protracted exposures

(Gy)

Annual dose if
received yearly in
highly fractionated or
protracted exposures
for many years (Gy)

Testes
Temporary sterility
Permanent sterility
Ovaries
Sterility
Lens
Detectable opacities
Visual impairment
Bone marrow
Depression of
hematopoiesis

0.15
3.5-6.0

2.5-6.0

0.5-2.0
5.0

0.5

Not applicable
Not applicable

6.0

5
>8

Not applicable

0.4
2.0

>0.2

>0.1
>0.15

>0.4

From ICRP 41

Table 1.2Range of doses associated with specific radiatidiged syndromes
and death in humans exposed to uniform whole badiation

Whole body absorbed Principal effect contributing to

Time of death after

dosé (Gy) death exposure (days)
3-5 Damage to bone marrow 30-60
5-15 Damage to the gastrointestinal 7-20
tract
5-15 Damage to the lungs and 60-150
kidneys
>15 Damage to the nervous system

<5, dose dependent

® Some data included from partial body irradiations

From ICRP 103



for long-term disposal by near-surface burial, the storageriariter preventing toxic
release by evaporation, leakage, or detonation become more strivithentass (NRC,
2007).

HLW contains spent fuel from nuclear reactors and highly radieaeiastes from
nuclear weapons production. Typical radioisotopes found in HLW iné&t&%, *°Tc,
134 and **'Cs, which are products of nuclear fission, as welf*8u and**%Pu from
reprocessing spent fuel for weapons production. The dose rate at mmeaway from a
spent nuclear fuel assembly can exceed 200 Sv/hr, ten year$ sfteen removed from
the reactor (NRC, 2002). This extreme intensity of radioactialong with the long half-
lives of the radioisotopes, warrants much stricter storage/dispdsames than those of
LLW. The Department of Energy (DOE) is responsible for thes dadndling and
management of HLW in the U. S., with assistance from the EnventahProtection
Agency (EPA), and the departments of Transportation (DOT) and Interior (DOI).

Two-thirds of all DOE-managed nuclear waste resides in thenibia River Basin
of Washington state at the Hanford Site, formerly known as the Hanford Engvioeles.
Originally built to support the Manhattan Project with extractionplftonium from
uranium, the complex at Hanford grew quickly until 1964 when production pluases
were implemented. However, nuclear research and production operatichg for S.
Nuclear Weapons Program continued through to the end of the ColdOw&arthis time
an prodigous amount of radioactive waste was produced and stored in veay@uéee
figure 1.1) including using large underground storage tanks. Most of iretb@ds were
never designed for long-term or permanent storage. As a rdsaeltregion of the

Columbia Basin has suffered many accidental releases of coateenHLW into the



Figure 1.1 Photos depicting different waste storage methgdand b) show
underground liquid waste tank construction whilesledws shallow burial of
sealed drums (from www.hanford.gov).

local environment. Remediation efforts at the Hanford Site begdreitate 1980s, and
continue today. Underground waste storage tanks represent one afgtrepiablems
facing the remediation effort. As of late 2000, there were 177 tanks containironsnaf
gallons of HLW in liquid form at Hanford. Sixty-eight of thesee &nown or are
suspected to have leaked, creating plumes of migrating wastsktwut the environment
(Gerber, 2002). If left untreated more tanks are bound to leak & &nd could present
dangerously high levels of ionizing radiation to nearby human populations.
Radiotherapy, radiodiagnosis, and nuclear medicine are techniques inintaice
fields of ionizing radiation are created intentionally and speificfor improving
medical treatment to a patient. lonizing radiation is explarethese situations to Kkill

cancer cells, or to penetrate into and/or be absorbed by diffeesmes so that anatomy



may be discerned without surgery. Typical radiation sources for medical punpdses
x-ray machines of various designs and energies, which are usedrilyrirm
radiodiagnostics; gamma sourcéd and *%4r, and radium capsules, which are used in
brachytherapy; and particle accelerators such as linadstons and synchrotrons that
produce beams of high-energy electrons, protons, and atomic nuclei for radiatamy ther

A routine chest x-ray gives a small dose of ~0.17 mGy (Warcewdid and
Bradley, 1993) which is equivalent to a few weeks of hormal backgnadhation and is
not normally monitored in any way other than the relative contrabsieafesultant image.
However, the technique of fluoroscopy often requires a rapid succegsienay images
so that surgeons may indirectly view the internals of a patiedtoperate accordingly
without heavy lacerations. Tracking the patients anatomy and the surgisaitthoh the
body require near-real-time imaging, and x-ray images &entat up to 30 frames per
second. Since these operations can last many hours, the patieat@sar B significant
dose from the x-rays with the potential for skin burns as wedhasicreased probability
for developing cancer later in life.

Radiotherapy is a non-surgical technique that uses beams oéreghy photons,
electrons, and heavy charged particles (HCPs) in order to teathd destroy cancerous
tissue. This technique exploits the higher susceptibility of cansetissue to ionizing
radiation relative to normal tissue. Using proton therapy fortgi®sreatment, the dose
to the tumor can reach 78 Gy. This is given using thirty nine 2 &yidns over several
weeks using different delivery geometries so that the dose teutiheunding normal

tissue is considerably less than that given to the tumor (Pol80R). By its very nature



radiotherapy is devastating to biological tissues, and the maogimsror for these
procedures are decreasing as the techniques and technologies improve.

Medical uses of ionizing radiation depend on delivering precise dogbatsenough
energy is applied to kill the majority of cancer cells or abtaseful diagnostic images,
while doing as little harm to normal tissues as possible. Caledstery of these doses

requires accurate testing, characterization, and calibration through gosi@etry.

1.2 Approaches to Environmental Monitoring and Medical Dosimetry

Many techniques have been developed and used for radiation monitoring and

dosimetry, and at the center of each approach lies a particeésunement technology.
Most of the subsurface contaminant monitoring performed at nuekeste remediation
sites such as the Hanford Site is done by chemical analygianama spectroscopy of
waste and environmental samples taken from bore holes in the contiraneas. These
techniques are used to determine exactly which radioisotopes egenpiin the soil
sample, and provide information related to waste migration, if &angughout the local
environment as well as evolution of the waste as the constitueiatyg aed the elemental
makeup of the waste changes. However, there are many disadvatdagample
extraction and subsequent lab analysis. Extracting subsurfacarspiles may affect the
integrity of the environment in which contaminants may be miggatnd is an
inefficient way to profile or map the distribution of radioactp®mes underground.
Also, subsequent monitoring of the same location becomes difficultodiine previous

removal of material. Lastly, soil sampling is costly and lahtersive due to extraction,



delivery, preparation and lab analysis, as well as the need fdgioadtlimanagement of
the samples as radioactive waste after analysis. For tles®ns, this form of
environmental monitoring may not be performed as often as iefeemediation may
require.

Recently,in-situ subsurface monitoring devices have been proposed, such as: Nal
scintillators and Ge semiconductors for gamma spectroscopy (R@H, Hult et al.,
2006); a laser-heated thermoluminescence dosimetry (TLD) sy®&esmnlich et al.,
1983); and an optically stimulated luminescence (OSL) dosimettgmsysased on doped
glass dosimeters (Huston et al., 2001). Each has the ability toelgndetect radiation
via optical or electronic means, but they also each have drawlekscintillators and
Ge semiconductors provide more information than absorbed dose;|soeseport the
particular energies of the detected gamma rays. Since thgiemare characteristic of
the radioisotope that emitted them, Nal and Ge devices can idenitifye contaminants.
However, in order to obtain the sensitivity needed to quickly deternmatural
background dose levels and/or any increase above natural backgrousdthevelystals
must be very pure, large (i.e. expensive), and attached directigngitive electronics
needed to convert the scintillations to electrical signals. Ushesse subsurface
scintillator installations to provide meaningful tracking of largaks contamination at a
dynamic remediation site could prove prohibitively expensive. The-tesded TLD
approach relies on remotely interrogating a dosimeter that hasalleeed to integrate
the environmental dose over a prescribed period with a high-powar baam. The
resulting thermoluminescence (TL) travels back to a reader avidrer optic cable.

While the level of complexity is low with respect to gammacdcirometers, the thallium



bromo-iodide light guide used in these systems is toxic and lsa®ra lifetime, and

application of high laser power into an existing or potentially Velataste plume may
be problematic. Glass dosimeters show promise as inert and inexpsobsurface

monitors, but they suffer from darkening due to prolonged radiation exoBuey are

also insensitive to the point of needing several weeks to accurauligtectable signal at
environmental dose rates, which leads to a similar frequenawtfuer, infrequency) of
measurement to that of soil sampling.

Medical dosimetry takes advantage of many different technaodienong the
oldest are photographic films and ionization chambers. Photographic &bnused to
make the first diagnostic images shortly after Wilhelm Konrédtéen discovered x-
rays (Pais, 1986), and technology has long since evolved to addresssisshieas x-ray
scatter and the originally high x-ray intensities and exposorestneeded to produce
useful images. Today, photographic film is still used as abteliaffective, and quick
diagnostic tool. Medical dosimetrists also regularly use ioozathambers as standards
by which they calibrate both diagnostic and therapeutic machimves. of the most
common configurations of ionization chambers in the hospital are thbléhand pencil
chambers. The thimble chamber is typically ~ 1émvolume and is used for isodose
curve construction and depth dose profiling. The 10 cm long, 1 cm diapmtei
chamber is used for computed tomography (CT) machine characterizk$ length
allows an entire axial CT slice with penumbra to be intedradgen placed perpendicular
to the plane of rotation with the CT gantry centered on the middleeathamber. TLDs
and metal oxide-silicon field effect transistor (MOSFET) detes represent more

contemporary dosimeters. TLDs are relatively small yet sengitive passive dosimeters
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that can be placed in a variety of configurations that would bevtkevard for ionization
chambers or films. MOSFET detectors are solid state eta@ctdevices that provide real-
time dose readings and may be built very small so that thgyoeplacedn-vivo during
therapy or fluoroscopic procedures. More recently, a small etdumtised transponder has
been proposed as ansitu medical dosimeter implant (Son and Ziaie, 2006). This device
operates by means of a variable capacitor that is paffilly with a Teflon electret. As
air between the capacitor plates is ionized, the electret tollbarge and the capacitance
changes. Changes in capacitance may be read wirelesslgriippnmg the impedence of
an interrogating coil placed close to the implanted transponder. This dossreetaniple
collection of coils and capacitors, and can be made very small apthenmplanted into
patients for long-term use. However, the device is passive amdnistructed from
materials such as gold and titanium that may pose problemsadiosthrerapy dose
planning and delivery due to their high atomic numbers relative to tissue.

Advances in modern radiation delivery techniques are outpacing dosimetr
development. With the advent of therapy techniques like high dose (HD&)
brachytherapy, intensity modulated radiation therapy (IMRT) andgémnguided
radiotherapy (IGRT), and diagnostic techniques like cone-beanth€icomplexity and
spatial detail of radiation fields are rapidly increasing. ikassosimeters like films and
TLDs are becoming less relevant or even useless in these @heaionization chamber,
while a sound active detector, cannot be miniaturized to the poimpoftmg modern
dose gradients effectively. Some MOSFET detectors are smaillgh to resolve these

fields, but they may depend on source-to-patient skin distancee{ B 2000) and need
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Figure 1.2 Single fluoroscopic x-ray comparing the transpayesfadifferent
dosimetry systems. (1: KBr:Eu, 2&4: micro-MOSFE®&53 standard MOSFET)

to be recalibrated often. MOSFETs also require radio-opaque mvetd for signal
transmission that could complicate dose planning and fluoroscopic procdeigres 1.2
shows a fluoroscopic image of an assortment of MOSFET detectdra gingle fiber
optic cable with a small KBr:Eu OSL dosimeter at the end.

Doses delivered to patients during IMRT, IGRT, and HDR brachytiiease not
directly measured. They are calculated using sophisticated conepdtes that are based
on simulations and empirical data, and that can interpret pagpecifis information
(e.g. the location and shape of a tumor) from CT scans. The lacictoél dose
measurement is a direct result of the inadequacies of exdisimeters. As the race for
faster and more effective (and potentially more harmful) radrapy and radiodiagnosis
procedures continues, so does the need for real-time direct dosgeneas that can be

included into the procedures both innocuously and transparently.
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1.3 Current Work: Solutions Using Remote OSL Dosimetry

The work presented in the following chapters is an attempt to addesticular
problems in environmental and medical dosimetry by using OSL ;A for high-
sensitivity measurements suitable for subsurface environmental amogjt and of
KBr:Eu for near-real-time measurements useful ifevivo medical dosimetry. Two
systems were built and optimized for remote interrogation of tbrgs¢al dosimeters by
sending stimulation light and receiving the resulting luminescewneesingle fiber optic
cables. The next chapter discusses the basic principles of @SLLa while the third
chapter details dosimetric properties and characteristiesf$O3:C and KBr:.Eu.

Chapter 4 discusses on the environmental system, which was builtheitmain
focus of remote interrogation of high-sensitivity-Al,O3:C dosimeters so that a
discernable signal from natural background radiation could be obtainedhos time
as possible. Much of the system’s sensitivity is due to the usieegbulsed optically
stimulated luminescence (POSL) technique, discussed in ctzaptbe system was also
designed for portability so that one reader system could meaguedssfrom multiple
dosimeters installed throughout any arbitrary environment. The dessnitemselves
are placed at the bottom of steel ground probes and coupled to an optical finenghat
the surface. This scheme represents a useful supplement togesestiediation efforts as
it has many clear advantages over other environmental monitoyistgnss. The
simplicity and economy of the dosimetry probes allows for many notge installed

(unlike subsurface scintillators), the probes maintain the environment’s integm give
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dose results frequently (perhaps more often than once per daygaaidg them does
not produce additional waste management concerns, unlike soil sanipleng\,O5:C
crystal dosimeter is robust, inert and is more sensitive and radiatobthiaardoped glass
dosimeters. Also, the POSL procedure is relatively low power, unlike lasedhBaDs.

Initial bench top development and testing of the environmental systezported,
as well as further development into a fully functional and portale prototype. Initial
testing relevant to environmental monitoring is also presented.

Chapter 5 focuses on the KBr:Eu-based medical OSL system anuderfurt
characterization of the KBr:Eu material, respectively. dflitideveloped by Gaza (Gaza
and McKeever, 2006) the medical system takes advantage of tloptiaal bleaching of
KBr:Eu so that 10 full continuous-wave OSL (CW-OSL) signals carrdlagel every
second. Thus, the rapid succession of traditional OSL signals qualifies the KBst&n sy
as a near-real-time dosimetry system. Extensive testisgaraducted in clinical settings
including radiotherapy, brachytherapy, and radiodiagnostic proceduresmim cases,
dose delivery and system measurement patterns conflicted, so agieropodifications
were made to provide measurement compatibility. Also, complex igatisih behavior
of the medical system was noted. This prompted a deeper inviestigato the
fundamental properties of KBr:Eu and a simple model is proposedgifias an
explanation to the material’s behavior.

Chapter 6 briefly summarizes the results of this dissertatiaimaé context of the
applicability of the systems to the fields for which they wietended. It also suggests
ways in which the systems may be improved. Finally, future workssacy for further

understanding and completion of the systems is discussed.
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CHAPTER Il

MODELS OF THERMALLY AND OPTICALLY STIMULATED LUMINESCENCE

A single atom in its ground state features discrete enexgysl that confine valence
electrons. When many atoms are grouped together in close proxasiip crystalline
solids, these discrete energy levels are split into nearljintious, yet finite ranges of
energies referred to as energy bands (Eisberg and Resnick, 198&nidonductors and
insulators, the highest energy valence bands are completely With electrons (at 0
kelvin). Also, there is a band gap, or range of energy forbidden tel¢io&rons, that
separates the highest valence band from the next available emnpdy @alled the
conduction band (see figure 2.1a). This configuration holds for idestlatsy However,
real crystals are defective and may include cation or anion vasammpurity atoms
with atomic numbers and/or valencies differing from the host atosngiel as ions or
molecular forms caught interstitially between regulardatsites. Defects and impurities
cause misalignments from the ideal crystal structure and introdudieéocanergy levels
within the band gap (figure 2.1b) which can act as electron or hple tlepending on
their energy relative to the Fermi level (McKeever, 198he presence of these defect
levels is of vital importance to solid-state radiation dosimetry.

When a crystalline solid is subjected to ionizing radiation, valeh@erons within

the solid may absorb enough energy to overcome the band gap and thigragg the
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Figure 2.1 a) Delocalized energy bands of an insulating efyste separated by regions forbidden to electcaiied band

gaps. b) A close up of the region shared by thédsgvalence band and the lowest conduction bavehi® localized

energy levels in the band gap resulting from chydtdects. Defect levels below the Fermi level aceupied by electrons
and so are capable of trapping holes, whereagtietslabove the Fermi level are empty and are patetectron traps.



crystal with energies in the conduction band. Liberated electr@ve leacancies, or
‘holes’, behind. It is reasonable and convenient for discussion tohivksegt as discrete
positive charge carriers that can ‘conduct’ through the valence bartteiijaurney to
settle into the lowest energy configuration, electrons and hags@&ombine with each
other directly or indirectly immediately after ionization, bey may transition into meta-
stable defect energy levels within the band gap. A defectiewtdssified as a either a
charge trap or a recombination center, depending on the probabilitieshafge carrier
to transition between the defect level and the valence or condbatiads (McKeever,
1985). For example, if it is more likely for an electron trappeshaelectron center (see
figure 2.1b) to transition into the conduction rather than the valence band, thenelsat def
level is considered a trap. However, if it is more probable Heaklectron transition to
the valence band (i.e., a valence band hole transition to the eleciran)céhen the
defect level is considered a recombination center.

Direct recombination consists of a charge crossing the erdimd gap from one
band to the other to recombine with an opposite charge, and is also kndandato-
band recombination. Recombination that takes place at a defedsleadied indirect, or
band-to-center recombination. Trapped electrons and holes may beetklg they
absorb enough energy from stimulation with ionizing or non-ionizing tiadiaor
thermal energy. The freed charge may travel through theatrgs before, getting
retrapped or recombining.

No matter which transitions the charges make, luminescence obugad if
recombination and subsequent relaxation of the excited defect gestdts in the

emission of light. However, electron-hole recombination does not guarante
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luminescence. Recombination may be radiative or non-radiative, véitluminescence

efficiency of a material given as

N=5 "5 (2.1)

where P, and P, are the probabilities of radiative and non-radiative recombination,
respectively. Both radiative and non-radiative recombination maydmgiloed using the
Mott-Seitz approach, by which the electronic energy stategsepresented as lattice
potentials versus configurational coordinate of the defect with respetite crystal
lattice. Figure 2.2 illustrates the case of an electron tranisigy from the conduction
band into a recombination center, leaving the electron in an extatedas point A of the
diagram. The recombination is radiative if the transitionsBA>C—D are made, with
the luminescence being produced from the® transition. Transitions AB and G»>D
involve energy losses due to phonon interaction of amdtjrdadE,, respectively. Non-
radiative recombination can occur if the excited electron absortasgh thermal energy

AE such that the transition seriesSEE—D takes place. All of these transitions

4
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|
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Figure 2.2 Configurational coordinate diagram depicting the
transitions required for radiative and non-radiatigcombination.
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result from phonon interaction, i.e., heat is either absorbed fresE{Bor dissipated to
(E—D) the lattice by the electron (Braunlich et al., 1979, McKeever, 1985).
Radioluminescence (RL) is produced during irradiation and resubts fthe
immediate recombination that occurs when one or both recombining cheargis
getting trapped after ionization. Because it is produced prgngottl only during
irradiation, RL intensity is proportional to the rate at which desabsorbed. Optically
stimulated luminescence (OSL) is emitted after trapped ebaae released from their
meta-stable defect states via absorption of certain waytbkenof visible light.
Recombination of trapped charges that were released by meashdedf thermal energy
produces thermoluminescence (TL). Ignoring trap saturation effé@samount of
charge trapped during irradiation increases linearly over tifthess, the irradiated crystal
is effectively integrating absorbed dose information. Since dptcal thermal
stimulation empties the accumulated trapped charge, OSL and nignsity
measurements provide signals (see figure 2.3) that are propotbah& absorbed dose
given to the material. A simple model to describe the mecharo$rakarge transfer

during irradiation, OSL, and TL can help to elucidate the structure of these signals
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Figure 2.3Examples of a) TL and b) OSL signals from KBr:Eu.
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2.1 The Single Charge Trap — Single Recombination Center Model

The simplest model of TL and OSL can be described using a bandndibigahat
shown in figure 2.4. The model features a band gap of efigrggntaining one electron
trap situated between the conduction bané&.aand the Fermi levekr, and one hole
trap/recombination center that lies betwdgnand the top of the valence bandEat
Figure 2.4 also indicates the various transitions that electrondy@es may undergo
during irradiation and subsequent thermal or optical stimulation. Tragpetions must
absorb at least an amount of energy equdt to order to be released and allowed to
recombine. Sdk is interpreted to be the trap “depth” below the conduction band.

Both OSL and TL phenomena may be described mathematically by aisag of
equations that represent the rates of change in concentratiorsarge cat different

energy levels. To meet charge neutrality conditions, the contentia electrons and

e

o——— 0 ®
Ec i ;E X
1 008 Eg
Stimulation
i) R TR - e
lonizing
200

E,

Figure 2.4 Energy band diagram illustrating electron-holer gabduction by
ionizing radiation, electron® ) and hollo{ ) migoatiinto and out of defect
centers, and recombination producing luminesceifeee, defect centel is an

electron trap with a trap depth Bf while cente2 is a recombination center.
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holes, at any time, must be equal. Thus,

n+n,=m+m, (2.1)
wheren andm are the concentrations of trapped electrons and holes, respeGivhy
andm, are the concentrations of electrons in the conduction band and holesahetine
band, respectively. During irradiation, the rate of change. & equal to the electron-
hole pair production rateminus the rate of electron-hole recombination at cehtard

minus the rate of electron trapping, or

T f-nAm-n(N-1)A, 2.2)

where A; is the probability of electron-hole recombinatioh, is the probability of
electron trapping, andl is the total concentration of electron traps. ukssg that
trapped electrons are not stimulated out of thp ttaring irradiation, the change in
trapped electrons is the same as the last termuaition 2.2, or

dn
FoNN-A, (2.3)

The concentration of holes in the valence band gémras the rate of pair production
minus the hole trapping rate,

dmr
dt

L= f-m(M-mA, (2.4)

whereM is the total concentration of hole traps @ads the probability of hole trapping
from the valence band. Since centeis a trap, holes and electrons do not recombine
there, and thus equation 2.4 has no equivaleritet@etcombination term in equation 2.2.
Finally, m increases as more holes are trapped, and decredsss recombination

OCCurs,
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o= m(M-mA -nAm. (2.5)

After irradiation and during stimulation, these ations are altered as they pertain to
trap emptying and the resetting of the crystatdqre-irradiated state. In this treatment,
both TL and OSL phenomena result from the stimohatf electrons out of electron
traps and the subsequent recombination of electuthsholes at recombination centers.

It is assumed that no holes are stimulated out a¥ lraps into the valence band
(dm,/dt=0), and that neither hole trappin@, =0) nor direct recombination takes
place. Thus, with negligible re-trapping (ogA,(N—n)~0), only the excitation of
electrons out of traps accounts for any change in

dn
~—n 2.6

v p (2.6)
wherep is the probability per unit time of electrons lzgireleased into the conduction
band due to stimulation. The change in concenptraif trapped holes can be written as

dmr
—=-nAm 2.7

= A 27)
since no more hole traps are being filled. Fromag¢iqn 2.1, the rate equation for
electrons in the conduction band becomes

dn, _ dn dmr_
gt~ at gt PTnAM (28)

However, the crystal can be considered to be irsieeguilibrium under stimulation in
thatn. changes much less thamndm. So, because

dn dn dnmr

C

<<
dt dt " dt

(2.9)

and using equation 2.8, we may write an expredsiotine intensity of luminescence

22



dmr dn
dt dt

(2.10)

as the luminescence is the end product of eledtobm- recombination which is
concomitant with change in trapped hole concemtnatintegrating equation 2.10 gives

| =1, exg— pt) (2.11)
where |, =n,p and the subscript 0 denotes initial value$-at of the stimulation period
(Botter-Jensen et al., 2003). So far, a simple inofdgtimulated luminescence has been
given, and a relation for the luminescence intgradrived without regard to the type of

applied stimulation. Further developments of thedet for the specific cases of TL and

OSL follow.

2.2 Thermal and Optical Stimulation

The important distinction to be made between thetisms of equation 2.10 for OSL
(los) and TL (1) is in the choice of an appropriate valugpdbr each case. For both
cases, and at any temperatidre O kelvin, there exists a probability of thermal eation

of trapped electrong;; such that

P, = sexd-E; /k,T). (2.12)
Here, s is the frequency factor, or attempt-to-escapeukeegy, and accounts for the
interaction between a trapped electron and lafittenons;Er is the thermal activation
energy; and, is Boltzmann’s constant. Of course, at low terapees or for electrons
in thermally stable traps (i.e. larder), this probability is low. TL is obtained by

increasingTl such thapr, increases to a point at which luminescence is amumduced.
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Thus, we can simply combine equations 2.10 and Blproduce the TL intensity

relation
dn
== = snexd— E; /k,T). (2.13)

This equation follows first-order kinetics, dueth® dependence of the rate of change on
the first power of the concentratian TL signals are normally acquired by heating
materials linearly at a rat@ (K/s) such thatT =T,+ A& and it is helpful to obtain a
solution of TL intensity as a function of temperatonly. Equation 2.13 may be put into
the temperature domain by integrating using a changvariables @t=dT/4), which

gives
I, =sn exp-E, /ka)exr{—% [ expl-E; /ka)} . (2.14)

This result is the TL peak shape equation for-farster kinetics developed by Randall
and Wilkins (1945) and is dependent on the prevemsimption of negligible electron
retrapping once thermally stimulated. Garlick andbsBn (1948) proposed that
retrapping and recombination could occur with appnately equal probabilities

(A, = A). In this case, the change in trapped electromswsl

U0+ AN ). 215

dn
t
Inserting equations 2.7 and 2.15 into equation,Z&ling forn. gives

n, = P . (2.16)
T AN-M+AM

Putting this back into equation 2.15 produces tedag to equation 2.13, assuming that

the concentrations of trapped electrons and reamatibn centers are equ(ad = m),
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dn n?
lTL :—EZWSGX[( ET/k T) (217)

This is the second-order kinetics form of the Tlalpesquation, asdn/dt is now
dependent on the second powenolntegrating equation 2.17 while allowing for adar

heating rate produces the solution

I, = Sﬁ exp(- E; /k, T){lﬂ' ﬁexp(— E, /k, T)dT} 2. (2.18)
In order to account for cases in which first- ocaed-order kinetics inadequately
describes the TL peaks, May and Partridge (196dpqgwmed a purely empirical general-
order kinetics expression of the form

I =—%= n°sexp-E; /k,T), (2.19)

whereb is the kinetic order term and is usually in thagal<b<2. However, under
dimensional analysis, the pre-exponential factois found to require units of #iYs™.
The mutability of the dimensions of this constaithvthe general-order term hinders any
meaningful physical interpretation of. Rasheedy (1993) suggested a revision to

equation 2.19 that retained the original frequéiacyors, giving

dn n°
|, =— pm Nbflsexp(—ET/ka), (2.20)

with the linear heating rate solution of

T~

srp s(b- 1)n“ =
N ET/ka{ NP I F(— E; /k, T)dT} . (2.21)

which reduces to the Garlick-Gibson expression der2 and to the Randall-Wilkins

expression ab — 1.
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OSL is not generally dependent on the thermal attait of trapped electrons, and
so a different form of the excitation probabilpyfrom that of equation 2.12 is needed.
Whereas TL is primarily governed by the thermalvation energyEr of the electron
trap, OSL is mostly contingent on the photoionmatcross-sectiow, and the electron
excitation probability most applicable to OSL takies form

Pos, = Po(hv,E,), (2.22)

where @ is the intensity of incident photons. The phot@ation cross-section has the
units of area (1) and represents the probability that an interacbetween a trapped
electron and an incident photon of enehgywill provide enough energl, to stimulate
the electron out of the trap. Though several exgiwes foro(hv, E,) have been put forth

following differing assumptions, one that is usedularly follows

. (hv —E)??
J_C*/E_"hv[hw E.(m,/m, D] (2.23)

whereC is a constanty, is the rest mass of the trapped electron,ranis the effective
mass of the electron in the conduction band (Griresngnd Ledebo, 1975).

Under the assumptions made in section 2.1, namegiepquilibrium and first-order
kinetics (negligible retrapping), the expression @SL intensity follows directly from
equation 2.11:

los, = 1o €XH—1tPos ) = 1, eXH~1t/7). (2.24)
where againl, = n,p,5,, and the denominator in the exponent on the tgmd side is
the inverse of the electronic excitation probapilicalled the luminescence lifetime

(r=1/p,s ). Equation 2.24 reveals that the luminescenceymextiby emptying a single
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electron trap under stimulation produces an expiaiBndecaying signal characterized
by z. This may be surmised by another look at the Q&has from KBr:Eu in figure 2.3.
One can develop an OSL intensity expression thasiders appreciable retrapping
in the same fashion as for TL. In fact, only aHighodification to the derivation by
Garlick and Gibson (equation 2.17) is needed. Byedjarding their assumption that

A, = A, and adding a terfR= A /A, , the second-order OSL intensity is written as

dn n°p,
| o =—— = FOSL 2.25
ost dt NFR ( )

Integrating equation 2.25 gives

2
losL = |0(1_—nol\plc|;sLtj , (2.26)

wherel, =n¢ pOSL/NR (Chen and McKeever, 1997).

So far, the discussion of OSL has been based on thenntitai the optical
stimulation is applied at a constant intensity over the lumineseceadeout period. This
mode is called continuous-wave OSL (CW-OSL). Howeveticapstimulation may be
applied in different ways, such as ramping the intensitygaven rate while monitoring
the OSL, as is done in linearly-modulated OSL (LM-OSL) en@ulur, 1996). Another
method is to pulse the stimulation light and read the OSL betl@sen pulses. This is
called the pulsed OSL (POSL) method (McKeever et al., 1996

The POSL method takes advantage of the inherent delay Xiséd between the
excitation of a recombination center and the subsequent |wemesproducing
relaxation of the center to the ground state. The lifetime ofeduited centerzr is
normally very short and therefore plays no significant pathe development of OSL

models concerned with CW-OSL, since the duration of stimuldtisnmuch larger than
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%. It is whenT is made to approach that the POSL is most effective. Assuming that
during short stimulation periods the change in the numberappéd electrons is much
less than the total number, an<<n, the number of excited recombination centars
builds up as long as stimulation light is applied (Batter-Jermteal., 2003). When
stimulation ends, the build-up stops and only decay of tiséirex excited centers occurs.
This process is illustrated in figure 2.5 for several differstimulation periods of
constant intensity.

An important characteristic of the curves in figure 2.5 & the areas under the
curves are proportional to the amount of detrapped chifwaehas recombined and
produced OSL, i.e., to the absorbed dose that initially lptguli the charge traps. The
two features that make POSL most interesting for dosimetrthararea under the build

up and the area under the decay. As the stimulation pulskorsened the ratio of
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Ratio of decay to build-up
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Figure 2.5 Schematic illustration of the build up and dec&?@SL for stimulation pulse
widths ranging from .22 to 1.61 s. A luminesceniéetime t = 1 s is used, and the
stimulation intensity is identical for each pulsé@th. Inset shows the ratios of build up
OSL to decay OSL for the different stimulation pels.

28



luminescence produced during the decay to that produdgetydbe build up increases
rapidly (inset of figure 2.5). Increasing the stimulation ristyy while decreasing the
pulse width is possible with an appropriate choice of simulatamce (e.g. a g-switched
laser), and significantly increases the decay-to-build-up .rato lieu of these
developments, a dosimetry system may be developed #est éalvantage of a timing
scheme such that the greater part of the OSL may lbebetaveen short pulses laser
light. The POSL detection system may therefore disregardigngl that comes during
the intense light pulse. This effectively removes backgraigmil from the stimulation
source, as well as allowing for less optical filtration befoee dbtector (Akselrod and

McKeever, 1999).

2.3 A Note on Energies

When discussing models of TL and OSL in the contexts nefrgy band and
configurational coordinate diagrams, it is necessary to inteodogny different terms
defining the energy values of the features inherent to thesgels. Therefore, it is
constructive to detail the relationship between certain enengg tespecially those that
deal with electron-trap transitions. Figure 2.6 depicts theuwstimh band and an electron
trap as parabolic lattice potentials in a configurational coorditiaigram, and can be
compared directly with the representation of the condudtaord and centet in figure
2.4. The model of trap filling during irradiation described\ab relies on the trapping
transition to be non-radiative. Therefore, a trap may capamreclectron from the

conduction band only if the electron possesses an anuwfuenhergy U such that

29



EA

T L
Et -

-

' Q
Figure 2.6 Diagram of energy versus configurational coordin@tshowing lattice potentials
for an electron trap (dashed parabola) and thehheiing portion of the conduction band

(solid parabola). The assorted values of energye@lto electron trapping during irradiation,
and thermal and optical activation required forarlOSL production are specified.

it may reach the intersection of the conduction and trap pdteniihis transition is
analogous to the transition-BE—D of figure 2.2. At equilibrium, an occupied trap lies
at energ)E; at a trap depth d belowE. (Braunlich et al., 1979).

In order to produce TL, trapped electrons must be ralease electron-phonon
interactions of sufficient magnitude. In other words, endginmal energy from lattice
vibrations caused by heating the material must be imparte@ tdbtrons so that it can
traverse the intersection of the two potential€atr U and be ejected back into the
conduction band. Thus, the thermal activation energy dfdipged electron is given as

E.=E+U. (2.27)

OSL production relies on optical transitions that occur withowngh in the

configurational coordinate (shown as vertical transitions inéi@u2 and 2.6), and so the
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trapped electrons need not be constrained to travel alonattibe potentials for release
as in thermal activation. However, because the equilibriunitigus of the lattice
potentials are generally located at different coordinatggm(ated by in figure 2.6), the
amount of energy needed to transition optically from trapliegum to the conduction
band is normally greater than the trap delpthThe additional energy needed for this
transition is called the lattice-readjustment enékdgBraunlich et al., 1979) given as

A = Siw, (2.28)
where S is the Huang-Rhys factor, or mean number of photomstexl during

equilibration after the optical transitiohjs the reduced Planck’s constant, angis the

frequency of phonon vibration (Curie, 1960; Bgtter-Jenseal., 2003). The optical
activation energy can now be written as
E =E+A. (2.29)
The important point to be made here is that the trap depthrdtealone govern the
release of trapped electrons for TL or OSL productiondithehal energies must be
considered that depend on the configuration of the lattiaetate as well as the

stimulation mode used, whether thermal or optical.

2.4 Advanced TL and OSL models

The models discussed above pertain to the simple cassimgjla electron trap and
single recombination center and provide an introduction to dkenéial mechanisms of
TL and OSL. Under certain circumstances, these modeis bea expanded in a

straightforward manner to incorporate the presence oildisons of thermally (in the
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case of TL) or optically (for OSL) active electron trapsshperposing multiple instances

of first-order TL peaks
S (T
lTL,totaI = z S Ny eXF(_ Ei / ka)eXF{_EIJ-TO exd‘ Ei / ka)} ) (2-30)
or OSL decay curves
lOSLtotaI = z Noi Posti eXF(_ tpOSLi ) . (2.31)

However, this superposition is only effective when the TIO&L structures form
independently of any other structure, obeying first-okitegtics. The assumption of non-
negligible retrapping for kinetic orders df>1 does not address the possibility of
interaction between traps. Bull et al. (1986) consideredrateases in which simulated
TL glow curves were calculated numerically using the rajeatons governing an
insulator with three electron and three hole trapping levelksy Tdund that fitting multi-
peak TL curves via superposition worked well only whea ¢hrves were calculated
using parameters that satisfied negligible retrapping, andvamén the fitting was also
of first-order. Fittings of calculated TL curves of higloeder and of mixed electron and
hole traps showed poor results with superposed peak aisyabrder.

Simulations carried out by Chitinska (2008) showed that fitting OSL decays by
superposition can lead to erroneous results when the airto idetermine the
photoionization cross-section. The model was comprisedsbfliow, optically inactive
trap; a single optically active OSL trap; and two recombinatiartecg of differing
recombination probabilities. By varying the relative concentratdmgptically active and
inactive traps, trapping probabilities, dose period, and pilttieb of recombination, it

was shown that the simulated LM-OSL signal deviated fron+diider. This deviation
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could possibly mislead an experimenter into thinking that itpeakis comprised of a
convolution of components from multiple first-order, opticadlgtive traps. Thus, in
general, first-order fitting does not provide an accurateama for finding the
photoionization cross-section of traps responsible for O®dygtion in cases where
first-order kinetics do not apply.

In moving to a more advanced and realistic picture of Td/@nOSL, it is common
to introduce deep localized defect levels that are unaffdayedhermal or optical
stimulation, yet participate in charge transfer. In TL, thesastare located deep enough
below the conduction band so as to be thermally disconn&otadthe heating process.
Adding a concentration of these deep trap$o the one-trap, one-recombination center
model changes the charge neutrality condition to

n+n,=m, (2.32)
andng changes during TL readout as the probability of desgmptngAy multiplied by the

number of unoccupied deep traps
d
d_rldzAd(Nd “n,), (2.33)

where Ny is the total number of deep traps. The change in frer@hs can now be
written as

dn, __dn, dm_dn, (2.34)
dt  dt dt  dt

Under quasi-equilibriun{nc <<n, dn/dt<< dn/dt), and for the special condition that

the deep traps are fu@hd ~N,, dn,/dt= 0), we can combine equations 2.7, 2.32, and

2.34 to produce (Dussel and Bube, 1967)
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dn. dn
dtc +a=—nc(n+ Ny A . (2.35)

Solving equations 2.8 and 2.35, following Kelly and Braum(it970), gives

dn _ nsexd-E; /k,T)n+n,)A
T odt (N—n)A +(n+ny)A

, (2.36)

which is easily shown to match the first-order RaRWilkins equation 2.13 when
assuming slow retrapping(Nl —n)A, <<(n+n,)A,). However, when considering fast

retrapping (N —n)A, >>(n+n,)A ) and withn<<N, equation 2.36 becomes

I dn _ nsexd-E; /k,T)n+n,)A
odt NA '

(2.37)

This expression may be expanded to the form

I = s(nn, exp— E; /k,T]+n?exg— E; /k,T]),  (2.38)
where s =sA /NA,. From equation 2.38, it seems that the introdactid thermally
disconnected traps leads to a TL signal that ethdimixture of first- and second-order
behaviors (Chen and McKeever, 1997).

In the context of OSL, the additional traps are aoly thermally stable at the
temperature of measurement, but are also opticalgtive. The inclusion of these traps
changes the simple OSL equation 2.25 to

lost = lor€XA=1/7,)— N (N, —n,) A, (2.39)
where subscripl refers to features of the optically active trapd subscrip® refers to
the second, optically inactive trap. Dependinglmvalues ofN, andn,, the OSL signal
may be altered from a pure exponential form. Fstaince, ifN, >>n,, then the optically
inactive trap could compete the recombination gentlor the duration of the

measurement. This would introduce a slowly decngasbomponent to simple OSL decay
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with n_(N,-n,)A,, >0 ast—w. If n,~N, the deep traps are filled and the OSL
decay would be practically unaffected by the offigcainactive trap, since
n.(N,—n,)A,, =0.

Other adjustments to the simple models have beete rraproduce more realistic
pictures of TL and OSL mechanisms. Lewandowski siceever (1991) introduced a
purely general model of TL that circumvents thechéer the quasi-equilibrium and
kinetic order approximations. These two approxioraiare difficult to justify physically
for all but the simplest arrangements of traps swbmbination centers, arrangements
which are not typically found in natural or evemthetic materials. The model describes

the physically meaningful functions

Rex = Recap _ nsexd- E; /k,T]-n.(N-n)A

" R nAmM (2:40)
and
p= e _ (N=1A, (2.41)
RfeCOm Af m

The TL rate equations concerning the one trap, renembination, and one thermally
disconnected trap were solved us@@ndP and by making no assumptions concerning

guasi-equilibrium and kinetic order, giving

_sn ~ 1 Q _
|TL_Q+PeXF( ET/ka)eX ﬂjToQ+PseXF( ET/ka)i|' (2'42)

This expression reverts to the Randall-Wilkins trela when Q~1 and P>>1. An
analytical from of equation 2.42 has been develdpatl may be expressed in terms of

measurable parameters for the case of slow-retrgp@nd its ability to fit curves
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generated from exact, numerical solutions to thedik equations compare favorably to
that of the Randall-Wilkins equation (Lewandowskak, 1994).

An even more realistic OSL model has been proptsatdncorporates more defect
center types than the optically active traps, cdmmpeoptically inactive deep traps and
radiative recombination centers mentioned in tlseuision above. Figure 2.7 shows an
energy band diagram detailing the different trapety and transitions of this model.
Note that the transitions pertain to what happemid optical stimulation. As such, the
model consists simultaneously of the standard takynstable (at room temperature)
OSL trap, out of which electrons are optically stiated; a deep trap that electrons can
transition into but out of which they cannot be icgity or thermally stimulated, a
recombination center that produces luminescenceelisas a thermally unstable shallow
trap that can both capture and release electromesr uhermal or optical stimulation; and
a non-radiative recombination center (McKeeverl e1297a).

The flow of charge between these five traps is mlesg using a set of six coupled

| 4 A |
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Shallow =
tra
P trap Deep
trap
Erd-mrmrmrmmemmemmem et R -
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Non-radiative  y Radiative
recombination recombination
center center
E,

Figure 2.7 Band diagram depicting the multiple traps and ftams
considered in the generalized model of OSL of Makeet al (1997a).
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rate equations, with the OSL intensity equaling thegative rate of change of
the radiative recombination center. McKeever et silved these rate equations
numerically and simulated CW-OSL curves that wouébult from varying the
temperature of OSL readout, the optical stimulaiidansity, and the dose given prior to
read out. (McKeever et al., 1997a, b). These cuave reprinted in figure 2.8.

By varying the temperature at which the OSL is mead (figure 2.8a), the
influence of the shallow traps is made clear. At lemperatures, the shallow traps are
thermally stable over the 100 s measurement pegiwdi act as competitors to the
recombination centers for the optically stimulagectrons coming out of the OSL trap.
At the intermediate temperatures, the shallow ttegz®me thermally unstable and a peak
appears in the initial portion of the OSL decayveurThis peak is due to a combination
of shallow traps filling with electrons at the beiging of the stimulation, and a relatively
slower emptying via thermal activation. As the temgpure increases, the thermal
instability of the shallow traps increases to tlwnp at which the traps cannot keep
charges trapped for any significant amount of timeéore they are thermally released.
Thus, at high temperatures, the OSL decay is nmaemse and loses its peak since the
shallow traps are no longer able to trap chargs. mecessary to point out that each of
these OSL curves are also influenced by retrappincharge into the optically inactive
deep traps and by recombination at the non-radiagecombination center. These traps
alter the luminescence decay into a non-exponeritahn, but the intermediate
temperature peaks result from the shallow traps.

Figure 2.8b shows CW-OSL curves that were calcdlaéé¢ one of the

intermediate temperatures of figure 2.8a, but usargpus stimulation intensities. As the
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Figure 2.8 CW-OSL simulations using the &nter model shown in figure 2
made by varying a) the temperature at which the @Simeasured, b) tf
optical stimulation intensityp (or f in this figure),and c) the dosD given
before measurement. From McKeever e(1997b).

intensity increaseghe peak due to shallow traps occurs at shortegstiomtil, at higt
intensity, the peak disappears since the shallapstare immediately overwhelmed
the large number of electrons from the OSL traFigure 2.8c displays the effect
absorbed dose on the OSL signal at intermediatpdratures and stimulation intensitie

The signal increases linearly with dose and the @8ak shifts to shorter times wi



This model has been used by McKeever et al. (198¥lexplain the behaviors of
OSL signals from quartz and feldspar materialsval$ shown that by measuring the OSL
at different temperatures and at different intéesjtthe signals exhibited behavior in line
with the shallow trap peak formation of the simethturves in figure 2.8. By taking
another look at figure 2.3b, a peak in the begigrhthe signal indicates the possibility
that the OSL of KBr:Eu is also influenced, to atair extent, by the presence of shallow

traps. This will be discussed further in the KRBri€sults of chapter 5.
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CHAPTER Il

PROPERTIES OF DOSIMETRIC MATERIALS

3.1 Aluminum Oxide doped with Carbon (ALO3:C)

Aluminum oxide in its single crystalline form is &wn as corundum and designated
a-Al,0s. It is a versatile material: it ranks second bdhdramond on the Mohs scale of
relative mineral hardness, is transparent and,iaed has a high melting point at >2275
K (CRC, 1987).a-Al,0O3 is also an excellent electrical insulator and adgthermal
conductor. These properties have made the mateseful for a variety electronics,
optics, and industrial applications.

The crystal structure af-Al,O3z can be seen in figure 3.1. The arrangement censist
of oxygen ions (@) in a rigid, hexagonal close-packed array with ithres havingC;
symmetry. The octahedral interstices of the oxylgdtice are occupied by aluminum
ions (AF*). Only two thirds of these lattice interstices aseupied by Al" ions so that
overall charge neutrality is satisfied. Two diffietéAl-O bond lengths (0.186 nm and
0.197 nm) cause the aluminum sublattice to be éstesuch that the Al ions lie in two
closely separate planes between the surroundingeoxglanes.

Investigations of the thermoluminescent properies-Al ,O; were made as early as

the 1950's by Reike and Daniels (1957) as partroieHort to better understand the
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Figure 3.1 Crystal structure ofr-Al,O;. a) Perspective view of lattice looking between
oxygen (large blue atoms) layers at the distortachmum (small grey atoms) sublattice. b)
Above view of each plane with left to right followg bottom to top planes of a). Two thirds
occupation of Al ions is clarified by faint crosses marking abseringhe aluminum planes.

details of TL emission from a wide range of crystalhough many properties of high-
gradea-Al O3 were found to be attractive for application asladbsimeter (TLD), its
sensitivity to ionizing radiation was low comparedother materials known at the time,
such as lithium fluoride (LiF). It wasn’t until eively recently that a form af-Al,O3
was found to possess TL sensitivity high enougbaimer significant consideration as a
capable TLD.

Akselrod et al. (1990) synthesized anion-defectival ,03:C by growinga-Al,03
from a melt at ~2325 K in a highly reducing atmasghand in the presence of graphite
(Akselrod et al., 1993). This so-called Stepanowcpss allows for the deliberate
introduction of selected impurities (in this casarbon) into an otherwise high-purity

crystal. The presence of carbon in the form Bfiéns catalyzes the formation of oxygen
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vacancies, hence the ‘anion-defective’ nomenclatOreygen vacancies are crucial to
luminescence production in-Al,O3:C and take multiple forms, with the two most
important forms being thE andF* centersF centers get their name from the German
word farbe (color), and are oxygen vacancies that containdi@otrons and so maintain
the local charge equilibrium of the lattid€. centers contain only one electron, and are
formed as charge compensators @ ipurities that have supplanted®Alons during
the crystal growth process. The interplay of thege color centers is responsible for the
production of TL and OSL.

When photo-stimulated with 205 nm light,centers emit at 410-420 nm, the same
emission that is observed during TL and OSL measent. An energy band diagram
shown in figure 3.2 depicts the multiple transiidhat take place during this process, as
suggested by Lee and Crawford (1979). Wheifr @enter electron in it§S ground state
absorbs 205 nmhy = 6.1 eV) light it is promoted to an excit&l state. This level is
thought to be very close to or perhaps inside tlmdaction band due to
photoconductivity observed while bleaching with 64V light (Draeger and

conduction band
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Figure 3.2 Energy level diagram depicting the electroniositions
during F andF" center photostimulation. Dotted lines indicate -non
radiative transitions. From Lee and Crawford (1979)
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Summers, 1979). During relaxation, the electromsiteons non-radiatively into &P
state, and from this level transitions back to Beground state with the emission of a
~420 nm fiv = 3eV) photon. This emission is observed to havéetime of ~35 ms
(Evans and Stapelbroek, 1978; Brewer, et al., 1980)center absorption primarily
occurs at ~230 nmhy = 5.4 eV) and ~255 nnhy = 4.8 eV), with another dtv> 6 eV
that overlaps the 205 nim center absorption. All three of these absorptieasl Ito the
emission of 326 nm lighth = 3.8 eV) with an emission lifetime &f 7 ns (Evans and
Stapelbroek, 1978). The electronic transitions ooy duringF* center stimulation are
represented in figure 3.2. The sinlé center electron in its ground state gets excited
into a®P-like state that results from the ld@ symmetry of the oxygen vacancy. The
electron then undergoes a relaxation transitiomfi® to 1A, producing a 3.8 eV photon
(Evans and Stapelbroek, 1978; Lee and Crawford9)197

Dosimetry-grader-Al ,O3:C contains concentrations Bfcenters on the order of 0
cm® and concentrations of" centers of (5-18)10" cm® (Akselrod et al., 1990;
McKeever et al., 1999). These concentrations chargnF centers lose electrons (i.e.,
gain holes) and convert inf6" centers. Conversely, electrons may recombine ®ith
centers and reforr centers. Thus, the concentrations are reciprocalgted.F to F*
center conversion may take place by stimulatindhvity light, say at 205 nm. As
previously discussed, this will excite &rtenter electron into #-like state that is in or
near the conduction band. If this electron is =elafrom this delocalized state into the
conduction band it will leave the original colomber as arF* center. lonizing radiation
can also significantly modify color center concatiobns by inducing hole migration into

existing F centers to fornF" centers, as well as exciting electrons into thedoation
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band to be trapped or to recombine withcenters to fornF centers (McKeever et al.,
1999). The key mechanisms for TL and OSL dosimesipigo-Al,O3:C are: the release
of electrons trapped during irradiation using agtiand thermal stimulation, and the
recombination of electrons Bt centers to produce luminescence via the conversion

F'+€ > F — F+hViomm (3.1)
whereF’ is an excited® center. Indeed, the TL and OSL sensitivityosl ,05:C have
been shown to track witk" center concentration (McKeever et al., 1999)

TL signals of foura-Al,05:C samples of the TLD-500 type are shown in figsu&
Each sample was given a 0.53 GBygose and were heated at a rate of 5 K/s. Thelsigna
are generally similar, but sample-to-sample vamats evident. The dominant feature is
the main peak centered at ~490 K and this is oftnmbderest to TL dosimetry. Figure
3.3a clearly displays sample-to-sample differenoesensitivity as well as peak position
and shape. For example, sample 3 shows a peak8at K4hat is narrower than the
similarly intense peak from sample 4 centered al@\@®K. The main dosimetric ‘peak’

is actually comprised of multiple superposed conemis, rather than a single peak. The
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Figure 3.3 TL signals from foura-Al,O3:C samples shown with
a) linear intensity and b) logarithmic, normalizatensity scales.
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OSL Intensity (cps)

distribution of peak components differs between@as) and each component responds
differently to irradiation. Thus, the main dosimetpeak may be broad or narrow,
depending on sample, and alters shape and shdisgoowith respect to dose (McKeever
et al., 1999). Figure 3.3b shows the same sighai&s in figure 3.3a after normalization
to the signal maximum. Here it can be seen that sdwmples also differ in their
concentrations of shallower traps, responsibleétfer~360 K peaks, and deeper traps that
produce the ~620 K peaks. TL peaks have also bessreed below room temperature at
~260 K (Akselrod et al., 1998) and above the tewipee range shown in figure 3.3 at
~730 K and ~880 K (Milman et al., 1998; Polf, 1998)

Figure 3.4 presents OSL signals from the same $amnples used in figure 3.3
measured using greeh £ 532 nm) stimulation after each was given thees@rb3 Gyp
dose. As with the TL signals, the OSL signals regaaple-to-sample differences with
the most obvious being the sensitivity of the samplshown in figure 3.4a. It is
important to note that the OSL maxima in 3.4a \warytensity in a similar fashion to the
variation of TL peak maxima in figure 3.3a. Thi®wels that a close correlation between
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Figure 3.4 OSL signals from foum-Al,O3:C samples shown
with a) original and b) normalized-to-maximum irdéies.
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TL and OSL exists im-Al,05:C. Akselrod and Akselrod (2002) report that bleagh
irradiateda-Al ,03:C samples prior to TL measurement significantlguees the lower
temperature component of a broad main TL dosimptak, demonstrating that the traps
responsible for this portion of the TL peak havaigher photoionization cross-section
than the higher temperature components. As a rebhaliower temperature components
make the greatest contribution to the OSL procEss.rate of decay of the OSL signals
can also be correlated to the TL signals. SincdaWwetemperature TL component has a
highero, the OSL from this component should decay fasgiensequently, samples that
exhibit higher TL signal at the lower temperatugge of the main dosimetric peak
should also exhibit faster OSL decay. Yukiharal eslzowed that exposing-Al ,0s:C to
high doses shifts the TL peak to lower temperat(veskihara et al., 2003). They also
observed that normalized OSL decays from high ddseayed faster than those from
lower doses, and suggest that this may result fa@omplex dosimetric trap structure, or
possibly from the kinetics of the process (Yukiharal., 2004). A comparison of figure
3.4b to figure 3.3a supports this claim, as theptaswith the lowest temperature TL
peaks (2 and 3) have the fastest OSL decays.

The nature of the charge traps responsible for il @SL production has been
investigated using several methods (Akselrod etl8P0; Akselrod et al., 1993; Whitley
and McKeever, 2000; Molnar et al., 2002). Polf 2p0sed two methods to track the
concentrations ofF and F* centers in severah-Al,0s;:C samples. The first method
repeatedly measured the absorption spectrum at temperature, from 190-270 nm, of
an irradiated sample after it had been incremsngaihealed (step-annealing) from 323

K to 973 K. The next method monitored the absorptd the 205 nmR) and 255 nm
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(F") absorption lines as an irradiated sample wasilipeneated from 323 K to 973 K.
Both methods showed an anti-correlation to Ehand F* center concentrations over
different temperature ranges centers increased whil€ centers decreased in the range
of the main dosimetric peak (423-473 K). Similaaefes occurred in the range of 573-
673 K, while over the range of 773-973 K tRecenters decreased and e centers
increased. These results confirm that the chageges tresponsible for the main dosimetric
TL peak, as well as the OSL signal, are electrapstr The thermally or optically released
electrons recombine with" centers to fornf centers and release 420 nm luminescence.
Using this reasoning, the 573-673 K activated trast also be an electron trap, while
between 773-973 K, holes are released from holes traonvertingF centers toF"
centers.

The TL and OSL response ofAl,O3:C to absorbed dose extends over several
orders of magnitude and exhibits supralinearlityhegher doses before the signal is
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Figure 3.5 OSL dose response of fourAl ,O3:C samples normalized to the lowest
dose value and shown against a linear fit of tre¢ four datum points of sample 2.
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finally saturated (Akselrod et al., 1990; Aksela@ McKeever, 1999). This response is,
of course, dependent on the sample, and the depenses of the four samples used in
figures 3.3 and 3.4 are shown in figure 3.5. Tlspoases of samples 1, 3, and 4 show the
onset of supralinearity at ~10 Gy, while samplet&/s more or less linear. Minimum
detectable doses have been measured on the orflerscrmgray using a various

measuring systems. One such report follows in &x chapter of this work.

3.2 Potassium Bromide doped with Europium (KBr:Eu)

Potassium bromide (KBr) is a member of the wellwncaalkali halide family that
includes regular table salt (NaCl), as well as Ldne of the most important materials in
the realm of thermoluminescence dosimetry. RecenBr:Eu has been under
investigation as the basis for alternatives to y@diographic imaging plates, optical
memory devices, and medical dosimeters (Nanto.e2800; Pedroza-Montero et al.,
2000; Gaza and McKeever, 2006).

The structure of KBr follows that of a typical alkhalide — a face-centered cubic
lattice of alkali metal ions interlocked with a é&centered cubic lattice composed of
halogen ions. This structure is shown in figure 28 with any real crystal, defects exist
in KBr. The most common type is the Schottky defedtich consists of equal numbers
of cation and anion vacancies. When®Eions are added as a dopant, the divalent
impurities are charge compensated by anion vacar(gdecenters). A host of other
defects may also be found, including interstiti@ldgen atomsH centers), anion

vacancies occupied by one or two electroRsafd F' centers, respectively), holes
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Figure 3.6 Crystalline structure of KBr, consisting of twotérlocking face-
centered cubic lattices of'Kons (silver) and Brions (maroon).

trapped between two adjacent halide ioNg ¢enters), or halogen ion interstitials (
centers), just to name a few (Townsend and Kefly31 McKeever, 1985).

Under ionizing irradiation, the primary defect puotion mechanism in KBr:Eu
begins with the creation of self-trapped excitoos,electron-hole pairs held together
through the Coulombic force. The holes become bduynakeighboring anions forming;
centers. Tha&/ centers may become displaced and travel alongltse-packed anion
row in the (110 direction to formH centers away from original anion site. At room
temperature, singleH centers are not stable, and may continue migratingl
aggregating with othdd centers to form interstitial clusters in dislooatioops (Hobbs
et al., 1972). They may also become trapped &t Eopurities, formingH, centers.
Meanwhile, the freed electrons get localized bat& the now vacant anion sites dad
centers are formed (McKeever, 1985). This procegwesented schematically in figure
3.7. AfterF-H pairs are formed, optical and thermal stimulatizety be used to mobilize
the electrons from th& centers. If these electrons recombine with holeatkd atH,

centers, the Eii becomes excited, and its relaxation leads to desémn at ~420 nm.
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Figure 3.7 Depiction of the effect of ionizing radiation. Ah electron-hole pair is formed and the hole
gets captured by nearby anions, forming,aenter. b) th&/, center migrates along tki10 axis, while
the electron moves into the newly created aniorarey. c) TheVy center is converted into &h center
away from the site of ionization (now &mcenter), and aR-H pair is formed. After McKeever (1985).

The transition responsible for the luminescendbéss °5d—4f ’ relaxation which is
described in figure 3.8a. Optical absorption andsseion spectra of KBr:Eu are shown in
figure 3.8b, and the relationship between thé*Eenergy band diagram and the
absorption/emission of KBr:Eu follows.

A divalent europium ion in its ground state congageven electrons which may be
excited into states in thef %d configuration. Here, six electrons will occupy thie®
state, hence the split level feature on the el sif 3.8a. The other electron will occupy
the Tl level which is split by the crystal field into tiigy and E bands. The absorption
band centered at ~250 nm in figure 3.8b is assatiaith the By band, and an electron
stimulated at this wavelength would make the ‘ansition in figure 3.8a. The longer
wavelength bands from ~330-380 nm are associatélul te E band, and electrons
excited by light in this range will make the ‘batrsition. The 7y absorption band is

relatively featureless, while thegBand has a characteristic ‘staircase’ patterns Thi

structure is a result of spin-orbit splitting ofethdf®5d configuration, coulomb

interactions, and a weak interaction between the 45i° electrons and the single
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Figure 3.8 a) Energy band diagram depicting energy levet$ @ggtical transitions of the
EW** ion (adapted from Rubio, 1991). b) Optical absorpspectrum and photoluminescence
signal of KBr:Eu. The PL signal results from stimion with 250 nm light.

5d electron. Regardless of which excitation transiti®mmade, the relaxation of thel 5
electron back to thef4 ground state results in the emission of ~430 gt l{Hernandez
et al., 1981; Rubio, 1991). Optical absorption meaments of other Elidoped alkali
halides (KCI:Eu, KI:Eu, NaBr:Eu, NaCl:Eu, RbCl:Eand RbBr:Eu) show similar double
broad peak spectra, and all with emissions peakinige 400-450 nm range (Hernandez
et al., 1980; Nanto et al., 2000).

Dosimetric properties of KBr:Eu that have been stigated include TL and OSL
dependences on irradiation dose and type, envirotaineonditions, and after different
thermal treatments. Buenfil and Brandan (1992) ofeska strong TL peak in gamma-
irradiated KBr:Eu at 383 K, as well as a TL dosspmnse that was linear over
approximately three orders of magnitude. Howevsy talso noticed significant fading
of the TL signal of ~80 % after only a few minut€her authors noticed fading as well,
but at varying degrees (Pedroza-Montero et al.02@aza, 2004). Nanto et al. (1993,
2000) monitored the OSL and OSL fading of KBr:Ed &mund that the OSL stimulation

spectrum peaks around ~620 nm, while the emisstakpat ~420 nm, consistent with

51



the relaxation of excited Bliions. The lifetime of the luminescence is repotigdNanto

et al. to be ~1.qus, while Rubio reports a lifetime of 1.3%. The group studied the
effects on OSL fading of x-irradiated samples duarnbient temperature, humidity, x-
ray energies, and Eliconcentrations. Their results showed that a cdraton of 0.01
mol% faded the least. Lesser fading was observddrdow humidity and higher energy
x-rays. Perez-Salas et al. (1996) reported a Tihasigith a complex structure comprised
of as many as 6 peaks. This structure was sedmatge with respect to the wavelength
of UV light used to irradiate the sample. This céempstructure was also reported by
Castaneda et al. (2000). Perez-Salas et al. atsgeshthat the main peak (in this case
found at ~380 K) was significantly reduced by pistitaulation with 600 nm light. This
shows a clear correlation between TL and OSL u$id@ nm light. Further TL/OSL

correlations will be explored in chapter 5 of tivark.
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CHAPTER IV

HIGH-SENSITIVITY IN-SITUENVIRONMENTAL MONITORING SYSTEM

As discussed previously in section 1.2, well-essaleld techniques used currently for
subsurface monitoring of environmental backgrouadiation levels include chemical
analysis of soil samples, and the use of scirtiltaind semiconductor crystals. Though
they provide valuable information, these technigoesld be difficult to implement for
high resolution (both spatial and temporal) moinitgof a large region due to prohibitive
cost, labor, and infrastructure requirements. htdtea large array of simple and
inexpensive radiation sensors may be better suitbdse sensors would be remotely
interrogated at regular periods with little or nontan intervention and are easy to install,
operate, and maintain. Such devices may operategxample, as quiescent “trigger”
detectors for subsequent intervention with moraiteet analytical technologies.

One application that could benefit from such aeysis the monitoring of radioactive
plumes from nuclear waste storage sites such & ttonind at the Hanford Site in the
state of Washington, discussed in section 1.1. aplication could be extended to
include continuous verification that the containtietegrity of remediated waste sites is
maintained. Besides application for the detectibrstored radiological materials and
contaminants, the system can also be used as iiveeremote dosimeter for difficult to

access or hazardous locations, such as “high-rawliEvel areas in and around nuclear
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reactors”, as suggested by Huston et al. (2001xolild be deployed to monitor
industrial, commercial, or private pipework and wiwark for low concentration
radiological contaminants, or for surveillance msgs in high-security buildings. Yet
another potential use is for on-site determinatibthe gamma component of the natural
dose rate in soils for general environmental meimgpapplications.

This chapter details the potential of the POSL negie for use with an effective and
inexpensive sub-surface radiation sensor utilizingl,0s:C crystal dosimeters. The
detector crystals are installed into ground probasd passively integrate dose
information via the electronic processes similathimse discussed in section 2.1.1. In this
sense, the dosimeters may be considered always- ‘@psorbing dose until connected to
a stimulation/detection system for OSL read-eod#l,0s:C is the basis for the personal
dosimetry system Luxél(Landauer, Inc.), successfully used on a largenceruial scale
since 1998. The probes by themselves are simplengxgensive, consisting simply of
stainless steel tubes each containing a singléatryssimeter coupled to an optical fiber.
Multiple probes, installed at different locatior®vering a large area or structure, can all
be connected to a single multiplexing reader camég for periodic readouts of each
probe. An integrated sensor network could thusdmstcucted that monitors the radiation
level at these locations with a low-level autonorogly alerting higher level systems
(e.g. a human operator) when significant deviatioosy nominal readings are detected.
Each probe can also be independently read usimggtabte reader, for environments ill-
suited to a large networked infrastructure, orifopermanent monitoring of a site. This
chapter details the design and development of talpler system that could be used for

probe-by-probe investigation.
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Similar concepts of remote OSL dosimetry usingl,0s;:C have been developed
and tested for radiation protection (Ranchoux et2002) and for dose evaluation of
radiotherapy treatments (Andersen et al., 2003; lE@in2007; Polf et al., 2002, 2004).
The long luminescence lifetime (~35 ms) of the maimission fromu-Al,05:C presents a
key challenge for applying the OSL @fAl,Os:C to radiotherapy dosimetry, as it takes
upwards of minutes to read the entire OSL signlerAatively, radioluminescence (RL)
may be monitored in real-time during treatment, levithe OSL signal is measured
afterwards as a check against the RL results (Aedeet al., 2003). The time constraints
on environmental monitoring are much less demandian for radiotherapy, and
obtaining an environmental measurement every 24shaay be considered near-real-
time monitoring. Further improvement to sensitivignd concomitantly, reduction in
measurement time interval) may make the systenusksd in this chapter useful for a
number of other potential applications in homelaadurity, including radiation detection
in buildings, in air, in soils, and on or in shipgicontainers.

A proof-of-concept design of a portable system tase optical fiber dosimetry is
discussed, as well as results on system optimizatitorts. The performance of the
bench-top system was tested mainly by multiple rd@teations of the lower detection
limits using several different methods. Reproduitiband radiation type discrimination
were also tested. The proof-of-concept design wigated into a more refined, truly
portable form, which included modifications intedd® improve the capabilities of the

system. Results of this final prototype are disedse the second section of this chapter.
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4.1 The Bench-top System

4.1.1 Description of the System and Experiment&hilde

The remote radiation monitoring system consista d?OSL-based reader unit to

which a detector probe is connected via a lightlgukigure 4.1 represents schematically

the proof-of-concept design of the reader with@prattached. The reader provides both

the stimulation light to interrogate the radiatisensor on the tip of the probe, and the

light detection capability to measure the OSL egdittby the a-Al,O5:C crystal

dosimeter. The optical fiber cable carries bothdtmaulation light to the dosimeter and

the emitted OSL, which is proportional to the rédiadose absorbed by the crystal, back

to the reader for detection. The optical fiber ta@hed to the reader using a standard

fixed connection (FC) optical fiber connector, aling multiple probes to be used

Fiber
Taper

Filter Pack PMT OsL to

Dichroic &7 pgT
Mirror 7] :
A

Stimulation Light
to Dosimeter

oooooooooooo

cnoo0oonoooc
oooonooonooo
Qoooooooooc
Coooooooooc
oooc——oooo

v =
|

L
i o )
T g o
Control Computer Laser Power Shutter Sensor Probe

Supply Control

a-Al,05:C Dosimeter

Final Assembly
Teflon Sample Holder

S

000 _ O

Figure 4.1 Schematic representation of the portable opfibat dosimeter system
showing reader system components and a detectbe pfdie internal construction
of the ground probe containing a 5 mm diamet& ,O5:C dosimeter and light
discrimintation via thedichroic mirror are detailed in exploded vie
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reproducibly with a single reader.

The 532nm line of a Q-switched Nd:YAG diode-pumpdaser (model
GSQAOM32-25 from MeshTel/Intelite, Inc.) was used dptical stimulation. The laser
was operated at a frequency of 4 kHz with an awe@gput power of ~40 mW with
laser pulses 15 ns wide. A 1-mm thick dichroic onr(OptoSigma Corporation, 95%
transmission at 532 nm, 90% reflectivity at 420ratigwed the green stimulation light to
pass to the attached optical fiber connecting trabgy and reflected the radiation-
induced blue light from the sensor probe into thetpmultiplier tube (PMT) within a
P10PC Ultra High Speed Photon Counting DetectanfElectron Tubes, Inc. A 4-mm
thick Corning 5-58 filter (bandpass filter centeratd 410 nm with full-width at half
maximum of 80 nm) was used in front of the PMT tevent the green stimulation light
from reaching the PMT while allowing the detectioh the characteristic 420 nm
luminescence of the-Al ,05:C dosimeter.

Output TTL pulses from the P10PC correspondingeteated luminescence photons
were counted using two National Instruments DAQC&®6062Es according to the
gating scheme described in figure 4.2. In this sehea DAQ card triggered the laser and
the PMT counter gate every 2h6. The duty cycle of the counter gate was set %0,&®
that the gate was open with a 3ddelay in relation to the laser pulse. The PMdnis
during the laser pulse and the 5-58 filters dopestectly block the green light. So, this
small gate delay grants the PMT some relaxatioe @md reduces laser background in
the recorded OSL signal. Only the TTL pulses amgviwhen the gate is open, i.e.,
between the laser pulses, were counted. The ityeofsthe emitted OSL signal (with a

luminescence lifetime of ~35 ms) was practicallpstant on the timescale of figure 4.2.
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However, the pulsed stimulation continuously degglehe charge previously trapped in
the crystal due to exposure to ionizing radiaticaysing a decrease in the OSL signal at
longer timescales. After a certain period, the agtstimulation reduces the OSL signal
to background levels, resetting the dosimeter. fOtal integration time for each data
point is 0.5 s.

Laser stimulation was controlled with an Oriel sautand controller (models 79663
and 79665, respectively). Not all of the laser tiglas transmitted through the dichroic
mirror, and the small fraction of reflected lasight that was directed into an EG&G
photodiode for monitoring general fluctuations ihetlaser power, if any. Data
acquisition, analysis, and storage - as well astreleic and mechanical component
control - were performed using a laptop computés imhich the two DAQ cards were
installed, and using a custom software interfacesld@ed using National Instruments
LabView™ 6.1.

Several forms ofa-Al,O3:C crystal, of different sizes and growths, were
investigated. Some were of 5 mm diameter with a&ktless of 1 mm, of the type
generally known as TLD-500, that were grown in tthials Polytechnic Institute, Russia.
Similar crystals with diameter of 5 mm and lengtreying between 2 and 10 mm
(shown in figure 4.3) were grown and provided byi&iter Crystal Growth Division of
Landauer, Inc., USA, as was a pulledil,Os:C fiber having a 0.9 mm length and a 2
mm diameter. In order to allow remote reading & thdiation sensor, the-Al,03:.C
dosimeters were mechanically coupled to the distals of silica optical fibers. The
proximal ends of the fiber cables were fitted Wi connectors, and the coupled cable-

dosimeters were then placed into prototype grounobgs measuring 30 cm in
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Figure 4.2 Timing scheme used for the Pulsed Optically Stated Luminescence (POSL)
measurements. The laser is pulsed with a frequehdyHz and the PMT counter gate is open
between the laser pulses to detect the OSL lumemescfrom the:-Al ,05:C dosimeter.

Figure 4.3 Different o-Al,05:C dosimeters investigated for use as radiation
sensor on the probe, with thickness varying betwleerm and 10 mm.
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length. For the pulled fiber dosimeter, the intérogtical fiber is a straight length of
silica connected directly to the end of the doseanethe pulled fiber was placed into an
aluminum end cap (bored aluminum cylinder with indiemeter of ~2 mm, out diameter
12 mm, bore length 15 mm and outer length 20 mn@gbwhether beta and gamma rays
could be discriminated when the pulled fiber wagosed to both types of radiation. For
the chip, a fused-silica taper was used to impitbeecollection efficiency of emission
light (see lower portion of figure 4.1). The offetshelf fiber taper (from Polymicro
Technologies, LLC; NA: ~0.11, Attenuation: ~40 dB/k@ 410nm and ~15 dB/km @
532nm) has a diameter at its widest part of 3 mohwaas used to improve the optical
coupling between the optical fiber cable (1 mm diter) and the aluminum oxide
dosimeter (5 mm diameter). The intended functionthef taper was to increase the
luminescence collection efficiency. Sample holdeese used to mechanically couple the
chip to the fiber taper. These were made from F&ffor high reflectivity of both green
and blue light, significantly improving both opticatimulation and collection of
luminescence by the optical fiber. The choice dfdreis discussed in the next section.
For irradiation of dosimeters of different sizes,®®o GammacCell source -
delivering a dose rate of 7 mGy/s at the samplatioo - was used. The samples were
wrapped in aluminum foil to attain charge partietguilibrium. Two button sources, one
®Co and oné®*'Cs (both part of a gamma source set from The Necleg.), were used
for the dose responses of dosimeters in assemtbees Another weak’Cs source was
used for POSL measurement reproducibility’®8rP% beta source from DayBreak was
used in conjunction with thCo Gammacell for beta/gamma radiation discrimimatio

testing. Additional irradiation and OSL measuremewere performed using a Risg
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TL/OSL-DA-15 from Risg National Laboratory (Denmpdquipped with 8°Sr% beta

source providing 55.2mGy/s to the dosimeter (Bgl&rsen et al., 2000).

4.1.2 System Optimization

The material used to construct the sample holderhgignificant influence on OSL
measurements. Dark materials absorb both the stironllight and the OSL from the
dosimeter, whereas materials with high reflectivitgrease the stimulation light inside
the sample and also reflect portions of the OShalithat would otherwise be absorbed
by the sample holder.

The influence of the sample holder material wasestigated by placing a 5 mm
diameter, 6 mm long-Al,O3:C single crystal irradiated with a 20 mGy gammaedm
contact with the fiber taper and performing the @8adout. The OSL curve obtained is
shown in figure 4.4 as “blank”. The dosimeter wiasnt annealed at 1273 K for 15 min
and irradiated with the same dose, but this tineeQISL was performed using a metallic
reflective surface on the side of the dosimeterogjip the taper. The sample was again
annealed and irradiated in the same conditiongyuBgfion tape around the dosimeter for
the OSL measurement. This resulted in an increbsénwst 400% in the OSL initial
intensity. The integrated OSL signal (area undercilirve) increased 230%, showing that
the light scattering by the Teflon improves thehtigcollection by the taper. The
normalized curves shown in the inset of figure ihdicate that the stimulation is also
improved with the Teflon, since the OSL decay cuntained with the Teflon decays
faster than the OSL in the other cases. The resiitgs investigation led to the design of

the sensor probe using the Teflon sample holdewmstio the lower portion of figure 1.
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Figure 4.4 POSL decay curves obtained with the same sensbr an
same gamma dose (20 mGy) using different mateaataind the
aluminum oxide crystal.

The effect of the size of the-Al,O;:C detectors used in the sensor probe was
investigated by irradiating a set of samples ofedént sizes with a gamma dose of
20 mGy. A 1 mm thick sample (called the ‘chip’) ahé set of samples of length varying
between 2 mm and 10 mm were used. All samples lthanaeter of 5 mm. The samples
were placed in the detector probe for the POSLaetadne at a time. A second and a
third irradiation of the set of dosimeters weref@ened, but this time the POSL
measurements were performed with a metallic reflecsurface or with Teflon tape
around the dosimeters, as described above. Théams®OSL signals, defined as the
integrated luminescence over 120 s of stimulatiamusithe background, are compared
in figure 4.5. To guarantee that the same dosedehgered in the different irradiation
runs, a set of three 1 mm thick aluminum oxide ma@sérs (chips) were included in the

irradiations. These crystals were read in the Rik#DSL reader and the OSL signals
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Figure 4.5 Comparison between the POSL signals from samifld#ferent sizes, measured
with different types of reflective surfaces. The $1Osignal was defined as the total
luminescence (integrated over 120s of stimulati@he background was estimated before the
irradiation and appropriately subtracted. The “Elips a thickness of 1mm, but it is from a
growth different from that of the set of samplederfgth between 2 mm and 10 mm.
varied little between irradiations, having standdediations of 3.2%, 4.5%, and 8.0% for
the first, second, and third crystals, respectivithis case, the OSL signal was defined
as the total luminescence during the initial 20f stonulation minus the background,
estimated by measuring the OSL signal for 20 s &f10 s of stimulation.

The comparison in figure 4.5 indicates that thesgmity can be improved by the
use of largem-Al,Os3:C crystals, but the gain is not proportional te trolume. If the
thickness of the crystal is increased from 2 mriGonm, the gain in total OSL signal is
approximately 2 to 3 times, depending on the tyfpeeftective surface. This is related to

the fact that the light stimulation and OSL colientis less efficient for the larger

crystals volumes. The 1 mm thick chip used in tiue\sis from a different growth and
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exhibited a larger sensitivity than the set of talgs of thickness between 2 mm and
10 mm. The discontinuous low intensity of the 8 tomg rod measured with Teflon tape

is believed to have been caused by poor couplinbisfdosimeter to the fiber taper. The
mismatch of fiber taper diameter to dosimeter di@meepresents an area for further
optimization. As noted in the previous section, ke of Teflon tape causes a significant

increase in the POSL signal in all cases.

4.1.3 System Performance Results

The minimum detectable dose (MDD) - defined asdibee that would give a signal
at least 3 above the signal background, wherés the standard deviation of the signal
background - is one of the most important perforceametrics for a system designed to
measure radiation at low dose rates such as theserfatural environmental background
sources. An initial MDD measurement of the systeaswalculated from data taken
using both a 1 mm chip and the 2 mm diameter pdibei sample. For the chip, a dose
response curve was obtained using*€s source giving a dose rate of 0.88y/s.
Comparison with the linear fit of the dose resposisews that 8 is equivalent to ~2.5
uGy. This result is presented in figure 4.6.

Another dose response of a sensor probe was mdassireg a 5 mm diameter, 1
mm thicka-Al,O5:C dosimeter. The system was setup as shown irefigl, and &°Co
button source was placed above the probe diredityvea the portion housing the
dosimeter. An initial 5 min bleach of the crystasyperformed. The dosimeter was then

allowed to absorb dose from the source for thréeslferiods, and three 360 s periods.

64



7x10" 6
| 1074 -
4 d e
6x10°9 © -
El 5x10° - g e
— 4 ] B 4 - 3
8 4x10" W0ys , g
10 100
‘DC; . ] Dose (uGy)
0 3x10 T
[ - /
) 4
2 2x10" -
£ _
1x10" e 30 =5689.32
0//:'l"l""I""I""I
0 =25 5 10 15 20
Dose (uGy)

Figure 4.6 Gamma dose response using®Ls source. By comparing the
signal corresponding to the minimum detectable dbHeD, calculated from
signal background) to the linear fit of the OSLajat MDD of ~2.5 pGy was
found. Inset: The entire dose response is showgusg-log scaling.

Then single dose periods of 1,060 s, 3,060 s, imatlyf 15,060 s in duration were given.
Between each and every dose period, the POSL wasumeal for 5 min, with 30 s dark
count measurements before and after the POSL nesasnt. Representative POSL
curves obtained in the study are shown in figuréaj.

Following the last POSL measurement, the dosimetas allowed to absorb
radiation for an additional 30,000 s. The dosimeias then extracted from the probe and
OSL was read using the Risg reader. Using the iReaer’s calibrated source, a dose of
110.4 mGy was then given to the dosimeter and O&4 again measured, The ratio of

the total integrated, background-subtracted OSligeal the calibration for calculating
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the dose rate provided by tA%o button source while over the probe (x&9/hr). The
results of the dose response may be seen in figi(b).

Ten background signal measurements were made b0 dose response was
performed, and these were used to obtain an aversggal background of 1690 counts
over 30 seconds. The standard deviation of thesengasurements equaled 33.9 counts,
or ~2% of the background. This background was sgt#d from the POSL signal,
defined as the integrated luminescence of the 3idss of stimulation. By the definition
above, any POSL signal that measures larger thai(BL.6 counts) is considered signal
due to ionizing radiation. Figure 4.7(b) shows aizumtal line marking 3; which
corresponds to a minimum detectable dose gi&{. However, this result is interpreted
as representing an order of magnitude estimateisamit claimed to be the absolute
MDD. A look back to Figure 4.7(a) shows that foe th.84uGy dose, the POSL signal
may not seem conclusive. However, the signal duked 060s (5.@Gy) dose is clearly
well above the level needed to discriminate stasiBy from background.

The system’s reproducibility was tested by repeggatire irradiation and subsequent
POSL of the pulled fiber sample readout six timas. initial POSL measurement
bleached any residual signal of the fiber to thekgeound level. The following 6
measurements were all taken after irradiation faoM’Cs source for eight hours at a
dose rate of approximately 7.&y/hr. The results are shown in table 4.1, whistslthe
integrated POSL signals. The POSL signal integratest the first 20 seconds has a
standard deviation of 3.3% of the average valudicating good reproducibility. MDD

calculations from these measurements ranged fr&8 @Gy to 5.57uGy, with the

average being 4.18Gy.
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Figure 4.7 Dose response of the system of a detector probbg as1lmm-thick aluminum
oxide dosimeter. Graph (a) shows typical POSL decayes obtained during the
experiment, and graph (b) shows the dose respamse @ith error bars on the first two
data equal to the standard deviation of three neasents. The POSL signal was defined as
the total luminescence in the first 30s of stimolatminus the background signal during the
same period, evaluated after extended optical &iion (bleaching).
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Table 4.1 Results of the last six of seven consecutive POSL
measurements of the pulled fikeAl ,05:C sample.

POSL Integral POSL: | Calculated MDD:

measurement: | (counts per 0.5 s) (nGy)
2 1605 4.44

3 1644 5.57

4 1497 4.87

5 1619 2.68

6 1599 4.13

7 1555 3.41
Average: 1587 4.18

6 =53 c=0.14

4.1.4 Conclusions based on the Original Bench-tggiesn

Currently the system is capable of an MDD of gBy. This is a conservative
estimate based on the largest of the calculated 8J@Bhough much lower values were
found under certain circumstances. An MDD qiGy would be already satisfactory for
applications such as the monitoring of radioacpiltenes in radioactive waste sites. The
computer code Varskin 2 was used to calculate miminexposure times necessary to
measure the MDD due to various radionuclides ave@ngconcentration of radioactivity.
This exposure time was calculated by dividing thBDvalue by soil contamination
dose rate. Based on an MDD ofi&y, it was determined that the sensor can meabkare t
contaminant concentration at which soil can beasdd for unrestricted use (1.85
Bg/cnt) for the radionuclides®'Cs, °°SrP% and **Tc in 50 h, 67 h, and 1520 h (63
days), respectively (Klein et al., 2006). Thuse tmonitor is clearly adequate for
measuring>'Cs and®sr°Y. The monitor may be suitable for measuriigic in soil

because the exposure time is comparable to the heteeen soil samples. These
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exposure times will provide rapid notification ohet possibility of radioactive
contamination entering the soil. Furthermore, aimimm detectable dose ofif5y is one
order of magnitude lower than the detection linfittee optical fiber dosimetry system
based on the OSL of ADs:C reported by Ranchoux et al. (2002).

Significant improvement can still be made to enlearice capabilities of the
environmental monitoring system. Correctly-matchihg taper termination diameter
with the diameter of the crystal dosimeter coulgrove the sensitivity of the system, as
this would grant more efficient use of detector enat. Index-matching gels could be
used in the interface between the silica fiber tgpelex of refraction 1.45) and the
aluminum oxide dosimeter (index of refraction 1.%@)Jmprove the optical coupling. In
previous testing, the use of index-matching gefoshiced a significant background,
however, apparently due to spurious effects assatiaith the high intensity of the laser
pulses. This may be due to processes induced byighdaser power being delivered in
such short intervals (laser pulse periods of 15Belter tracking of the laser power may
also lead to MDD improvements by providing datawdyich the POSL signals may be
corrected for laser power fluctuations. Improversesiich as these were implemented

and the results of such modifications are discuss#tk next section.

4.2 The Portable System

4.2.1 Changes to the Bench-top System

The motivation for developing a high-sensitivitybsurface radiation dosimetry
system originated from a search for alternative hods for monitoring large

environments having broad, dynamic ranges of radilee containment and/or
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contamination. The POSL technique offers an effectinexpensive way to provide a
relatively high spatial and temporal resolutionttus type of monitoring. As discussed in
the previous section, a single POSL reader sys@mirderrogate multiple subsurface
detector probes. This may be accomplished by haziwgntralized reader station that
remains connected to all ground probes over losgadces via a network of optical
fibers, or by having a portable reader system tiaat be taken into the field and
connected to ground probes individually. The POSjstesn was designed to
accommodate the latter readout scheme, and thi®rsetdetails the transition of the
proof-of-concept, bench-top system into a more stlfully portable, prototype reader.
The design of the portable environmental systehovid the same general layout as
that of the bench-top system shown in figure 4le GSQAOM32-25 Q-switched laser
and the discriminating optics and filters remaia #tame. The P10PC photon detection
system was replaced with a P25PC system from Bleciubes, Inc. The P10PC had
been made obsolete and the P25PC was the updaie@leqt. The fiber-optic cable
connector was upgraded with a PAF-X-5-A FiberP@tdellimator from Thorlabs that
features six-degrees of freedom for alignment. gt electronics board was developed
by Mr. William A. Holloway — a senior research emgger with Oklahoma State
University’s Electrical Engineering Technology ddpzent. — that regulates power
between dedicated power supplies and the varioogpaoents. The board also contains
TTL circuitry that can output a digital pulse traimat is delayed by ~1Qs. This is
necessary for controlling the gate timing betwéenttiggering of the laser pulse and the
activation of PMT counting (see section 4.1.1al$p replaces the functionality of one of

the two National Instruments DAQCaM6062E cards, and so the total complexity and
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Figure 4.8 Modified, portable version of the environmentaliedidn monitoring system with
a 30 cm detector probe directly attached to theerHbrt connecter (left) and control PC.
Inset; View of rear panel showing power connectfase holder, and DAQ-Card connection.

cost of the system is reduced. The two Nationatlunsents shielded SCB-68 connector
blocks were also replaced with a single, simpler-8BBPR connector block. All
components were installed into a model 15B0544-@3aple desktop enclosure from

ELMA Electronic, Inc. Photographs of the portabjstem are given in figure 4.8.

4.2.2 Calibration Testing I: Low-activity Measurents

With the migration of the portable system completethorough calibration was
needed. The calibration process began with the unem&nt of signals obtained using a
fully assembled 30 cm ground probe that had beposed to a low-activitf”°Ra source

under the supervision of Dr. Art Lucas at the Lublsvman Science & Technologies
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(LNST) laboratory in Stillwater, Oklahoma. The NI8&rtified *°Ra source (Standard
Reference Material 4967) is in liquid form - 5 mf_lo4 mol/L HCI solution containing
8.9 mg BaGl and R&" - inside a flame-sealed borosilicate glass vidie Tactivity
concentration of the source is 2729 Bqg/g. The soara probe were placed 10 cm apart
and horizontally level, with the probe lying tangahto the cylindrical source vial (see
figure 4.9). Two POSL measurements (labeled ‘ra2ll6@nd ‘ra226cal2’) were made,
each after the dosimeter in the probe was irradlifbe approximately 24 hours. The
POSL signal was recorded for 300 s at 500 ms penrdgoint. However, the final
analysis treated the POSL signal as ten consecB@iveintegrations, as shown in figure
4.10. The first two 30 s periods were consideredotatain the whole of the POSL from
the ALO;C dosimeter. The latter 8 integrals were used dttutate the average
background, which was then subtracted from thet fimegral. The background-
subtracted POSL values of the two measurements dhiff 18.4%. This large discrepancy
between the two measurements led to an investigatiothe method of background
subtraction. The two signals in figure 4.10 shogngicant variability in the background.

Thus, a correction to this variability was applieg normalizing the POSL data by

Figure 4.9 Photographs of the same experimental setup fomts@surement of POSL
due to?*Ra irradiation. The radium vial and dosimeter centeere separated by 10 cm.
The blue line on the steel probe marks the positidhe dosimeter inside the probe.
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Figure 4.11 POSL signal results from figure 4.10 after
being normalized to laser power tracking signal.

73



the signal from the photodiode that tracks the rlgsewer alongside each POSL
measurement. Figure 4.11 shows that this normadizdirings the percent difference
between the two measurements to 2.84%.

The next step in the calibration process testedptiteable system under simulated
environmental conditions in the LNST laboratoryngsiwo sets of eight epoxy blocks
manufactured as surface monitor check sources eatk#rr-McGee (KM) Technical
Center in Cushing, Oklahoma. One set of blocks emsched with thorium-232 to
achieve an activity of 10 pCi/g, while the secomrd was left un-enriched for use as
background blanks. Each block is 4” tall, 9” wided 18" deep, and weighs 18.2 kg on
average. Two dosimeter probes were used. Probeslplaged at the center of the
enriched blocks that were housed in a wooden bt twio rows of four blocks. Probe 2
was used for an experimental control and was platdtie center of the blank blocks,
which were stacked in 4 rows of 2 blocks. Figurg24shows photographs of the two
setups. The dosimeters in the probes were botlesangstal AbOs:C ‘chips’, 5 mm in
diameter and 1 mm thick. Both probes were left andating dose for two periods of 24
hr and two periods of 72 hr before being removedhfthe blocks and connected to the
portable system to be read out. Each probe pladear&hdosimeter read times were
noted to the minute. The results of these four mmeasents, for each probe, are shown in
figure 4.13. The data were analyzed in the sanfidasas thé*°Ra results. The POSL
signals from probe 1 in the thorium-enriched bloakse labeled ‘th232 and the signals
from probe 2 were labeled ‘contrxglwherex = ‘a’ denotes the signal acquired after the
first 24 hr dose accumulation period, ‘b’ for theesnd 24 hr period, ‘c’ for the first 72 hr

period, and ‘d’ for the second 72 hr period. Thecpst differences between the
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Figure 4.12 Experimental setup for testing the portable sysagainst thorium-enriched
epoxy blocks. Above: Wooden box housing t#f&h-enriched blocks in two rows of four.
Bottom left: View of the inside of wooden housingwprobe 1 inserted between the two
rows of blocks. Bottom right: Blank epoxy blockshvprobe 2 inserted in the center.

repeated measurements are also show in figure dnti3range from 1.78% to 13.3%. In
some of the signals, the background data appdalidav a decreasing trend that may be
due to a systematic error in the portable systdms iE especially apparent in the signals
from probe 2 measured after the two 24 hr perigpadsisin the blank blocks (‘controla’
and ‘controlb’ in figure 4.13c). Since the decregsirend of the POSL background may
be due to laser power fluctuation, the photodiageas was again used, as with fiéRa
data, to normalize the POSL signals in an atterptarrect for the downward trend.
Figure 4.14 shows the normalized data in the sasi@dn as figure 4.13, and table 4.2

compares the standard deviations of the normalaettground to those of the original
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Figure 4.13 OSL results from probe 1 after a) two 24 hr antlnm) 72 hr dose periods in the
32T h-enriched blocks, and from probe 2 after c) téch2 and d) two 72 hr dose periods in
the blank epoxy blocks. Percent differences betveaeh two measurements are also given.

POSL background. Figure 4.14 shows that the nomai#dn does improve the flatness of

the controla and controlb data with respect to alierages of the data, and table 4.2

shows that the laser power correction improvesstAedard deviation of the mean of the

backgro

und in every case.

Next, the dosimeters from probes 1 and 2 were tesedmpare the dose rates of the

thorium blocks to &@°SrP% beta source from DayBreak giving a dose rate .6840

mGy/s. The Daybreak source was calibrated agaiffsrA®Y beta source integrated into

a Risg TL/OSL-DA-15 reader, which was itself cadiimg against a NIS¥°Co gamma
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Figure 4.14 OSL results from probes land 2 after normalizatiiothe laser power
tracking signal, presented in the same fashioigasef 4.12.
ray source. Doses are quoted as dose to water.

These comparison measurements were independehte giartable environmental
monitoring system and were performed using a greED-based POSL system
developed by Dr. Eduardo G. Yukihara. Both probeseweft in the epoxy blocks for
approximately 3 weeks. After this dose period, phebes were taken out of the blocks,
disassembled, and the POSL from each dosimetereaasfor 600 s by the LED-based
system. The bleached dosimeters were then irradiathe Daybreak source for 10 s and

read again in the LED-based system. The probes rgassembled and the process was
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Table 4.2 Comparison of deviations of the original signalksrounds
to the backgrounds after normalizing by the lasewgr tracking
signal. The standard deviation of the meaRe., is shown as a
percentage of the average for each case in blue italics.

Original Data Normalized Data

Measurement
H Omean % ¥ Omean %

th232a 4883.¢ 114.7 2.35% @ 891.8  15.3 1.71%
th232b 4877.2 102.7| 2.10% @ 976.6 | 13.3| 1.36%
th232c 4758.4 232.7 4.89% 878.2 | 40.7 4.63%
th232d 5168.1 157.9 3.06% @ 990.0 18.7 0.63%
controla 5105.5 153.9 3.01% 10419 17.2 1.65%
controlb 5027.4 134.1| 2.67% | 1174.6, 19.5| 1.66%
controlc 4807.9 141.8 2.95% @ 916.6 @ 24.4 2.66%
controld 5194.4 81.3 | 1.56% | 1072.1 13.9  1.30%

Table 4.3 Normalized POSL data compared tg, 8r the
signal corresponding to the minimum detectable déde
but one of the measurements are greater than 3

Measuremen: PI\Cl)oSrIr_n ?r:lzz(:al 3o Above MDD?
th232a 339.93 45.85 Yes
th232b 349.19 39.87 Yes
th232c 1162.07 121.95 Yes
th232d 1137.13 89.74 Yes
controla 151.08 51.61 Yes
controlb 57.84 58.50 No
controlc 145.98 73.28 Yes
controld 140.35 41.73 Yes
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repeated after a nearly 10 week dose period iepogy blocks.

This comparison shows that tHéTh-enriched blocks gave a dose rate of 1.044x10
mGy/s (+ 4.14%) and the blank blocks gave 1.223aGy/s (+ 4.92%). Using these
dose rates, the calculated dose received by ts@;4&l crystal in probe 1 over 24 hours
was 7.995 £ 0.060 pGy, and 23.900 £ 0.022 uGy @2ehours. For probe 2, the dose
given by the blank blocks was found to be 1.065G00 uGy over 24 hours and 3.185 +
0.002 uGy for 72 hours. The response of the patapstem in terms of PMT signal
versus dose was calculated using the data fromeptoto be 45.6 + 1.5 counts/pGy.
Finally, table 4.3 shows a comparison between tirenalized POSL integrals and the
calculated signals corresponding to the minimureatable doses (MDDs), defined as 3
(see section 4.1.3). All of the epoxy block measmets produced POSL results well
above than that needed for the MDD, with the exoapif ‘controlb’, which resulted in a
signal equal to 98.9% of the MDD signal. Becaugedbses given to probe 2 during the
two 24 hr periods in the blank blocks were justrdv@ Gy, and since ‘controla’ exceeded
the MDD signal calculation at this dose (with ‘cativ’ nearly matching the MDD
signal), the MDD of the portable environmental ntoring system is conservatively

estimated at 3 nGy.

4.2.3 Calibration Testing Il: Dose Calculations

In order to further validate the calibration of tpertable system, two simple
computer models were developed to calculate the deposited in the ADs:C by?**Th
and*®Ra using the Monte-Carlo method and incorporatirggeometries of the epoxy

blocks and the radium source vial. The code wagldped using National Instruments
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LabVIEW 8.5, and is given with all relevant paraerstin Appendix B. The first
function of the models is to pseudo-randomly getieetavo points; one within the
radiation source and the other in the volume ofdingle crystal dosimeter. These two
points are then used to define a line along whiehgamma rays emitted by the radiation
source travel. Beta and other particles are ignoasdthey are assumed to be totally
attenuated by the stainless steel tubing of thectl@t probe. Path lengths through the
source material (and container, for the case ofréuum vial), the steel tubing, the
Teflon holder, and the dosimeter are calculatecbralieg to a geometry defined to
closely match the experimental setups describetdrprevious section. Along all paths
except for that of the dosimeter, the linear até¢iom of photons was calculated using

| =1,e7. (4.1)
wherel is the final photon intensityy is the initial photon intensityy is the material-
specific mass attenuation coefficient for a simgheton energy, antis the thickness, or
path length, of material through which the photsmpassing (Johns and Cunningham,
1983). The initial photon intensity used for theum@ material iso = 1. The final
intensity calculated to survive the source matasalsed as the initial intensity for the
linear photon attenuation calculation through te&tmmaterial, and so on until the final
intensity of the Teflon is used as the photon isitgnl for the calculation of energy

absorption in the ADs:C, given as
E=I hv u, AX. (4.2)

Here, E is the energy absorbethy is the photon energylaps is the mass-energy
absorption coefficient at enerdy, and Ax is the path length through the dosimeter.

These calculations are made for each different jesudth and for each energy of photon
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that is emitted via th&*Th, ?*Ra, or any of their respective daughter nuclidégure
4.15 depicts the decay series of b6tfTh and?**Ra. The total number of energies
emitted from?*Ra and its daughter products is 85, while f6Th the number is 137.
Mass attenuation and mass-energy absorption ciesificwere obtained using a power
(y = Ax?) interpolation of coefficients provided by NIST

All but one of the materials used in these expemnisi@ave well-known physical
characteristics. For example, the stainless steetl dor the detector probe is of the
typical 304 variety, and so the fractions by weightiron (72.5%), chromium (18%),
nickel (8%), manganese (1%), and silicon (0.5%) lmarfiound in references such as the
Chemical Rubber Company Handbook of Chemistry ahgsies (CRC Press, 1987).
This information is necessary to calculate the prapass attenuation coefficients for the
model calculations. However, the composition of tiherium-enriched epoxy blocks is
unknown from a chemical standpoint. The epoxy bdoslere made in 1998 at the KM
Technical Center using a proprietary silica-filleoxy from the Ciba company (Lucas,
2008), which no longer makes the epoxy. Due to ldek of specific information
concerning the true chemical composition of theckdo the properties were estimated
using a generic epoxy molecule, along with the,Sittucture of silica to simulate silica-
filled epoxy. The epoxy molecule consistsnagroups of bisphenol-A, having a chemical
structure of GsH160,, and is terminated on each end RYHEO epoxide. The value of

can range from 1 to 25, and with= 10, the fractions by weight of the constituent

2 Mass attenuation and energy absorption coeffisieah be found for Teflon, borosilicate glass, aater
athttp://physics.nist.gov/PhysRefData/XrayMassCoefécdhtm| while all other coefficients can be found
by entering the compound or mixture constituenth@XCOM Photon Cross Sections Database at
http://physics.nist.gov/PhysRefData/Xcom/Text/XC @il
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Figure 4.15 Decay series fof*Ra (above) and*Th (below). From DECAY.exe,
version 2, written in 1997 by Charles Hacker, @hffJniversity, Gold Coast, Australia.
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elements are found to be 75.9% carbon, 7.1% hydroged 17% oxygen. The ratio of
silica to epoxy is unknown, so the mass attenuatamificients were calculated assuming
a 50/50 mix. The values of these estimated massattion coefficients can be found in
Appendix B, preceding the computer model code.

Fortunately, the materials involved in th®Ra experiments (dilute HCI source
solution, glass vial, steel probe, Teflon holderd #,05:C dosimeter) are all relatively
well-known. Photon attenuation in air was found&onegligible, and was ignored. Also,
since the dose calculations are in the end goirtlgeteompared to the cross-calibration
data of the?**Th blocks to an effectiv€’Co source gamma dose to water, the mass-
energy absorption coefficients for water are usethé energy absorption calculation of
equation 4.2, instead of those for®@4.

An example of a model-generated photon path betvsewnido-randomly chosen
dosimeter and source points is shown in figure ,4at@l follows the geometry of the
thorium-enriched epoxy block experiment. The camatk axes are chosen such that the
x-axis lies in the horizontal direction along thedtl of the blocks, the y-axis lies
horizontal along the depth of the blocks, and thexis is directed vertically along the
height of the blocks. In this coordinate systeng tircular faces of the dosimeter lie
parallel to the x-z plane, which is shown in fig4rd6, and the dosimeter is centered on
the origin. The points chosen by the random nungesrerator are depicted as hollow
circles, one within the circular bounds of the dustier, and one in the space occupied by
epoxy block materialX andB, respectively). The angle that the liaB makes with the x
direction is labeled?;, and the angle formed between the x axis and itieeal that

connects poinA to the origin is labeled, The angley is equal to the difference 6f and
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0,. Usinga andy, the lined can now be determined usidg= asin(y). The Pythagorean
theorem is then be used to fisd(and g; as well, by usingd and the radius of the
dosimeter,rl, instead ofa). The photon’s entrance and exit points to theindeter
(hollow square points, labeled; and E,, respectively) can be found by adding or
subtracting the x and z components ahdg; to the coordinates of poiAtusing

El,x = Ay + 8¢ + q1,x El,z =A,+s, + q1,z (43)

and
Esx = Ay — Q1+ Sy Ey, =A; —qiz+ Sz (4.4)
The y coordinates for the entrance and exit paniitthe dosimeter are calculated by

using the parametric vector equation for a lin8-gimensional space:

X xz xz - xl
()’) = ()’2) + <3’2 - )’1)}9. (4.5)
z Z3 Zy — 7

The path lengths through steel and Teflon are fdunénother application of the
Pythagorean theorem usidgand the known inner and outer radii of each stnectFor
example, in figure 4.16 the path length through Tielon sample holder (in the x-z
plane) is equal to the differencemfandq;, which are found by using the inner diameter
(r1, which is equal to the diameter of the dosimeted the outer diametef the Teflon
holder,r,. The total path length through the Teflon is eg&mhinto the y dimension by

using the relation

\/(Bx_Ax)Z + (By_Ay)Z +(Bz_Az)2

\/ (Bx_Ax)z + (BZ_AZ)Z

pathe lengthe = (G2—q1) - (4.6)

This same relation is used for finding the totahgdangth through the steel tubing. In the

case of the radium vial, the same methods usedt@rdine the entrance and exit points
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Figure 4.16 Diagram depicting the line formed by two pseudoda@anly chosen pointsA(andB, hollow
circles) in the x-z plane, as well as the anglas lares used for calculating a photons paths thncatgel
and Teflon, and the entrance and exit points optiw@on on the dosimetel(andE,, hollow squares).
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on the dosimeter in the x-z plane are used to tredphoton’s exit point from the vial,
and the attenuation through the glass wall of tia¢ i found by using a path length
calculation similar to that of 4.6. However, thg plane is used for these calculations, as
the radium vial is an upright cylinder.

So far, the model assumes that every emission dgalrce will pass through the
dosimeter. This is clearly not the case for eitbiethe calibration experiments, as the
photons are emitted in random directions and omliglasn hit the relatively small
Al,03:C dosimeter. Thus, the efficiency of the dosimeier. the ratio of photon
emissions that hit the dosimeter to the total nundfeemissions, is calculated in this
model by dividing the area of the profile of thesioeter (as seen from the point of
emission) by the surface area of a sphere witldiasaqual to the distance separating the
point of emission and the dosimeter. Figures 4ri/418 detail how the model finds the
area of the dosimeters profile by using orthogragojections of the dosimeter. Since
the dosimeter is rotationally symmetric in the plane, the profile of the dosimeter will
look exactly the same from all emission points 8tere a given y coordinate and have x
and z coordinates such that the distance from tiginor = Vx2 + z2 is constant.
Therefore, the calculation of the area of the desams profile may be simplified by
defining a new plane - the xz-y plane of figure74-1and by taking advantage of the
symmetry of the crystal centered at the origin. therthorium block geometry, emission
points may be generated in any of the three regfblf shown in figure 4.17. The

coordinates of the emission point are transformedthe absolute value in the y

dimension, and toez' = Vx2% + z2 in the xz dimension. Note that the label ‘xz’,used

here and from now on, refers not to the product ahd z, but to a coordinate. In region

86



I D 11
2e
Minor ellipse axes ——|
=

Sl s
A /// Rectangle widths
f Bl =D, 111

-+—1=0.95 mml A,0,C / ){—L
-~ r=5mm — C

Y

Figure 4.17 Diagram depicting the xz-y plane transformatiorthviines detailing the
isosceles triangles used for calculating the aréathe dosimeter’s profile for
calculating the probability that a photon emitteid aa point D; would strike the
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Figure 4.18 Deconstruction of the area of an orthographicemipn of a
cylinder similar to the shape of an,8k:C dosimeter. The sum of the area of
the ellipse ) and the area of the skewed rectangle would bd tse
calculate the efficiency of the dosimeter if an gson were to occur at point

D, in figure 4.16.
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I, an emission from poird; will ‘see’ only an elliptical profile of the cirdar face of the
dosimeter. Therefore, the cross-sectional arebeotibsimeter, as seen from g is the
area of an ellipse with a major axis equal to ttzeneéter of the dosimeter and a minor
axis equal to the base of the blue isosceles teaBB’) with side lengthBD;. This
minor axis is found by calculating the angle AD;B and by using the law of cosines for

the case of an isosceles triangle,

BB'=/2(BD;)?*(1 —cos6) . (4.7)
The efficiency of the dosimeter for an emissiom i, is then taken by using the area of

an ellipse A, from figure 4.18) as

. . Agl mar BB’
efficiency = = = 4.8
y Asphe surf 471'7'5ph.2 83D12 ! ( )

whereAsph suri IS the surface area of a sphere of radigs= BD,, anda = BB'/2 is half
the minor axis of the ellipse. For region Il ofjdire 4.17, an emission from poidt is
confronted only by the rectangular edge profileh&f dosimeter. In this case, as in the
case of region I, the cross-sectional area of th&nuketer's profile is dependent on
finding the base length of an isosceles trianglas Tength is calculated in the same
fashion as in region |, but the area to be useédemumerator of equation 4.8 is now that
of a rectangle with a length equal to the diamete¢he dosimeter, and width equal to the
base of the green isosceles triangle of figure.4lhé majority of emissions take place in
region Il, and here both the elliptical and rectaag profiles of the dosimeter are in the
line of sight of the emission poibt,.. Thus, the efficiency calculation for an emission
this region uses the area-finding schemes of leglons | and lIl. Figure 4.18 shows the
profile of the dosimeter as it would appear fromeamission point similar t®,. The area

of the ellipse is added to that of the skewed regea(which is easily shown to equal the
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area of a right rectangle of the same length ardthyi and this sum is used as the
numerator in equation 4.8.

The model was built to iteratively calculate theofm attenuation and energy
absorption of all emitted energies along five naillirandomly generated paths. The
calculated energy absorbed (in MeV) by the dosimets multiplied by the calculated
efficiency for each path, and the summation offialk million products of absorbed
energy and efficiency was then divided by the nunmtifeiterations. The end result
provided an average energy absorbed by the dosipetalecay event. The five million
iteration calculation was then repeated for a totalventy times, so that an estimate of
deviation about a mean could be determined.

The model corresponding to the materials and geynoétthe >**Th measurements
calculated an average absorbed energy of 1.385MHY per decay. The total activity of
the blocks is found - using the activity concentrabf the 10 pCi/g, the total mass of the
blocks and a curie to becquerel conversion - t63#)9 Bq. The dose rate is calculated
by converting MeV to joules and dividing by the ma$ water that would fill the volume
of the dosimeter (0.0177 g), and is equal to 6.188%Gy/s. The mass of water is used
instead of AJO; because of the quot88Co dose to water from the NIST calibration of
the °°Srf°% source used to estimate the dose rates of theydpocks. The average dose
period for the th232a and th232b measurements49(B6, so the model estimates that
the dosimeter in probe 1 received a dose of p@y, which is 73.4% of the 7.9985y
dose found from the calibration measurements dised.2.2.

No measurements were made to verify the dose divéine dosimeter undéfRa

irradiation, as in the case of tH&Th measurements. However, a comparison of
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measured POSL signal to the absorbed energy ctidmdaof the”®Ra-specific model
may be made by dividing the POSL results from #dium measurements by the 45.6
countsfiGy system response determined by the thorium-esdidiiock data analysis.
This results in an absorbed dose of 8.363y. The model corresponding to the
experimental setup using tA€Ra source vial returned an absorbed energy of ¥ 1192
MeV per radium decay. Applying the same conversiasidor the thorium calculation
above gives an absorbed dose of 7.4&y, or 92.8% of the dose reported by actual
measurements.

The energy absorption models seem to work welle@afly in the case of**Ra.
This is not surprising, as both the geometry aredtlaterials making up the experimental
setup for the radium measurements are well knove. 46.6% difference seen in the
thorium calculations are most likely due to incotrealues of the mass attenuation
coefficients for the epoxy blocks. The averageadiiseés that the photons travel through
the blocks is very large compared to the distartbesugh all the other materials
involved. Thus, the energy absorption calculatidased on this geometry are very

sensitive to the block material composition.
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CHAPTER V

REMOTE NEAR-REAL-TIME MEDICAL DOSIMETRY SYSTEM

BASED ON OSL FROM KBr:Eu

lonizing radiation has become one of the most usafd effective tools available to
the medical community. Radiologists use it for @atiimaging so that correct diagnoses
may be made quickly with little to no harm to thatipnt, as well as to image patients
during surgical procedures that would normally bghly invasive, so that the only
incisions needed are those by which small surgabs may enter. This greatly reduces
both recovery time and the likelihood of infectimnthe patient. lonizing radiation is also
used to supplant the surgical scalpels, lancetssaissors themselves for non-reparative
procedures such as cancer removal.

While ionizing radiation provides significant advages to modern medicine, it is
not without its drawbacks. Incorrect usage can egeianot only the patient, but the
physicians and other medical personnel assistiegptiocedure. There is generally a
narrow range in which the application of radiatigives the desired diagnostic or
therapeutic result, and poses the least dangéetpdople involved. This is particularly
true for radiation therapy. If too little radiatia® delivered, radiotherapies may result in
only partial remissions, increasing the chance elapses and further expensive

treatments. Conversely, if too much radiation \&gj therapy procedures can disrupt or
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kill normal, healthy tissues along with the cancsrissue. Radiation therapy procedures
are designed to give doses in multiple fractiorsteiad of all at once. The multiple
fractions (as many as 40 - 50) deliver large dases short periods of time, and from
many different directions, so that the sum of tfaetions gives a high uniform dose to
the target volume while minimizing the dose to sunding tissues. In this context a

‘figure of merit’ for radiotherapy may be defines a

energy imparted to the target volume
total energy imparted to patient

figure of merit =

where the best treatment plan would be the onegilies figure of merit closest to unity
(Johns and Cunningham, 1983).

Fortunately, radiodiagnostic and radiation therggmhnologies are constantly under
development to produce better and better resultdélevkeeping in consideration the
reduction of danger to patients and doctors. Oni@imore important consequences of
this rapid technology development is that moderrdioa systems can now produce
dynamic radiation fields having very complex geamestwith large dose gradients over
small areas or volumes. Clearly, the nature ofdtietds make it difficult to obtain real
and accurate dose verification using existing nadiosimetry technologies such as
thermoluminescent dosimeters and ionization chasnber

One example of an increasingly complex radiatiogldfiis that of a modern
computed tomography (CT) scanner. These machiredupe x-ray beams that rotate
and translate, are output in fans and cones, andmaalulate x-ray intensities during
patient scans. However, the volume CT dose indekD(L continues to the most
important radiation dose descriptor (McColloughQ&0 CTDI is measured using a 100

mm pencil-type ionization chamber (IC) that intdgsathe dose profile of a single axial
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CT scans with a thickness much less than thateoi@ Axial scanning is approaching
obsolescence in favor of helical and multi-slicarsing, and so new methods for
obtaining CTDI in modern heterogeneous scanningiseaay soon be necessary.

Appropriate characterization and monitoring of théiglds calls for a dosimeter to
be small, so that it is able to spatially resollie tlose profile; to be active, so that
changes of the field over time can be distinguishagal time; and to be inconspicuous,
so that an optimized radiation field need not leSectiveness or be modified due to the
presence of the dosimeter.

In the current work, a near-real-time, remote designsystem based on the OSL
from a small single crystal KBr:Eu dosimeter hasrbéested under interventional and
diagnostic fluoroscopy fields, axial and helicaimputed tomography (CT) scanning
fields, high dose rate (HDR) brachytherapy fielaisgd 232 MeV proton therapy beams.
The results of these tests and comparisons to otional ionization chamber readings

are given in the following sections.

5.1 KBr:Eu System Description

The medical dosimetry system used in this workhes game as that developed by
Gaza and McKeever (2006), and is similar in desggthat of then-Al,O5:C dosimetry
system discussed in chapter 4. Figure 5.1 showawairtyy of the various components of
the KBr:Eu system. Red laser light £ 658 nm) emitted from a PPMT-LD1360 diode
laser (Power Technology Inc.) is reflected by aromithrough an Edmund Industrial

Optics NT52-543 dichroic mirror, so that it passes the proximal end of 10 m long, 1
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mm diameter plastic Mitsubishi ESKA fiber optic &abia a fixed connection (FC) fiber

coupler. The red light stimulates a KBr:Eu singtgstal which is placed inside a black
plastic casing and mechanically coupled to theabishd of the fiber cable. OSL

produced by the KBr:Eu passes back through the filable and reflects off of the

dichroic mirror into the PMT of an Electron Tubdsc. P25PC photon detection
package. A set of Kopp 5-58 filters (glass #51i&ygmission window centered at 410
nm) precedes the P25PC, for discriminating backgydight.

The stimulation power at the KBr:Eu crystal is ~28V, which is enough to fully
deplete the OSL in tens of milliseconds. An OSLnalgdecay measured using the
KBr:Eu system is shown in figure 5.2. In most casestimulation period of 20 ms is
sufficient to bleach the crystal to background. §hihe normal operating procedure for

the KBr:Eu system consists of an 80 ms dose perfiodwhich the diode laser

Dichroic
mirror
l Mirror
/\_/{
Fib 7
oer
coupler Filter [ J=+Shutter
pack
Laser }7 Control PC {
PMT
————i
e

Fiber optic 1
cable Reader .
o F iy s
Laser DAQ L ]

N driver board

—T KBr:Eu

dosimeter

Figure 5.1 Drawing of remote medical dosimetry system base#Br:Eu. Detail of both the
internal construction of the reader box and theatend of the fiber with dosimeter attached.
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is turned off, followed by a 20 ms stimulation eki This 100 ms measurement is
performed repeatedly, one after another, so tHROBL signals may be obtained at a
rate of 10 Hz. The OSL decay is resolved by sumrwegnumber of PMT counts that

have accumulated over periods ranging from 100t bs, so that the decay consists of
40-200 data points.

The KBr:Eu dosimeter used in this work was cleafredn a bulk crystal grown
using the crystal which had a concentration of ‘Eof ~1700 ppm. The crystal is
approximately 1x1x2 mm in dimension, and this aflofer a low profile so that
interference with medicalradiation fields is reddicand for high spatial resolution of

fields that contain high dose gradients.
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Figure 5.2 Example of an OSL signal decay taken using the:KB
system. PMT signal was recorded for 5 ms beforeadied the laser was on.
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5.2 Performance under X-Rays |: Fluoroscopy

5.2.1 Continuous Fluoroscopy

The KBr:Eu system was first tested at the Oklahdumaversity Health Sciences
Center (OUHSC) under an Advantx system from Gertelegdtric (GE), which delivered
x-rays continuously. The KBr:Eu dosimeter was poséd in air, level to a thimble
ionization chamber (IC) in the horizontal planeeTiwo detectors were placed so that
they shared the center of the fluoroscopic field arere elevated ~10 cm above the
patient table for reduction of x-ray scatter.

One characteristic of a good dosimeter is an inulégece of its performance on the
energy of the radiation that it is measuring. faigorable to have a dosimeter that reports
the same value whether a certain dose was givénslitkeV x-rays or 2 MeV gamma
rays. The energy dependence of the KBr:Eu dosinvessr examined by exposing the
dosimeter to x-ray energies ranging from 60-120 kigeak kilovolts) in 10 kV
increments for 2 minutes at each step. The OSL maasured over 20 ms at 10 Hz
(allowing 80 ms dose periods), with a resolutiorl00 us per data point. At the same
time, exposures to the thimble IC were recordeR/min so that the OSL data could be
corrected for variations in exposure levels. Th#ahintensity’ of each OSL signal was
taken as the representative dose-proportional vedsalting from the previous dose
accumulation period. The x-ray tube current wasreit at each kVp level so that an
exposure of ~2.5 R/min was maintained over theremxperiment. Table 1 shows the

corresponding values of tube current and exposa@ from the thimble IC at each kVp.

3 As opposed to the total integrals, which shovestsiization effects. These effects will be exardinad
discussed further in section 5.7 of this work.
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Table 5.1 Values of peak voltages and tube currents apptigde GE
Advantx fluoroscopic system, as well as the exppgegistered by a
thimble IC during an energy dependence experiment.

Energy (kvp)|  Tube Current (ma) —Posure tolC

(R/min)
60 10.3 2.51
70 6.8 2.52
80 4.8 2.46
90 3.8 2.61
100 2.9 2.47
110 2.3 2.48
120 2.0 2.48

The average values of the initial intensity meas@s were normalized by the
reported IC exposure values, and the results aersin figure 5.3. It is clear from the
data that the KBr:Eu dosimeter possesses an edeppndence. However, it is important
to note here certain known characteristics of BOBr crystals and x-ray tubes. An
important factor in a materials ability to absomery (i.e., dose) is the mass-energy
absorption coefficienti,, of that material for a particular energy, depends on several
factors including the fluence of incoming photorergy as well as the multiple scattering
interactions between the photons and electronsaal@i of the material. Thga, values
for KBr can be found by calculating the weightednsof the coefficients for K and Br,
and are plotted in figure 5.4. The Eu dopant of dosimeter material is in such low
concentration that it does not contribute signifitato the overallia, spectrum. Also, x-
ray tubes do not produce monoenergetic x-rays,xkatys over a broad spectrum of
energies. The listed kVp used for each measurementesent the highest energy of the
x-rays, but the amount of x-rays with this energginall. Figure 5.5 shows the spectral

distribution of x-ray energies emitted from a tuegstarget. Each curve represents the
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the spectrum resulting from different attenuatingitenials and thicknesses plac
between the target and the output. This filtrabbthe spectrum due to materials sucl
aluminum, copper, and selenium reduces the amolufavwo energy (soft)x-rays but
permits the high energy (harx-rays to pass. Thus, the amount of filtration mate
controls the ‘hardness’ of the beam. Note that @ling to figure 5.5, the actuix-ray
energy fluence peaks at a photon energy of betabeunt on-quarter to abouwo-thirds
of the maximum energy (which is denoted as the kVpractice), depending on wr
filtration is used.

All of these factors can affect how the KBr:Eu syst performs undex-ray
exposure. The x-ragpectrum from the GE Advantx was not measuland by

comparing figures 5.3 and 5.4, it may be speculdtatithe energy fluence of tix-rays
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peaks well below 80 keV, but may not necessarilycmahe 40 keV peak of thg.,
spectrum. A particular convolution of x-ray flueraed ., Spectrum could give an OSL
response similar to that of figure 5.3. Similarlf,the x-ray energy spectrum of a
particular fluoroscopic system was known, a possiurrection scheme to the energy
dependence of the KBr:Eu system may be developadiricorporated thel,, values
relevant to the output energies.

The response of the KBr:Eu system was then testeslis exposure rate by fixing
the x-ray tube voltage at 80 kVp and incrementailyreasing the tube current, which
increased the x-ray output and thus the dose Téie.dosimeter and IC were exposed
simultaneously for 30 s at a time at each tubeeotyrand the same positional
configuration was used for the KBr:Eu and IC ashie energy dependence experiment.
The OSL results may be found plotted against threesponding exposure readings in
figure 5.6. Table 5.2 lists the tube currents uaed the corresponding exposure rates
read from the thimble IC. The table and detectagsewnoved closer to the x-ray source
between the'8and 9" measurement so that a higher dose rate couldHievad without
further increasing the tube current, which was ligara maximum safe level The table
was moved even closer to the source between"ttem@® 18" measurements for the same
reason, though in this case the tube current wesréal to 6.2 mA. The response is linear
over all of the tube currents used.

Angle dependence measurements were taken by pld@ngBr:Eu dosimeter at the
center of rotation of the GE Advantx gantry. Theamible IC was removed for these
experiments. First, the dosimeter was placed shelt its long axis was placed

perpendicular to the rotational axis of the ganffize KBr:Eu was then exposed to
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Table 5.2 Values of tube currents applied to the GE Advantx
fluoroscopic system, as well as the exposure mgdtby a
thimble IC during a dose response experiment.

Tube Current Exposure to IC

(mA) (R/min)
0.1 0.114
0.6 0.356
1.0 0.562
1.9 1.045
2.9 1.555
3.9 2.01
6.3 3.15
8.5 4.15
8.5 6.07
6.2 8.05
160
o 1404 ® OSL result
= . — Linear fit
S5 1204
o |
< 1004
2
3 80
E -
- 60
n
O l Fit parameters:
s 401 y = 16.32813x
IS ] R®=0.99912
. 207
)
E .
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[ T [ T [ T [ T [ T [ T [ T [ T [

0 1 2 3 4 5 6 7 8 9
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Figure 5.6 Exposure response of the KBr:Eu system using \30 k-rays from the GE
Advantx fluoroscopic system. Error bars represhatdtandard deviation of the mean of all
OSL signals taken over each 30 second exposuregual ~1% or less for all measurements.
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80 kVp x-rays at ~8.5 mA for approximatelyl mintlwihe gantry at -30°, -15°, 0°, 15°,
and 30° to vertical. Second, the KBr:Eu was repws#d so that its long axis was parallel
to the axis of rotation. It was also exposed tomih. of 80 kVp x-rays using tube
currents of ~6 mA, and at the same gantry angkdeprevious experiment. The results
of these angular dependence experiments are shmofiguie 5.7.

Figure 5.7a shows that an angular dependence sergrevhen the long axis of the
crystal is positioned perpendicular to the axisotdition. As the gantry rotates away from
the vertical position, the cross-section of the i8rcrystal that the x-ray tubes output
window ‘sees’ gets smaller, while the correspondimigkness of the dosimeter increases.
Also, the thickness of the plastic casing that@unds the KBr:Eu also increases from
the point of view of the incoming x-rays. Theseraes in geometry increase the x-ray
attenuation of both the dosimeter and the casesylting in lower OSL signals. This is
supported by figure 5.7b, which shows that whengeemetry stays more or less the
same, as is the case when the KBr:Eu is placedlgiaathe rotational axis, the x-rays
are equally attenuated and so the OSL responsktisadross the gantry’s angle of

incidence.

5.2.2 Pulsed Fluoroscopy
The KBr:Eu was then tested under a Philips Bi-plélneroscopy system that
delivered x-rays in pulses with durations of ~5-8 an rates of 30, 15, and 7.5 pulse per
second (PPS). A high dose rate mode of 30 PPS, rkm@wcine fluoroscopy, was also
used for some measurements. The KBr:Eu dosimetersetp in conjunction with the

same thimble IC and in a similar configuration lzat tused in the continuous fluoroscopy

103



experiments of the previous section. For each measant, the KBr:Eu system was
turned on before radiation was applied, and lefutofor a few seconds after irradiation
stopped so that the system’s background could l@suned.

During the first few measurements - intended to tfes performance of the system
under the pulsed x-ray machine in cine mode - all@cpattern was observed in the
OSL signals that repeated over time. A cursoryyambf the data showed that the initial
intensity of the OSL signals varied with a stagderseemingly sinusoidal change in
amplitude. Figure 5.8 shows an example of thisaditehavior. The system was taking
20 ms OSL measurements at 10 Hz with an integraiina per data point of 100s.
Over the course of the ~22 s pulsed irradiatiomopethe initial intensity varied from a
baseline value of ~675 counts to ~1000 counts, that increase (and subsequent
decrease) of the signal only occurs at every dif#r measurement.

Upon further analysis, most of the 20 ms OSL cursteswed an uncharacteristic
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Figure 5.8 Close-up detail of a portion of the ~220 measm@ndata set of
initial OSL intensities from taken under fluoroseog-rays in 30 PPS cine
mode. Inset: Initial intensities measured overehtre irradiation period.
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‘bump’ in the signal. This OSL feature occurreddifterent points along the 20 ms
measurement time for different OSL curves, andndidappear in any of the background
measurements that were made before or after thes~#Bse period. It was soon
recognized that the periodic change in OSL intgnaitd the peculiar features were
related, and that they were caused by the x-ragepudnd the OSL measurements not
being synchronized such that the x-rays were bpiriged at varying times during the
OSL measurement (see figure 5.9).

The KBr:Eu system recorded OSL signals at 10 Hh wiperiodt = 100 ms, while
the fluoroscopy machine was supposedly pulsing0aPBS (i.e. 30 Hz; = 33.3 ms).
Since the x-ray pulses were ~5-8 ms long, the KiBsistem had a window of only ~25
ms in which it could ideal timing scheme for measyi30 PPS x-rays using the KBr:Eu

system at 10 Hz. Here, each OSL measurement woattlpe an initial OSL intensity
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Figure 5.9 One of the ~220 OSL decays obtained under flwmgis x-
rays in 30 PPS cine mode. An irregular ‘bump’ ie gignal, due to an
incoming x-ray pulse, occurs between ~9 and ~14 ms.
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that was proportional to the dose absorbed bytieztpreceding, complete x-ray pulses.
The initial intensities in this case would showyrdndom deviations from an average
value, not a clearly systematic deviation as is1sedhe data in figure 5.8. However, it
can be seen from figure 5.9 that the synchroniaatfox-ray pulsing to OSL acquisition
is not ideal. Furthermore, figure 5.8 reveals aeo#synchronous trend - the 10 Hz OSL
acquisition and the 30 PPS x-ray delivery interiamoherently. This suggests that either
the KBr:Eu system or the fluoroscopy machine, othpbare operating at frequencies
other than exactly 10 or 30 Hz, respectively.

Any cyclic phenomenon occurring with a frequencyegéctly 10 or 30 Hz should
reproduce perfectly identical features over 100p@sods. Even if the timing scheme
were imperfect, so that an OSL acquisition occuthedng an x-ray pulse as opposed to
between pulses, the initial intensity would st bonstant over the measurement. The
initial intensity would be lower, due to the fattat the OSL resulting from the dose
given by the interfering x-ray pulse would alreablg depleted before the next
measurement, but it would still deviate only rantioabout some average value if the
operating frequencies were exactly 10 and 30 Hz.

Figure 5.8 shows that the initial OSL intensityigarfrom ~1000 to ~675 counts.
This demonstrates that only rarely does the OSLsareanent fall directly between two
x-ray pulses, giving the maximum value of 1000 ¢sdrom 3 x-ray pulses. Most of the
time, an x-ray pulse occurs during the OSL measen¢yrand when the whole of the
pulse falls within the OSL period, the following D8easurement has an initial intensity
of ~675, or ~2/3 of the maximum, which is due tdydhx-ray pulses contributing to the

OSL.
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The controls of the Philips -plane did not allow for fingéuning of the -ray pulse
rate, so the OSL measurement frequency of the KBsystem was altered ring several
x-ray irradiation periods to find coherence betweke ¥ray and OSL frequencie
Figure 5.11 shows two thr-dimensional representations of all OSL signalsafaged
sequentially by time of acquisition, and in themtieety) taken during ce such ‘tuning’
experiment. By adjusting the OSL acquisition fremme it can be seen that t
interference pattern changes as the signal bunmmp fhe >-ray pulses travels along t
sequential OSL curves. Notice that the initial msiées of the curve occurring betwee
2.5sand 7 s, as seen in figure 5.11a, followralai pattern to those shown in figure £
Figure 5.12 shows OSL signals measured using anr@&dsuring frequency of 9.92 |
(tr = 100.8 ms) andh the same fashion as in figure 5.1t this frequency, no-ray/OSL
interference is observed. The ideal timing scheatebdeen achieve

Though an OSL measurement frequency was foundntéthed the periodicity «
the xtay pulse frequency, there was still no way of einguthatfurther measuremen
would follow the ideal timing scheme of figure 5.18ul-optimal measurements wi

still possible because of the lack of synchronaratietween the beginning of the 9.9z

X ray pulses

F— 20 ms OSL decay —

/ \

—»|  fe—~5-8 ms

Time ——>
Figure 5.1C Timing scheme showing OSL measurement ocug
between twcx-ray pulses incoming at 30 PPS.
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pulse interaction with the OSL signals is observed.
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OSL acquisition and the beginning of the x-ray mgs Figure 5.13 shows a case of
where the KBr:Eu system and fluoroscopy machineevwgarted asynchronously. The
signals confirm that the 9.92 Hz OSL frequency aherent with the x-ray output
frequency, as the signal bumps due to x-ray pusesr at the same time on each OSL
signal.

In general, fluoroscopy machines do not allow agd¢eghe internal electronics that
dictate the pulsing of the x-rays, so simply comningcthe KBr:Eu system electronically
to the fluoroscopy machine to coordinate data aijm with x-ray pulsing is not
possible. As a result, a new measurement schemedewasdoped that would actively
observe the radioluminescence (RL) produced byK®BeEu dosimeter during an x-ray
pulse. A peak detection algorithm was used thaliegpp quadratic least-squares fit to the
RL data. Once an x-ray pulse is detected, the idhgorinstituted a predetermined wait
period, to ensure that the pulse had finished, #me@®SL measurement was made. Figure
5.14 shows OSL data in the style of figures 5.1GHE® was taken using the active RL-
monitoring control program under. The OSL was mesa$ior 18 ms with an integration
time of 0.5 ms per data point. In this experimehg PMT was interrogated for an
additional 10 ms after the laser was turned offns the RL from any following x-rays
could be observed. The contrast of figure 5.14b weaseased so that the RL due to x-
rays could be more clearly discerned after the G®Jnals. The algorithm works
consistently, and it can be seen that the x-raygeaat ~8-10 data points (~4-5 ms) after
the OSL signal ends. Also, the initial intensitiesigure 5.14a do not follow a pattern
like that seen in figure 5.8, only random, reldinvamall fluctuations about an average of

~210 counts. The ideal timing scheme could nowdtgeaed consistently, regardless of
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x-ray pulse frequency.

Another consequence of actively tracking the RL foming of the OSL
measurement is that an arbitrary number of x-ralsgsumay be observed before
triggering the OSL measurement. This could preseful for adjusting the sensitivity of
the system to lower dose rate fluoroscopy, sucthaisused for pediatric fluoroscopy.
Figure 5.15 shows the results of the KBr:Eu syssep&rformance under lower energy
(70 kV) x-rays delivered at 15 PPS. OSL was measdrging a continuous exposure
that lasted 5 minutes. The system was set up s@veathe first minute, the OSL would
be measured after at least 5 pulses had been do@nter the second and fourth minutes,
the OSL measurement was triggered after countingul€es, and after 20 pulses during

the third and fith minute. While counting 5 pulsesthe rate of

Pulses counted
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Figure 5.15 Initial intensity and OSL per pulse results forcantinuous x-ray
exposure. OSL measurements were made after theElBwystem counted 5, 10, 20,

10, and 20 RL peaks (due to x-ray pulses), eaclnglua single minute of the
continuous exposure. The blue dotted line showstieeage of all OSL per pulse data.
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measurement was ~1.85 Hz; for 10 pulses it was2~H#Z, and for 20 pulses, ~0.6 Hz.

The same data are represented using four analgti®ds: the light gray line represents
the initial intensities of the OSL signals measuafiér a certain number of pulses had
been counted. The black circles represent the gearhthe initial intensities taken over

the minute, with error bars equal to the standadation of the mean (a.k.a standard
error). The light cyan line represents the sant&lnntensities as shown by the gray line,
each divided by the number of pulses counted bdfatparticular OSL measurement
was triggered. This data representation is labase'@®©SL per pulse’. The blue circles and
error bars represent the average OSL per puldeeisame fashion as the average initial
intensities.

Due to the set up of the RL monitoring algorithive fictual number of x-ray pulses
that irradiated the dosimeter was usually larganttihe prescribed number-to-count by 1
to 5 pulses. The actual number of pulses was fdyndividing the time between OSL
measurements by the x-ray pulse period, since ¢a& petection algorithm often failed
to count some x-ray pulses. This was especially fiou the pulses that came immediately
after the OSL signal, as there was a short delaydem the end of the OSL signal and
the activation of the RL monitoring.

The initial intensity data in figure 5.15 shows periodic behavior like that seen in
figure 5.8, and the error in each case is ~1% efabverage value (see table 5.3). This
shows that the precision of measurement is prdgticadependent of the number of
pulses counted before OSL triggering over any simitime periods. This is
understandable, given that any decrease in randiectudtion due to increasing the

number of pulses counted (i.e., integration periwil) be opposed by a smaller number
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of measurements from which to take the inverse requdowever, integrating more
pulses may prove valuable in low-dose situationeere OSL sensitivity is more
important than frequency of measurement. The OSlppkse data reveals that the x-ray
pulse counting functions consistently, as the daiaely follows an average of 16.36

0.21 counts of OSL for a single x-ray pulse.

5.3 Performance under X-Rays II: Computed Tomography Scanning

*** Disclaimer: The results discussed in sectior8 Son
computed tomography scanning are the product of
research done in collaboration with Dr. David Peakit

at OUHSC. Dr. Peakheart operated the CT scanner and
made all of the pencil ionization chamber measurgse
while the author performed all KBr:Eu OSL measuretse
Portions of the OSL results have been shown arwlissed

by Dr. Peakheart as part of a Master’s thesis far degree

in medical physics, which he defended successfu#Q06.

Computed tomography (CT) scanning makes uses afray source that revolves
around a patient, while a system of detectors diara#ly opposed to the x-ray source
measures the total attenuation of the x-rays almmgerous paths through the patient.
Tomographic images of the patient are then digitadconstructed using a computer by
comparing the attenuation values with the orieotatf the x-ray source at the time of
detection. Over the years, CT scanning has advafroed simple step-wise axial
scanning to helical scanning to multislice scannigodern scanners employ
technologies like cone x-ray beams and hundredeved of detectors, exposing patients
to fast-moving radiation fields with increasinglgnoplicated geometries. New quality
assurance (QA) and dosimetry techniques are ndedetaracterize and calibrate these

new systems.
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The viablilty of the KBr:Eu system as an alternatto existing QA and dosimetry
technique for CT was tested at OUHSC with a GE tsgkéed Ultra CT scanner. This
scanner is capable of both axial and helical seajpm@nd outputs continuous x-rays using
peak voltages of 80, 100, 120, and 140 kVp at atsradjustable up to 350 mA. The
scanner has 16 rows of detectors of 1.25 mm thgssrend can acquire of up to 8 slices
per rotation in an:8L.25 mm or 82.5 mm detector configuration.

For most of the measurements, the KBr:Eu dosinvetear placed within one of two
phantoms: a cylindrical CT body dosimetry phantora &and® phantom. The CT body
phantom is a right circular cylinder 15 cm in ldmngind 32 cm in diameter. It is
composed of soft-tissue-equivalent polymethyl-metylate (PMMA), and has a 1 cm
diameter channel running along its length at itatee The KBr:Eu dosimeter was
typically placed at the center of this channeldesa 15 cm long, 1 cm diameter PMMA
plug that had been drilled through the center (~2diameter) along its long axis to
allow for dosimeter and optical fiber. The CT bgahantom was then positioned on the
patient table at the isocenter of the CT scanneirgaA standard, 100 mm pencil IC was
used in place of the KBr.Eu dosimeter for obtainingexposure
measurements for comparison. The R&hghantom is an anthropomorphic phantom
made from tissue-equivalent material and containataral human skeleton (see figure
5.16). This phantom is sliced into 2.5 cm sectiovif) each slice being perforated with a
grid of 6 mm diameter holes that can run from stigeslice, depending on the local
skeletal structure. Each channel is filled with & ND tissue-equivalent plastic plug,
which may be easily removed and replaced (The Bhahaboratory, 2008).

The first experiment was to check the responsbeeKiBr:Eu system as the x-ray
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Figure 5.16 Photograph of a partially disassembled R&ngleantom. Clearly depicted are
the grids of plugged holes used for dosimeter plere, as well as the human skeleton.
Reproduced with permission of The Phantom Laboyat@nww.phantomlab.com.

source current was ramped from 60 mA to 350 mAtéps of 40 or 50 mA, while the
peak voltage of the x-ray source was held constaigure 5.17 shows the initial
intensities of OSL signals taken at 10 Hz over @ s9ortion of one of the current
ramping tests. During this period, the CT scannes \wrogrammed to sequentially
perform five axial scans at one scan per secondg U0 kVp x-rays at four different
tube currents. AxX2.5 mm detector configuration was used, and thoe shickness was
set to 5 mm so that the KBr:Eu dosimeter woulddtallly enveloped. The inset shows a
close up of OSL results from the last three axdahs. A clear central dip can be seen in
the data, due to attenuation of the incoming x-tayshe patient table. This attenuation
effect is most clearly seen when the scanner gadsruhe table in the middle of the

OSL measurement, but is present in every scan.
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Figure 5.17 Initial OSL intensities of signals taken at 10ftr ~90 s while
capturing groups of five axial CT slices at 100 kivipa current ramping experiment.
Inset: Close up of last three scans, revealingpind feature of the data.

The average values of initial intensity resultingni current ramping experiment are
plotted in figure 5.18 for each available peak agé. Exposure readings from a pencil
ionization chamber are also plotted. The two y axese loosely scaled for comparison.
The CT scanner implemented a mechanism that wdiddthe focal spot of the incident
electrons on the x-ray- producing anode to proteet anode at higher voltages and
currents. This change in focal spot introduces allsrdiscontinuous rise the dose rate.
Peakheart (2006) showed that the data in figurd &fe linear over ranges that
correspond to before and after this focal spot gednTable 5.3 lists the mean ratios of
OSL data to exposure readings over all seven tuberts, for each peak voltage. For

the most part, the OSL data follow the exposuraltesvell. However, in figure 5.18 the
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Figure 5.18 Average initial intensities (solid) plotted agstirx-ray tube current for
the four available peak voltages. Pencil IC expeswadings (hollow) taken under
identical circumstances are also shown. The y as@$0sely scaled for comparison.

140 kVp data lies below that of the IC results, mlas for 80, 100, and 120 kVp, the data
lie just above the average exposures. This mayioermce of an energy dependence of
KBr:Eu near 140 keV. CT machines use relativel\hHigration between the x-ray tube
and output port (Goldman, 2007). This means thatetliergy spectra of CT beams are
harder, with the energy spectrum peaking at a vahser to the set kVp (as with curve E
of figure 5.5). With most of the x-rays closer t401kVp, and with a look back at the
mass-energy absorption coefficients of KBr (figbtd), an under-response of the OSL
signal, relative to the response to lower energgys, is not surprising.
Next, the KBr:Eu system was used to measure the Ipeafile for a collimation of 5

mm. Axial scans were made on the CT body phantoti thie dosimeter placed in the

center. The patient table was moved in steps ofrGrbfrom 10 mm superior to 10 mm
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Table 5.3 Means of the ratios of OSL versus exposure fbsalen tube
currents at a particular peak voltage. Standaraor ésralso represented as a
percentage of the mean under the % symbol.

Staneardr of ratios %

Peak Voltage (kVp) Mean OSL/exposure raio

80 1.98 0.032 1.61%
100 1.80 0.038 2.13%
120 1.72 0.031 1.79%
140 1.59 0.028 1.74%

inferior. From 10 mm to 20 mm (on each side), #i®#d was moved in 1 mm increments,
and from 20 mm to 50 mm in 5 mm increments. At estelp, the OSL from three axial
scans was recorded. The scans were made at lonofsi second, 120 kVp, and 250
mA. A 4x2.5 mm detector configuration was used. Figure SHA6ws the integrated,
background-subtracted, and averaged OSL signal evitbr bars equal to the standard
error. The profile exhibits a full-width, half mamum of approximately 8 mm. Of
particular interest are the signal levels 50 mmyafk@am scan center, which show that a
significant amount of dose is deposited far fromghan center in a CT body phantom.
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Figure 5.19 Averaged background-subtracted integral OSL tgsul

of a high-resolution axial slice profile experiment
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Gantry tilt angle dependence was tested with tlsgnaketer placed at the ioscenter of
the CT field, either in air or centered in the Gddip phantom, and exposed to multiple
axial scans at varying gantry angles through arédyye. The CT gantry was tilted
superiorly and inferiorly to the phantom, on theibantal axis normal to the long axis of
the patient table. The scanning and x-ray parametere the same as those used for the
beam profile experiment, with the exception th&dtal of six scans was used at each tilt
angle. Also, the OSL signals were analyzed in amtidal fashion to that used for the
beam profile experiment, and the results can bae seé&gure 5.20. While in air (figure
5.20a) there is no appreciable dependence othttresults obtained using the CT body
phantom (figure 5.20b) show decreasing OSL valigesha angle increases from the
vertical. This is due to attenuation from the irmiag thickness of phantom material that
the x-rays pass through as the gantry tilts away fvertical.

Helical CT scanning provides a more complicatecdiation field than axial
scanning. The CT scanner spins axially while thieepatable is moved at a constant rate
through the gantry. In this way, scanning largetipos of a patient is accomplished
much faster than the move-stop-scan-move axialegoes. Figure 5.21 shows the
initial OSL intensities during three consecutivéided CT scans on the CT body phantom
with the KBr:Eu dosimeter placed in the center. $han followed a routine chest exam
program, and the scanner moved from 80 mm supri80 mm inferior at 0.7 seconds
per rotation. The beam was collimated to 10 mm tteddetectors were configured as
8x1.25 mm. Helical scanning requires a pitch betwienpatient table movement and
the width of the x-ray beam. In this case, thehpit@s set to 1.35:1, so that the table

moved 13.5 mm for every rotation of the scanneégesithe beam had been collimated to
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Figure 5.20 Results of the gantry tilt dependence testsHerkKBr:Eu dosimeter located at
the CT isocenter a) in air, and b) centered inQfiebody phantom. Error bars are equivalent
to the standard error for six measurements. c) @mglepicting CT gantry tilt with respect
to patient table and centered on the CT body plmads in the case for the results of b).
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10 mm. Each scan in figure 5.21 shows a major géaicture, on top of which a finer
periodic structure appears. The fine structure dgseriodicity similar to that of the
rotation of the scanner — there are ~ 11 rotatioresach scan — and so it is believed to be
due to attenuation by the patient table as the neragoes underneath. The major
structure represents the increasing and decreadasity of x-rays as the source spirals
closer to and further away from the dosimeter. itegrals under the initial intensity
results of figure 5.21 are comparable, even thabgi have somewhat dissimilar shapes.
The average of the three areas is 15201 countsstatidard error of 164, or 1.1 % of the
average.

Helical scanning of a RanBghantom introduces even greater complexity taifie
radiation field, due to the non-symmetric shapéhefphantom and the presence of both
soft andhard tissues (i.e. plastic and bone). figsif the KBr:Eu system under helical
scanning inside a Rantio phantom began with simulated routine ~40 cm

abdominal/pelvic (abd/pel) scans that started lpedow the sternum and ended at the
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Time (s)
Figure 5.21 Initial OSL intensities taken over three consaeutoutine 16 cm chest exam
with the KBr:Eu dosimeter placed at the centethef €T body phantom.;Aepresents the
areas under the curves for the first (i = 1), sddor 2), and third (i = 3) scans.
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upper thigh of the phantom. The response of KBrdésimeter was tested at th
locations for the abdominal/pelvis scans: in sR-2 at the pancreas, in slic-5 at the
left kidney, and again in slice-5 at the linea alba. Figeis.22 shows a photograph of
slices used and where the dosimeter was positionedch slice. Also shown is the fu
assembled phantom with anindication of where tHéerdint slices fit, and a list ¢
parameters used for these scans. Further t scanning tests were performed usinc

Randd phantom by simulating a routine chest examinatie2b(cm in length). For tr

right lobe liver

pancreas

linea alba

ABD/PEL CT scan parameters

120 kVp 300 mA

Helical full rotation left kidney
0.7 s per rotation

27 mm/rot

Pitch 1.35:1

20 mm beam collimation

8 detector rows (8 x 2.5)

Oooooooo

Figure 5.22 Photograph of Ran® phantom used for testing performance under he
scanning during a routine abd/pel exam. The postaf the slice in the phantom, a
the dosimeter in the slice, are detailed. Also shna list of CT scanning paramet
used for the scans. Used h permission from Peakheart (2006).
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section 1-6

scan end

heart

Chest CT scan parameters
120 kVp 340 mA
Helical full rotation
0.7 s per rotation
13.5 mm/rot
Pitch 1.35:1
10 mm beam collimation
8 detector rows (8 x 1.25)

OooOooooao

Figure 5.23 Photograph of Ran® phantom used for testing performance under he
scanning during a routine chest exam. The positidise slice in the phantom, and 1
dosimeter in the sliceyadetailed. Also shown is a list of CT scanningapeeters use
for the scans. Used with permission from PeakH28A6)

study,the dosimeter was placed in th-6 slice at a position corresponding to the he
Figure 5.23 shows the dosimeter locat in the slice, the position of the slice on -
assembled phantom, and the CT parameters

Figure 5.24 shows the initial intensities takenroeee consecutive abd/pel sci
for each dosimeter position. The shapes of thesstalken at the-2 pancras position
show a more abrupt increase on the left side thamhe right, which decays to ze
smoothly. This is due tthe positions of slice 2-and of the starting points of the sc
being relatively close to one another. The initrdensities obtined from the -5 slice
show a more symmetric increase decrease, as the®slice is more centrally locatt

in the scanning range. All of the results of fig&r@4 also suffer from a shorter te
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variability similar to the periodic structures seienthe helical scans of the CT body
phantom (figure 5.21). While table attenuationegtainly still a factor in the variability,
the Rand8 phantoms internal skeleton also attenuates therimg x-rays, and in a more
complicated fashion than the patient table. Theageearea under the three curves taken
at 2-2 pancreas is 5608 counts with an error of 883.3% of the average. For the 2-5
left kidney, the average was 5977, with an erroR2f (3.8%). Lastly, the average area
under the curves obtained at 2-5 linea alba wag,#4ih an error of 175 (2.44%).

The results from the routine chest scans can bedfan figure 5.25. This looks

similar to the results from the abd/pel scansthetpeak OSL intensities are significantly
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Figure 5.24 Initial OSL intensity results from simulated aldoal/pelvic scans using the Rafido
phantom. The dosimeter was subject to three cotisecscans while placed in the a) pancreas
portion of slice 2-2, b) the left kidney area dtel2-5, and c) the linea alba of slice 2-5. In&gr

of the area under the three results from eachiposit the phantom are shown ag-£ 3
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higher. Part of the reason for this is that thestabrrent was increased from 300 mA for
the abd/pel, to 340 mA for the chest scans. Howesrece the OSL signal increases more
or less linearly with current (see figure 5.18) tmearly two fold increase in intensity
from figure 5.24 to figure 5.25 must be caused diyething other than a ~10 % increase
in tube current. The main contributor to signakr@ase is the slower rate of patient table
travel during the chest exam. The translation matenly half that for the simulated
abd/pel exam, meaning that the source is clos@dadbsimeter for twice as long and
gives around twice the dose. The three routinetaesn scans gave an average integral
of 10901 counts with an error of only 153, or 1.d8the average.

Even with as complicated a radiation field as floand inside an anthropomorphic
Rand§ phantom as it undergoes helical CT scanning, tBeBU system was able to

reproducibly report dose information with errorageng from 1.4 % to less than 4 %.
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Figure 5.25 Initial OSL intensity results from simulated rim& chest scans using the
Rand§ phantom, in the fashion of figures 5.21 and 5T dosimeter was subject to
three consecutive scans while placed in the hegitmn of slice 1-6.

127



5.4 Performance under High Dose Rate (HDR) Brachytherap using an **r Seed

The KBr:Eu system was also tested usir'*4r brachytherapy sourceE, aye = 650
keV) at OUHSC on October ™ and 2%' of 2006. The experiments consisted of stab
and reproducibility tests of the KBr:Eu system,vasl as dose distribution tests be
compared with the dose plans developed by NuclatbATO Brachytherapy (v14.2.!
software. See appendix A f**ir source and dose plan information. Comparisorthe
OSL results to the PLATO dose plans are presembédyed by reproducibility rsults
comparing the system’s performance on the two wiffe days Dose plans wer
constructed after all the measurements on tH'" were performed, and just befc
measurements started on th(".

The KBr:Eu fiber probe was placed ~4 mm horizontallyay from and parallel 1
the *°4r brachytherapy source applicator (as seen froovebn figure 5.26) within
large box water phantom. The KBr:Eu dosimeter vii@s tmoved vertically with respe
to the®4r source by a motorized translation stage withtep sesolution of 0.01 mn
OSL measurements were taken while level with thdiuim source, and at vertic

displacements away from source center ranging f5-100 mm above and below t

Above view Front view

192|p UAp

[ |

K KBr:Eu
I ~1mm | _Q_O_
— = - 192

7 Ir

KBr:Eu do'wn

Figure 5.26 Schematic drawings of initial source and dosimptesitioning
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Figure 5.27 Schematic drawings of alternate positioning se®em

source in 5 mm or 10 mm steps. The dose p! extending out along the axis of t
applicator wasneasured from 10 to 100 mm with the KBr:Eu probierded along th:
source axis (the scalled ‘face-to-face’ orientation in figure 5.27) and normal to
source axis (or ‘front’ in figure 5.27) in 5 mm ©0 mm increments. Measurements
October 28 weretaken above and below the sample using the cormfiigur of figure
5.26, as well as along the source axis in the ga@seshown in figure 5.2 The
measurements taken on Octobe™ tested only the reproducibility of the dose pro
above thé®r source in the configuration of figure 5.2

Initial positioning was performed by hand usindexible rule held under water ne
to KBr:Eu probe and source applicator, and onceptet®, the translation stage w
zeroed in the case of the ‘above’ andow measurements and set to 10.00 mm in
case of the ‘face-téace’ and ‘front’ measurements. All measurementssigied of a 60
exposure from the source to the center of the watantom. The brachytherapy syst
is designed to advance t'%ir seal source, which is attached to a strong but fle
wire, from a shielded chamber into the end of tppliaator for a specific treatme
period. The system then withdraws the seed backtive chamber. Therefore, for et
measurement the retine acqusition of the dosimetry system was started se

seconds before the iridium source began its t into the end of thapplicator and wa
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not terminated until several seconds after theuinds retreat out of the water phantom.
This was done to ensure proper measurement of ok,

The OSL results of the KBr:Eu system are represenigng the background-
subtracted integral of the area under the OSL kigeaay curve (hereafter called
BSOSL, after background-subtracted OSL). Thougldtta were acquired at 10Hz, each
datum point in the graphs below represent the ratem of data over 1 s. Error bars
represent the standard deviation (or propagateuiatd deviation, in the case of ratios)
of the 1 s integrated data over the duration ohtleasurement.

The first objective of these experiments is to carepthe KBr:Eu system’s OSL
measurements with the dose plan given by the Nodetoftware. Figures 5.28 and 5.29
show normalized (to maximum) values of calculatededplan and OSL results obtained
on October 29 for the geometries shown in figures 5.26 and 5@3pectively. One set
of dose plan values was developed and used for‘abtve’ and ‘below’ comparisons,

since an assumption is made that the dose prefdglindrically symmetric. A second set

0O 10 20 30 40 50 60 70 80 90 100

1.1 Above 4 Below

® BSOSL
—4— Dose Plan

Normalized Value (a.u.)

R 2 A AAAANAAAGN PP APNAAAPNARNGA

T T T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 100
192

Vertical Displacement from ~“IR (mm)

Figure 5.28 Comparison of 10-20-2006 OSL results to Nucletdmse plan valuefor the
‘above’ and ‘below’ experimental geometries. Alltalan each curve were normalized to the
maximum of the curve.
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Figure 5.29 Comparison of 10-20-2006 OSL results to Nuclettore plan value®r the ‘face to
face’ and ‘front’ experimental geometries. All ditteeach curve were normalized to the maximum
of the curve.

of dose plan values was developed and used for Hatte-to-face’ and ‘front’
comparisons. Figure 5.30 shows the comparisonefXBL results taken on the"28
the corresponding dose plan. While a slower drépfothe OSL results compared to the
dose plan is evident in all of the profile graphmre significant disparity is found in
figure 5.29 in the OSL data taken in the ‘facedod and ‘front’ geometries.

Another comparison between the KBr:Eu system’sgoerdnce and the dose plan
can be made by taking the ratio of the OSL regoltthe dose plan values. Figure 5.31
shows this ratio using the BSOSL analysis of dakar in all profile geometries and on
both days. The ratios resulting from the data avskdglan from Oct. 2bseem to follow
a nearly linear relation, with sublinearity occagiat more than 60 mm away from the
source. Close to the source, the ratios of the filata the 25' seem to follow a similar
trend to that of the ‘above’ data from Oct. 20tlowéver, a divergence from the earlier

data is seen to start at 40 or 50 mm, with morergesublinearity and a possible decrease
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Figure 5.30 Comparison of 10-25-2006 OSL results to Nuclettorse plan
values for the profile above th&r source as in figures 5.28 and 5.29.
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Figure 5.31 Ratios of BSOSL over dose plan value using doséil@ data taken in all

positioning geometries on the2@nd above profile data taken on thd'28\ote: Only the
profile above the source was taken on th& 25d at lower resolution than on thé"90
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in the ratio after 70 mm. Figure 5.31 may reveakasitization effect occurring within
the KBr:Eu dosimeter over continued exposure td ldgse rates, as the ‘above’ data
were taken first, the ‘below’ data second, therifralata third, and the ‘face-to-face’ data
was taken fourth (and last). This order is followmdan increase in the data in figure
5.31 from Oct. 20, at larger distances from the source. In factsisieation of the
KBr:Eu was clearly observed over single measuresmesmd is discussed further in
section 5.6. This effect does not satisfactorilplai the behavior of the data from Oct.
25",

The second objective of the experiments is tottestreproducibility of the system.
The first test looked at the reproducibility of tlsystem when the position and
repositioned at different distances from the souFegure 5.32 shows the unnormalized
results from figure 5.28 (‘above’) taken as the KRr dosimeter was raised away from
the source in steps of 5 mm. Also shown is a lon@eplution repeat of that vertically
ascending experiment taken several minutes latex.pErcent differences of the original
and reproduced measurements are shown to rangedet17 % and 3.63 %. The
largest % difference is between the data takerhdsttfrom the source, which is less
relevant from a dosimetry perspective than thaernalk the high dose regions. The
second test looked at dosimeter positioning depereldy comparing the results
obtained when the KBr:Eu was oriented in the twoness shown in figure 5.27. Table
5.4 reveals that this orientation dependence idlsmith an average percent difference
between the two orientations at the same distaree the source being 1.4%. A third
experiment tested the reproducibility of the systter a period of just less than five

days had passed. Figure 5.33 shows BSOSL from megasnts taken at approximately
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Figure 5.32 Reproducibilty results after taking repeated OSL

measurements at different distances abové®thiesource. The error bars
represent one standard deviation of the data taken60 s.

Table 5.4 Percent difference comparison of averaged
BSOSL data taken in the ‘front’ and ‘face to face’
geometries (o and ks, respectively) on October 90

Distance (mm) Font Mstof % Diff.
10 7770.28  7561.46 2.69%
20 4036.24  3897.50, 3.44%
30 2626.77 2591.47 1.34%
40 1937.21) 1944.05 0.35%
50 1538.08/ 1513.50 1.60%
60 1219.11) 1222.13 0.25%
70 1036.07/ 1026.11 0.96%
80 851.19 832.55 | 2.19%
90 704.10 709.56 | 0.78%

100 585.82 589.03  0.55%
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the same positions in the water phantom on tiea2@ on the 2% Percent differences
between the results obtained are also given. Fer dcbmparison, the experimental
conditions cannot be considered identical with eespo the'®4r sourcesince it has a
half-life of 74 days, and in 5 days the activityshdecreased by a non-trivial amount.
According to the Nucletron dose plans developedboth days, the sources activity
reduced by ~4.8% (see table 5.5). However, evernwhking this into account by
increasing the data in figure 5.33 (taken on on2®1§ by 5%, only the data between 20
mm and 50 mm approaches the general reproducibégyirements of 2% difference.
The variation in the high dose gradient region elts the source may be due to small

errors in placing the dosimeter on thd' 25 the same position as it was on th&.20
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Figure 5.33 BSOSL values obtained on Oct.™2@ompared to the results
obtained on Oct. 75 Inset: Expanded view of results obtained at ladigtances.
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Table 5.5. Data from Nucletron dose planning reports
showing different values pertaining to source decay

10/20/06 | 10/25/06
Air kerma (cGy/h cm?: | 34773.96 33098.70

% difference: 4.82%
Decay Factor: 0.81 0.77
% difference: 4.84%

Refer. Dose (cGy): 71.80 68.40
% difference: 4.74%

5.5 Performance under 232 MeV Proton Therapy Beam

The use of protons for the treatment of cancer fivas proposed by Robert R.
Wilson (1946), as the first machines were beingstoted that were capable of
accelerating protons to energies that granted cserfii penetration ranges through
biological tissues. Since then, proton therapy thasrished with the development of
more sophisticated treatment planning and dosgatgliechniques. These developments
take advantage of the way that protons depositggnier a medium, which is the key
advantage of proton therapy for deep tumor treatmen

Fast moving protons have little time to interacthwthe atoms in the material
through which they pass. Nevertheless, these iiefactions are enough to eventually
slow the protons. They interact more severely ag glow down, and impart more and
more energy to the atomic electrons and nuclehefrhaterial. Thus, the linear energy
transfer (LET) of the protons increases with degftincident material until the protons

are stopped, at which point they no longer depesdrgy. The dose deposition (i.e.,
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particle energy loss) along the range of 232 Medt@rs in water is shown (normalized
to the minimum at 3 cm) in figure 5.34. The enedgyosited is fairly constant over the
beginning of the range, but increases as the psattmw and ends in a sharp increase of
very high dose at 33.9 cm known as the Bragg pefi&r its discoverer, Sir William
Henry Bragg. The dose deposition then falls to zemy quickly as the protons stop. In
practice, the entire deposition profile is oftefiereed to as the ‘Bragg curve’. Proton
radiation therapy takes advantage of the Bragg pealeliver high doses to cancerous
tissues while delivering relatively small entrardmses, and little to no exit dose to the
patient.

The performance of the KBr:Eu system under proteents was investigated over a
two day period (July 15-16 2006) at the Loma Linda University Medical Center
(LLUMC), Loma Linda, California. The primary focus the experiments at LLUMC
centered around off-axis neutron scattering expentsn conducted by Moyers et al.

(2008) The KBr:Eu system was tested (with the degdém placed in the proton
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Figure 5.34 Dose deposition curve (a.k.a. Bragg curve) measur
with an ionization chamber for 232 MeV protons iater show the
distinct Bragg peak at 33.9 cm.
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beam) so that its presence did not interfere wighrteutron measuremer

A Zero Gradient Synchrotron (ZGS) accelerated protm 250 MeV (Coutrakon
al., 1994), The beam was routed to a rotating garentered on a patient table, and
output horizontally from a nozzle intc box water phantom 25 ciall and 3t cm long.
Figure 5.35 shows a photograph of the phantom sesigle of the treatment gantry. T
protons lost energiraveling from the synchrotron to the nozzle, aodree final outpu
energy was 232 MeV. The KBr:Eu dosimeter was plamedhe bear-side surface of,
and at various depths within the water phantome#th position, 50 or 100 ms O:
measurements were triggered using an active RL toramy scheme similar to that us
for pulsed fluoroscopy (see section 5.2.2), sinbhe protons were delived not
continuously, but in bursts (or ‘spills’) at a rabé 1 spill every 2.2 RL from the

KBr:Eu crystalRL from the KBr:Et crystal was observed by interrogal the PMT

-

o

Figure 5.35 Photograph of gantry #2 at LLUMC set up for-axis naitron scattering
measurements. The water phantom, located at the dfethe table, was centered to
beam output nozzle. Plastic shielding blocks anaeatron detector are also shoy
Modified from Moyers et al. (200¢
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Figure 5.37 RL signal due to a single proton spill, captudagting active RL
observation. Inset: The OSL signal from the measer# triggered by the spill RL.
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at 2 kHz over consecutive 500 ms periods until@aor spill was identified. Upon the
detection of a spill, optical stimulation was iated after a 500 ms wait period to ensure
that the spill period (~250 ms on average) hadslied. After the OSL signal was
recorded, the active RL monitoring for the nexttprospill resumed. A diagram of the
timing scheme is given in figure 5.36, while an Blgnal due to a proton spill and the
subsequent OSL decay, both measured at 5.5 cm ieptter are given in figure 5.37.
One of the most important characteristics of a bparoton dosimetry system is
the ability to reproduce the Bragg curve at differéepths in a medium. The response of
the KBr:Eu system was tested at surface of thervditantom (0 cm) and at four depths
inside the water phantom: 5.5, 15, 28.9, and 39 The dosimeter was exposed to
multiple ~100 s dose periods at each depth. Figu88 shows the results of these dose
deposition measurements. Both the averaged BSOS8Lirgial OSL intensities were
obtained from the each data set, and are presenfeglire 5.38a ad 5.38b, respectively.
The vertical axes were scaled so that the 0 cm @4 and the first Bragg curve datum
matched. The most noticeable feature of the datéigure 5.38 is the rather poor
correlation between the OSL results and the Bramgec Both the BSOSL and the initial
intensities follow a similar pattern, though thetial intensity data at each particular
depth are less scattered. Also detailed in figur@8& is the order in which the
measurements were taken. The data on the surfaite gfhantom (at 0 cm) was taken
late in the evening of July T5while other data were taken throughout the dayhen
16", starting in the morning. The over-response ofKBe:Eu to the proton irradiation
may be due to sensitization effects similar to éhpsssibly seen und&fir exposure (see

figure 5.31), as the differences between the OSh dad the Bragg curve appear to
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Figure 5.38 Average a) BSOSL and b) initial OSL intensity ulés show sub-
optimal dose deposition response when plotted ag#ia normalized Bragg curve.

increase as the order of OSL measurement increases.

During the initial OSL measurements, the RL obs@mmaacquisitions were used
solely for the triggering of an OSL measurementwelger, over the course of the
experimentation the control software for the KBrigas modified in order to save the
data acquired during the RL observation periods Wmwuld provide a record of how the
dose rate to the KBr:Eu varied over the lifetimetlod proton spill, and integration over

the entire RL signal would give a value proportiottadose that could be compared to

141



the results of the following OSL measurement. Marfythe RL acquisitions only
captured part of the spill, which worked fine foigjering an OSL measurement, but
were not useful for extracting dose informationwdwer, other RL observations resulted
in signals that captured an entire spill event. repas of partial and complete spill
captures are given in figure 5.39.

A correction to the apparent sensitization of th8LOsignals was made by
normalizing the average OSL results by the avewgthe total integrals of the RL
signals. For this correction, only those RL andsggjnent OSL signals that corresponded
to a complete spill captured were used, all other &d OSL data was ignored.
Unfortunately, the RL signal data were only recdrdering the final two measurements
at 30.9 cm, and for the two measurements at 5.9¢mse normalized OSL results are
presented in figure 5.40 as solid black points layarg the Brag curve. The average of
the two results at each depth is also given a®Wwatloints. The scaling of the vertical
axes in this case was chosen so that the averape ofo 5.5 cm data would match the
5.5 cm data of the Bragg curve. Figure 5.40 shoalea improvement in conforming to

the Bragg curve at these depths when comparedurefb.38. The initial intensity data is

——— Complete capture
Partial capture

RL Intensity (counts/0.5 ms)

A

7T
200 300 400 500

RL observation time (ms)

Figure 5.39 Examples of RL signals obtained as the protoh spi
occurred completely within (black) and partialhed) within the
RL observation period.
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been normalized RL signal due to previous protaliss@he data show much
better correlation than the data of figure 5.38 nvplotted against the normalized
Bragg curve. Hollow points represent the averadeiseosolid points.

again less scattered than the BSOSL data, andlatsw a closer matchto the Bragg peak
at 30.9 cm. Though the data in figure 5.40 seermiwiag, no definite conclusions can
be made towards the efficacy of this correction twuge minimal amount of data.

The results of the testing the KBr:Eu system unmieton irradiation, while far from
comprehensive, show that the system has poteatialpplication as a capable, near-real-
time dosimetry system in these radiation fieldsghHiesolution proton spill ‘imaging’

like that shown in figures 5.37 and 5.39 is bylftaecapability that most commonly used
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radiation detectors (such as TLDs and ionizaticemdbers) do not possess, and could be
of great use with respect to proton beam qualisp@sice. Sensitization of the KBr:Eu

dosimeter in this high dose rate environment waseded over single 100 s exposures,
much like it was observed under HDR brachytherapye exposure, and is discussed

further in the following section.

5.6 Further Characterization of KBr:Eu Towards a Simple

Model for Describing OSL Mechanisms

The KBr:Eu system had thus far been tested undewusamedical radiation fields
as an alternative, near-real-time dosimetry sysfempatients undergoing radiation
therapy or radiodiagnosis, and as a radiation uatisurance device. Analysis of data
taken close to aff4r brachytherapy source and near the Bragg peakigroin a water
phantom exposed to an energetic proton beam rele¢hdét the acquired OSL signal
exhibits complex sensitization effects. The OSLnalgis thought to be composed of
multiple components representing different lumieese mechanisms, and these
components appear to sensitize at different ratéssoontinued exposure.

Figure 5.41 shows OSL data from single, room-teaipee measurements taken at
OUHSC using a 10.57 €i4r brachytherapy seed, and at LLUMC under irradiafrom
a 232 MeV proton beam. See sections 5.4 and 5&xfmerimental details concerning the
brachytherapy and proton beam experiments, respéctiTwo different representations

of the data are shown (each normalized to the geevaer the entire measurement); one
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being the initial OSL intensities, and the othenbehe total integral over the entire OSL
decay. The data in figure 5.41a are the averagjalimtensities and total integrals of 10
OSL measurements taken over 1 full second; whilégure 5.41b, the initial intensity
data represent the sum of the first 2 ms of the @&tay, and initial intensities and
integrals are taken from single OSL signals. Ndkbeaund subtraction was used in this
analysis, as the highest measured laser-on baakgjnehile outside of a radiation field
was low in comparison to the initial intensitiestotal integrals, accounting for less than
1% in either analysis.

In each of the plots in figure 5.41, if no sendiyichanges were occurring, then the
datawould be flat over time. Clearly this is not theseaas both types of OSL signal
analysis show increases over time. Furthermorergfgonse of the total integral of the
signal increases faster than that of the initisgnsity under both radiation types. This is
indicative of component specific sensitization,tlas initial intensity is believed to be
influenced mainly by a single fast decaying OSL ponent, while the total integral is
governed by all OSL components.

The observed effect was most pronounced in reganéigh dose rate. It is
important to characterize this effect especialhycsithe higher dose rate regions are of
most interest to radiation oncologists and medicaimetrists. Thus, in order to gain a
better understanding of what processes may bems#pe, additional characterization of
KBr:Eu using related TL and OSL experiments wersigieed. An examination of the
relationship between TL and OSL, specifically theas of thermal annealing on the
OSL signal and the effects of optical bleachingtenTL signal, follows.

KBr:Eu samples (~6x6x1mm in size) were cleaved frexisting bulk material.
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Laboratory TL and OSL measurements were made @siRgg TL/OSL-DA-15 reader
with an integrated®sSrf°Y beta source. Doses of 350 mGy were given fotahlbratory
OSL and TL measurements using the integrated so8& was measured in the Risg
reader for 100 s using stimulation from a broadbkamap filtered first with a 700 nm
Chroma band-pass filter having a 50 nm FWHM, aner levith a 650 nm narrow band
pass filter from CVI (10 nm FWHM, model F10-650.®0) to more closely match the
diode laserX = 658 nm) used in the KBr:Eu system. Three Kog85ilters were used
in front of the Risg readers PMT. These configorati were also used for optical
bleaching of the samples. After 700 nm bleaching,wias performed by heating the
samples from room temperature to 673 K at 1 K/¢h\8i x BG-39 placed before the
PMT. The filters were changed to 3 x 5-58s afte® Gim bleaching to reduce
unnecessary room light exposure to the PMT. TL nmessents were performed in the
dark, and the KBr:Eu was reset by annealing to &78nd allowing to cool to room
temperature prior to every laboratory OSL and Tlasugement.

For the thermal annealing studies, OSL measuremeaie performed after the
KBr:Eu samples had bedftirradiated, pre-heated at 5 K/s to a temperat@tavéen
room temperature (~296 K) and 623 K, and allowedcdol to room temperature.
Representative OSL signals following annealing aious temperatures are shown in
figure 5.42, for both 700 and 650 nm stimulatiotscAshown in figure 5.42 (insets) are
the total integral of the OSL signal versus anmgatemperature results. For 700 nm
stimulation, the OSL signal is nearly unchangedil utite annealing temperature
approaches 363 K. At 363 K and above, the sigmaimishes quickly until at 423 K no

OSL signal remains. The OSL signal obtained usid@ Bm stimulation light starts to
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decrease at ~358 K, and is totally annealed o4td8yK. Also, the OSL signal does not
maintain its shape as the sample is annealed. t&rfasitial component appears to
survive to higher temperatures than the slower @orapt(s), such as that shown after
annealing to 403 K (figure 5.42a) or 393 K (figbrd2b).

For the step-bleaching experiments, TL was meaduretediately after the sample
had beerp-irradiated and then optically bleached for perioaisging between 0 s and
1500 s. The data taken immediately after bleachiitiy 700 nm light are shown in figure
5.43a, and after 650 nm bleaching in figure 5.44w step-bleached TL results support
the findings from the step-annealed OSL, and shaw dnly those TL peaks below 420
K are depleted by bleaching with 700 and 650 nrhtligHowever, with these bleach
times of up to 1500s, and since short-term thefadihg effects on the OSL of KBr:Eu
has been previously reported (Douguchi et al., 1#9%Iroza-Montero et al., 2000), it
was also necessary to determine what effect roonpaeature fading had on these TL
measurements. During each optical stimulation pgerroom temperature fading may
have been assisting the bleach in depleting theigial. Thus, another step-bleached TL
experiment was conducted such that instead of meiig the TL measurement
immediately after the bleach period as in figure43& and 5.44a, an additional wait
period was added after each bleach period so llealt was always measured 1500 s
after irradiation. For example, the first measunehw®nsists of no bleach period, so the
sample would be irradiated and TL would be recordfter a 1500 s wait. The second
measurement would use a 5 s bleach period, sothédleach was finished an additional
1495 s wait would take place before the TL measargmThis ensured that for each

step-bleached TL curve, the KBr:Eu sample would bsubject to
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fading over identical periods. Results of this setcexperiment are presented in figures
5.43b and 5.44b, for direct comparison to the Tlasueements taken immediately after
the end of the bleach periods. Figures 5.43 and Shbw that with no prior bleach
period, the TL curves are dominated by a peak ednait 390 K. After just 5 s of
bleaching, this peak is reduced significantly, wlallower temperature peak at 360 K has
increased in intensity significantly above its poes level with no prior bleaching.

For the 700 nm bleached TL in figure 5.43a, the R3&rom now on called peak 2)
decreases rapidly while the 360 K peak (peak l}imo@s to increase to a maximum
after 10 s, which remains even after 40 s of bldawoh. After 60 s, both peaks decrease
at different rates and ultimately empty after saldundred seconds of bleaching. In
figure 5.43b, peak 1 is reduced significantly mior@ach post-bleach measurement than
in figure 5.43a, due to the additional fading. P2ak only very slightly affected by the
added fading period. In general, bleaching with 650light (figure 5.44) gives similar
results to those observed using 700 nm light. Hawnethere are some differences that
merit discussion. Peak 2 is depleted much fastegud50 nm light than with 700 nm
light. Also, peak 1 reaches its apparent maximuier @inly a 5 s of 650 nm stimulation,
and is quickly depleted over longer bleach timeadés 700 nm stimulation, peak 1
grows to a maximum after 10 s, and does not begireduce until more than 40 s of
stimulation is applied. The bleach-plus-fading Hesin figure 5.44b show identical traits
as that found using 700nm light — peak 1 is gre@tiuced over 1500 s, while peak 2 is
not.

During irradiation, electron hole pairs are formgach that some electrons are

trapped and form F-centers, while some holes gptuced by E&" ions to form EGi'.
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Under optical stimulation, electrons are releasedmf F-centers and eventually
recombine with holes at the Euons. This in turn produces Elions in an excited state,
which relaxes and emits 420 nm light via th&85df>4f’ transition (see section 3.2).
Component-specific sensitivity changes of the Olgha shown in figure 5.41 may be
due to changes in and/or interactions between retedraps rather than hole traps
(europium ions). Figure 5.45 illustrates the prauabslectronic processes responsible for
the different sensitization rates of the fast almdvscomponents of KBr:Eu during an
OSL measurement, and further explanation and geggriof the model follows.

Figure 5.42 shows that the slower OSL componentcfwitself may be comprised
of multiple components) is more susceptible tortr@rannealing at lower temperatures
than the faster component, which remains even #feeslower tail component has been
totally annealed. These OSL results show that ligeiren traps responsible for the slow
component have lower thermal stabilities than #s €omponent traps. As a result, the
slow OSL component trap would be expressed in aclitve as a peak at a lower
temperature than the peak expressing the fast acoemparaps. This is illustrated this in
the model of figure 5.45 with the electron trapsaked close to the conduction band
labeled 1 (shallow, responsible for the slow congmphand2 (for the fast component).
The step-bleaching TL signals in figure 5.43a and4& show a steep rise in
luminescence intensity of peak 1 after short blgaethods followed by a slow fall in
intensity relative to peak 2, which decreases tenisity rapidly from the start. It appears
that the electron trap represented by peak 2 @)apas a much higher electron capture
cross-section than trap 1, and so more chargellsctad by trap 2 during irradiation.

This explains the shapes of the TL peaks after mimr pbleach. The rise
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Figure 5.45 Energy band diagram representing the proposedeimofdelectronic processes
during the measurement of OSL from KBr:Eu. Solite§ represent optical transitions of electrons
(e) out of and into electron traps 1 and 2 and ihi recombination center, which is populated
with holes b"). The dotted line represents fading of trap 1 wudermal detrapping of electrons.

in peak 1 intensity after 5 s of bleaching fromnigarly insignificant level after O s bleach
suggests that though trap 1 is not filled effedyivduring irradiation, it is filled
considerably during optical stimulation. Since teafs efficiently emptied during optical
stimulation, it is essentially removed from thec#len capture competition that took
place between the two traps during irradiation, #&ag 1 is allowed to accumulate
charge, as represented in figure 5.45 by the dowhg@lid arrow into trap 1. Comparing
figure 5.43a to 5.43b and 5.44a to 5.44b reveas pieak 1 is vulnerable to room
temperature fading. The two charge-release prosdss@m trap 1 are depicted in figure
5.45 by a dotted upward line, representing therfading, and a solid upward line,
representing detrapping due to optical stimulatidh.released charge is depicted as
recombining at a hole trap (e.g., a’Eion) located near the valence band leading to
excitation of EG" ions and luminescence at 420 nm.

The net result of these processes is that the @$4l signal is given as a sum of a

fast decaying component (from trap 2) and a compotit rises initially and then
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Figure 5.46 Schematic illustration of OSL signal includingtfast and slow components (dotted
lines). The fast component is due to the releasehafge from trap 2, and decays quickly. The
slow component is due to trap 1, and grows initidlle to charge transfer from trap 2. It then
decreases slowly after trap 2 empties and chaegesfer stops. Note: lllustration is not based on
numerical evaluations of the proposed model.

decays slowly (from trap 1). A hypothetical OSLr&gproduced by theses simultaneous
processes is depicted schematically in figure 5H& initial intensity is comprised
almost solely of the fast component, since the sfomponent has not yet been filled.
Trap 1 generates the slow component which is ptestelonger times. Though trap 1
undergoes photoionization and fadingover the eméngth of the OSL measurement,
these two processes only begin to slowly emptyttae after the fast component has
decayed and the rapid charge transfer into trapslstopped. It is clear that the slow
component may not be completely bleached at erehoi OSL measurement and that
there may be an accumulation of charge in trap fivieng each subsequent
measurement. This will produce an apparent seasdiz of the OSL signal as the
irradiation proceeds. The effect will clearly be mmopronounced for the slower
component (i.e. the total OSL integral) than foe tfaster component (the initial

intensity).
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

Two remote radiation dosimetry systems have beemloleed and tested under
various conditions with the goal of providing aftative dosimetry techniques for
environmental and medical applications. The worug®d primarily on assessing the
performance of these systems under ionizing raxfiafields that closely match those
found at nuclear waste storage sites, and in hsmdiodiagnostic or radiotherapy
facilities. Based on this performance, it was ngagg in some cases, to modify or
further characterize the systems to better adagietoarious radiation fields.

Modifications were made that allowed the,®@d:C-based environmental system to
maintain a high sensitivity while being made fubigrtable. Preliminary development of
a high-sensitivity environmental monitoring systehowed that doses as low as %y
could be detected using the POSL of@C. This level of performance was determined
using radionuclides that are commonly found in Higrel nuclear waste such &Co,
%5rP% and'®'Cs. Based on the limit of contaminant concentragibwhich soil can be
released for unrestricted use (1.85 Bdcrit was determined that the system would be
capable of measuring signals frdfiCs and®®SrP°Y in only a few days. This provides a
significant improvement in temporal resolution cared to quarterly soil sampling.

The capability of the bench-top system was encaogagnd so the environmental
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monitoring system was rebuilt into a consolidageattable form. This system was then
tested against other common environmental radiates:F**Th and®**Ra. Both of these
sources are considered to be calibration standaittsthe®**Th presented in the form of
silica-filled epoxy blocks acting as a standard stimulant. The performance of the
portable environmental system shows a detectioit in~3 pGy, which is at least as
good as that of the bench-top system (MBBuGy).

Two simple computer models were developed usingngéites that closely matched
those of the experimental conditions using“f&h and***Ra sources. The dose given to
the dosimeter was determined by first finding thassattenuation of emitted photons
through the source and detector probe materiald, then calculating the energy
deposited in the dosimeter volume using the massggnabsorption coefficients
provided by NIST (see footnote on p 81).

The ?*Th model produced an average dose that was 26.§8tHan that actually
measured using the portable system. This discrgpandue mainly to the fact that the
composition of the epoxy blocks that contain fi&h is largely unknown. This is
particularly problematic for this model since trest/majority of the distance traveled by
the photons emitted by the thorium and its daughtem the block material. The model
is therefore very sensitive to the choice of mdassnaation coefficients pertaining the
epoxy blocks. Little to no record exists of the @xeonstruction methods used to build
the blocks. However, further improvement to thisdelocould be made by obtaining
accurate compositional information using x-ray moéralysis of a fragment of one of the
blocks. The model pertaining to the radium, ondtieer hand, consists of materials that

are all well-known. The radium model reports a dtss is only 7.2% less than that
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actually measured using the portable system. Huow/s that the two models - which are
essentially the same, the only significant diffeeerbeing the geometries used — are
capable of validating the measurements of the plereenvironmental monitoring system,
as long as the correct coefficients are used.

Suggested future work with the environmental momtp system is to gain further
sensitivity improvements. This includes finding@stimal coupling scheme between the
Al,0O5:C dosimeter and the reader system. Using a tafidedoptic cable improves the
light collection, but commercial off-the-shelf tapare limited to ~3 mm diameter. Using
dosimeters with reduced diameters of 3 mm instédateostandard 5 mm, but increased
thicknesses may increase stimulation and luminescesollection efficiency while
maintaining a sizeable dosimeter volume. The useebfictive index-matching gels
between the dosimeten (= 1.77) and the silica fiber tapen € 1.45) has been
investigated in the past, but the gels tested doired an increased background to the
OSL signal. Further investigation of other typegels may provide some benefit. Using
a gated PMT for luminescence detection may alsoease sensitivity. Less optical
filtration would then be needed between the dosmand the PMT since the PMT
would be effectively turned off during the lasetgeu

Further testing of the portable environmental sysghould include the installation
and periodic interrogation of ground probes in al reutdoor environment. The soll
surrounding the ground probe could be analyzedgugamma spectroscopy, so that the
local radionuclide distribution could be verifieddaused as a control against the POSL

measurements.
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The KBr:Eu OSL system has been tested under atyamie medical radiation
sources. The system’s near-real-time capabilitease lallowed the system to record and
present dose information as fast as the radiatias welivered, and represent an
alternative to passive dosimeters (such as TLDa)dan only provide dose information
some time after the irradiation has finished. Neai-time dose reporting permits faster
quality assurance (QA) testing, Faster testing adag result in more thorough QA, as
more radiation delivery conditions could be testedhe same (or less) time as with
passive detectors. The small dosimeter volume (f&)ngrants a higher-resolution
spatial dose profiling capability that is not egsibtained with other active detectors like
ionization chambers.

The results presented in this work show that fimectural detail may be discerned
using the KBr:Eu system, particularly for the higtdynamic fields of helical CT
scanning and synchrotron-produced high-energy proéams. Also, modifications made
for active monitoring of the RL from KBr:Eu showathreproducible OSL acquisition is
possible under continuous irradiation, or undesedlirradiation of arbitrary pulse width
and frequency.

The KBr:Eu dosimeter exhibited an energy dependeunnder exposure to
fluoroscopic x-rays with peak voltages ranging fréénkVp to 120 kVp. This response is
due to a combination of the mass-energy absorptidBr and the spectral distribution
of x-rays emitted from the fluoroscopy machine. Thass-energy absorption of KBr is
well-known. However, x-ray spectra between medgyatems can vary, depending on
the filtration used between the x-ray tube andpaient (see figure 5.5). So, in order to

properly correct the OSL data, the equivalent pmaaergy of the x-ray machine is
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needed. The equivalent photon energy representssitiygge x-ray energy that best
correlates to the output of the entire x-ray speotrand can be determined by finding the
half-value layer of a material placed under theayxsource (Johns and Cuningham, 1983;
Trout et al., 1960).

Characterization of the OSL and TL of KBr:Eu wasfpened to investigate the
causes of sensitization of the OSL signals thatbess observed under many different
medical radiation fields. The OSL from KBr:Eu waaihd to result from the interaction
of two charge traps with differing thermal stalei#t and photo-ionization cross-sections.
A simple model was developed to describe electrprocesses that may be responsible
for the component-specific sensitization of the Qfdcay curve under high dose rate
irradiation and red light stimulation. Numericallplving rate equations describing this
model and a comparison between the solutions toneessured OSL data could provide
verification of this model, or lead to refinemetiiat improve the accuracy of the model.
Development of KBr:Eu crystals with fewer shallovags may also solve the OSL
sensitization problem.

The KBr:Eu reader system may be improved by reptatihe existing diode laser
with a higher power light source. This would in@eanitial OSL intensity and decrease
the amount of time it takes to acquire a full ORdcaly, and would allow for an increase
in measurement rate from the current 10 Hz. A highser power may also grant a
sensitivity comparable to the existing system ittt an even smaller dosimeter volume.

Overall, the results of developing and charactegizihe two remote dosimetry
systems have shown that both systems represenitipbteseful alternatives to existing

environmental and medical dosimetry techniques.
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APPENDICES

A. *r Dose Plans Calculated for October 280 and 258"

The following dose plans were calculated by Dr. @eoMardirossian of the
Oklahoma University Health Sciences Center (OUHB@pnjunction with performance
testing of the KBr:Eu-based remote medical dosinelystem. The plans include
information regarding the type and activity of #fi#r source seed used for the irradiation
of the KBr:Eu dosimeter in the dose mapping andasycibility experiments discussed
in section 5.4 of this dissertation. Two differelatse plans were constructed on October
20", 2006 for the different positioning schemes shawfigure 5.27, and one dose plan
was made on October %o coincide with the positioning used in figur@Fa only. All
patient information has been blacked out, alon Wie plan name and ID. Isodose maps
of the radiation field around tH&4r source are also given, and these show the pisints
space used for calculating the doses deliveredgusie ‘front’ and ‘face-to-face’

positional schemes of figure 5.27b.
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Nucletron PLATO BRACHYTHERAPY v14.2.5

Institute : HCA Presbyterian Hospital
Patient name :
Patient birthdate : |EEGgS
Patient ID :

: I

Plan name and ID - 20/10/2006-15:03:14

Planned by

Approval

Case and study

Notes : No notes available.
Customization

Customization file name : presbyhdrv2

Treatment unit name : mHDR
Treatment unit type : microSelectron HDR
Nucletron source : Ir-192-mHDR

Source timestamp : 20-0ct-2006 14:54:06
Isotope ¢ Tr-192

Air kerma strength : 43146.738 cGy/h cm™2
Reference exposure rate : 49231.789 R/h cm™2
Apparent source activity [mCi] : 10570.000 mCi
Apparent source activity [MBqg] : 391090.000 MBg

At date/time of calibration : 27-Sep-2006 11:00:00
Air kerma rate constant : 4.08200 cGy / h / mCi * cm™2
Stepsize : 5.0 mm

Air kerma strength : 34773.957 cGy/h cm™2
At treatment date/time : 20-0Oct-2006 10:30:00

Interval between calibration and treatment date/time : 22.98 days
Decay factor : 0.806

Shield informatiom

No shielding.
Optimization
No optimization.

Dose prescription

Reference dose : 71.8 cGy

Based on 100.0 % of the mean dose in the applicator points.

Point Description

- page 1/3 -
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Nucletron PLATO BRACHYTHERAPY v14.2.5

Institute : HCA Presbyterian Hospital

Patient name -
Patient birthdate : [N
Patient ID :

: I

Plan name and ID - 20/10/2006-15:03:14

Point Description

1 A210

Source positions

Cath. 1 5 9 13 17 21 25 29 33 37 41 45 Indexer
[ 1 I 1 | | 1length

1500

Source position separation: 5.0 mm

Catheter times

#Active Cath. time
pos . (sec.)

Cath. 1 1L 60.0

Total treatment time: 60.0 (sec.)
Per cent of total time, lost due to rounding off: 0.03 %
Source times

Cath. 1

Pos. Rel. Abs.
time time
(sec.)

Marker points
No points.

Patient points

No points.

Applicator points

- page 2/3 -
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Nucletron PLATO BRACHYTHERAPY v14.2.5
Institute HCA Presbyterian Hospital
Patient name :
Patient birthdate : [IINIIEIEGEGE
Patient ID :
Plan name and ID : | - 20/10/2006-15:03:14
Point X (mm) Y (mm) Z (mm) Norm dose Dose (%) Dose (cGy)
Al D Q) 4.0 50 100.00 2123.56 1524 .71
A2 0.0 4.0 10.0 100.00 777 .49 558.24
A3 0.0 4.0 15.0 100.00 377.86 271.30
A4 0.0 4.0 20.0 100.00 220.05 158.00
All0 0.0 4.0 25.0 100.00 142.96 102 .64
A210 0.0 4.0 30.0 100.00 100.00 71.80
A310 0.0 4.0 35.0 100.00 73.68 52 .91
A410 0.0 4.0 40.0 100.00 56.41 40.50
All 0.0 4.0 45.0 100.00 44 .48 31.94
Al2 0.0 4.0 50.0 100.00 35.89 25.77
Al3 0.0 4.0 55.0 100.00 29.49 2).27
Ala 0.0 4.0 60.0 100.00 24 .61 17.67
AlS 0.0 4.0 65.0 100.00 20.81 14 .94
Ale 0.0 4.0 70.0 100.00 17.78 12.77
Al7 0.0 4.0 75.0 100.00 15.31 10.99
Al8 0.0 4.0 80.0 100.00 13.28 9.54
Al9 0.0 4.0 85.0 100.00 11.60 8.33
AZ0 0.0 4.0 90.0 100.00 10.20 T332
A21 0.0 4.0 95.0 100.00 9.00 6.46
A22 0.0 4.0 100.0 100.00 7.98 5.73
A23 0.0 4.0 0.0 100.00 4805.50 3450.35
Reference points
No points.
Dose points
- page 3/3 -
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Nucletron PLATO BRACHYTHERAPY v14.2.5

Institute : HCA Presbyterian Hospital
Patient name N ]
Patient birthdate : | NN
Patient ID .

: I

Plan name and ID - 20/10/2006-15:19:00

Planned by 3

Approval

Case and study

Notes : No notes available.
Customization

Customization file name : presbyhdrv2

Treatment unit name : MHDR

Treatment unit type : microSelectron_ HDR
Nucletron source : Ir-192-mHDR

Source timestamp : 20-Oct-2006 14:54:06
Isotope : Ir-192

43146.738 cGy/h cm™2
49231.789 R/h cm™2
10570.000 mCi
391090.000 MBg

Air kerma strength

Reference exposure rate
Apparent scurce activity [mCi]
Apparent source activity [MBq]

ORI TS

At date/time of calibration : 27-Sep-2006 11:00:00

Air kerma rate constant : 4.08200 cGy / h / mCi * cm™2
Stepsize : 5.0 mm

Air kerma strength : 34726.379 cGy/h cm"2

At treatment date/time : 20-0Oct-2006 14:00:00

Interval between calibration and treatment date/time : 23.12 days
Decay factor : 0.805

Shield information

No shielding.
Optimization
No optimization.

Dose prescription

Reference dose : 48.4 cGy

Based on 100.0 % of the mean dose in the applicator points.

Point Description

- page 1/3 -
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Nucletron PLATO BRACHYTHERAPY v14.2.5

Institute : HCA Presbyterian Hospital
Patient name : N
Patient birthdate : |HEEEEGE
Patient ID :

- I

Plan name and ID - 20/10/2006-15:19:00

Point Description

1 A310

Source positions

Cath. 1 5 9 13 17 21 25 29 33 37 41 45 Indexer
[ 1+t 1 ° © [ | | | | 1length

001: D s ¥ T S s B RS AT L b 1500

Source position separation: 5.0 mm

Catheter times

#Active Cath. time
pos. (sec.)

€ath. 1 1 60.0

Total treatment time: 60.0 (sec.)

Per cent of total time, given extra due to rounding off: 0.02

Source times

Cath. 1
Pos. Rel. Abs.
time time
(sec.)
1 1.00 60.0

Marker points
No points.

Patient points

No points.

Applicator points

- page 2/3 -
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Nucletron PLATQO BRACHYTHERAPY v14.2.5
Institute : HCA Presbyterian Hospital
Patient name 3
Patient birthdate : |
Patient ID - I
Plan name and ID : [N - 20/10/2006-15:19:00
Point X (mm) Y (mm) Z (mm) Norm dose Dose (%) Dose (cGy)
Al 10.0 0.0 0.0 100.00 876.27 424 .11
A4 15.0 0.0 0.0 100.00 386.36 187.00
All0 20.0 0.0 0.0 100.00 220.69 106.81
A210 25.0 0.0 0.0 100.00 142.83 69.13
A310 30.0 0.0 0.0 100.00 100.00 48.40
A410 25..0 0.0 0.0 100.00 74.14 35.88
All 40.0 0.0 0.0 100.00 57.32 27.75
Al2 45.0 0.0 0.0 100.00 45.74 22.14
Al3 50.0 0.0 0.0 100.00 37.36 18.08
Al4 55.0 0.0 0.0 100.00 30.67 14.84
AlS5 60.0 0.0 0.0 100.00 25.57 12.38
Ale 65.0 0.0 0.0 100.00 21.61 10.46
Al17 70.0 0.0 0.0 100.00 18.46 8.93
Als8 75.0 0.0 0.0 100.00 15.89 7.69
Al9 80.0 0.0 0.0 100.00 13.78 6.67
A20 90.0 0.0 0.0 100.00 10.57 B2
A21 100.0 0.0 0.0 100.00 8.27 4.00
Reference points
No points.
Dose points
- page 3/3 -
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X=0.0 %
Applicator

O PLATO BRACHY-
& THERAPY v14.2.5

Name : N

Pat ID: 1N

PlanID: 20/10/2006-15: 19: 00

Inst: HCA Presbyterian Hospi
tal

Srce: Ir-182-mHDR

Isot: Ir-192

AKS : 34726 cGy/h cm2

Act : B507 mCi

Opt : None

Date: 20-0ct-2006 14: 00: 00

Planner:

Approval:

Al
A4
A110
A210
A310
A410
Al1
Al2
A13
Al4
A15
Al16
Al17
A1l8
A19
A20
A21

agezagagrzuosonnoo
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Z=0.0
Applicator

Mag. 1.00

-

¥=0.0
Applicator
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Institute

Patient name
Patient birthdate
Patient ID

Plan name and ID

Nucletron PLATQO BRACHYTHERAPY v14.2.5
HCA Presbyterian Hospital
- I
g
:
: I - 25/10/2006-17:04:41

Planned by

Approval

Case and study

Notes No notes available.

Customization

Customization file name

Treatment unit name

Treatment unit type

Nucletron source

Source timestamp

Isotope

Air kerma strength

Reference exposure rate
Apparent source activity [mCi]
Apparent source activity [MBq]
At date/time of calibration
Air kerma rate constant
Stepsize

Air kerma strength
At treatment date/time

Interval between calibration and treatment date/time

Decay factor

Shield information

No shielding.
Optimization
No optimization.

Dose prescription

Reference dose 68.4 cGy

Based on 100.0 %

Point Description

presbyhdrv2

: mHDR

: microSelectron HDR
Ir-192-mHDR
25-0ct-2006 16:48:45
Ir-192
43146.699 cGy/h cm”2
49231.742 R/h cm™2
10569.990 mCi
391089.625 MBg
27-Sep-2006 11:00:00
4.08200 cGy / h / mCi * cm™2
5.0 mm

33098.695 cGy/h cm™2
25-0ct-2006 16:43:00

28.24 days
0.767

of the mean dose in the applicator points.

- page 1/3 -
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Nucletron PLATO BRACHYTHERAPY v14.2.5

Institute : HCA Presbyterian Hospital
Patient name [ ]
Patient birthdate : NG
Patient ID : I

- I

Plan name and ID - 25/10/2006-17:04:41

Point Description

1 A310

Source positions

Cath. 1 5 9 13 17 21 25 29 33 37 41 45 Indexer
I+t 1 ° 1 1 | | | |1length
1500

Source position separation: 5.0 mm

Catheter times

#Active Cath. time
pos. (sec.)

Cath. 1 d: 60.1

Total treatment time: 60.1 (sec.)

Per cent of total time, given extra due to rounding off: 0.05

Source times

Cath. 1
Pos. Rel. Abs.
time time
(sec.)
1 1.00 60.1

Marker points
No points.

Patient points

No points.

Applicator points

- page 2/3 -
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Institute

Patient ID

Patient name :
Patient birthdate : | NN
:
: I

Plan name and ID

Nucletron PLATCO BRACHYTHERAPY v14.2.5

HCA Presbyterian Hospital

- 25/10/2006-17:04:41

176

Point mm) Z (rm) Norm dose Dose (cGy)
Al 0.0 4.0 10.0 100.00 531.81
A4 0.0 4.0 15.0 100.00 258.45
Al10 0.0 4.0 20.0 100.00 150.52
A210 0.0 4.0 25.0 100.00 97 .78
A310 0.0 4.0 30.0 100.00 68.40
A410 0.0 4.0 35.0 100.00 50.40
Al1l 0.0 4.0 40.0 100.00 38.59
Al2 0.0 4.0 45.0 100.00 30.43
Al3 0.0 4.0 50.0 100.00 24 .55
Al4 0.0 4.0 55.0 100.00 20.17
AlS5 0.0 4.0 60.0 100.00 16.83
Als 0.0 4.0 65.0 100.00 14.23
Al7 0.0 4.0 70.0 100.00 12.16
Al8 0.0 4.0 75.0 100.00 10.47
AlS 0.0 4.0 80.0 100.00 9.08
A20 0.0 4.0 85.0 100.00 7.94
A2l 0.0 4.0 90.0 100.00 6.97
A25 0.0 4.0 95.0 100.00 6.16
AZ26 0.0 4.0 100.0 100.00 5.46
A27 0.0 4.0 0.0 100.00 3286.97
Reference points
No points.
Dose points
- page 3/3 -




B. Energy Absorption Computer Models for®*Th and ?*®Ra Experiments

Two models were developed to calculate the enabgprbed in the dosimeter - one
under #%Th irradiation and one unde?Ra irradiation. The geometries of each
experimental setup are described in chapter 4jose@ and the models attempt to
incorporate these geometries in a simplified, batueate manner. The two codes
generate linear paths that start at the point ofrga radiation emission in the source and
end at an exit point on the surface the dosimetee (figure 4.15). Linear mass-
attenuation is calculated through each materiaicakhe path preceding the dosimeter.
The mass-energy absorption is then calculatedh®mptath length obtained through the
dosimeter. A third code calculates the efficiendy radiation interaction with the
dosimeter volume, and this is used by both of thergy absorption codes. The source
radiation energies, probabilities of emission, dinenass attenuation coefficients, and
mass-energy absorption coefficients relevant td eacdel and for all radionuclides in
the decay chains (see figure 4.14) are listedbtesapreceding the codes. Other relevant

parameters can be found in the codes themselves.
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Table B1 Coefficients for Thorium-232 and Daughters

issi - Mass attenuation -

D ey o ey
(MeV) oremission poxy Steel Teflon water (cn/g)
6.670E-03 1.000E-06 3.559E+01 1.399E+C2 2.289E+01 .738E+01
1.030E-02 7.686E-02 1.004E+01 1.542E+C2 6.248E+00 .499%E+00
1.060E-02 1.039E-02 9.243E+00 1.427E+C2 5.747E+00 .108£+00
1.080E-02 1.549E-01 8.761E+00 1.357E+C2 5.442E+00 .873E+00
1.110E-02 4.310E-04 8.100E+00 1.260E+C2 5.025E+00 .551E+00
1.170E-02 3.965E-03 6.966E+00 1.093E+C2 4.310E+00 .006GE+00
1.230E-02 8.390E-02 5.995E+00 9.551E+C1 3.726E+00 .567E+00
1.230E-02 9.559E-02 5.995E+00 9.551E+C1 3.726E+00 .567E+00
1.300E-02 3.911E-01 5.077E+00 8.225E+C1 3.171E+00 .154E+00
3.986E-02 1.023E-02 3.475E-01 3.586E+C0O 2.664E-01 .020E-02
5.778E-02 5.014E-03 2.273E-01 1.305E+CO 1.929E-01 .380&-02
5.900E-02 1.900E-03 2.232E-01 1.234E+CO 1.902E-01 .273E-02
7.083E-02 3.310E-04 1.961E-01 7.872E-01 1.731E-01 .835E-02
7.280E-02 7.312E-03 1.928E-01 7.362E-01 1.708E-01 .78QE-02
7.287E-02 5.600E-04 1.927E-01 7.346E-01 1.707E-01 .778E-02
7.482E-02 1.069E-01 1.900E-01 6.889E-01 1.685E-01 .727E-02
7.497E-02 1.235E-02 1.898E-01 6.854E-01 1.683E-01 .723E-02
7.686E-02 3.550E-04 1.873E-01 6.450E-01 1.663E-01 .675E-02
7.711E-02 1.800E-01 1.870E-01 6.400E-01 1.660E-01 .669E-02
7.929E-02 5.950E-04 1.843E-01 5.979E-01 1.637E-01 .617E-02
8.107E-02 1.259E-03 1.822E-01 5.690E-01 1.622E-01 .597E-02
8.260E-02 2.480E-04 1.805E-01 5.472E-01 1.611E-01 .593E-02
8.378E-02 2.092E-03 1.792E-01 5.312E-01 1.602E-01 .59QE-02
8.437E-02 1.210E-02 1.785E-01 5.235E-01 1.598E-01 .588E-02
8.490E-02 5.486E-03 1.779E-01 5.167E-01 1.594E-01 .587E-02
8.730E-02 8.035E-02 1.754E-01 4.874E-01 1.578E-01 .58QE-02
8.980E-02 2.670E-04 1.731E-01 4.595E-01 1.561E-01 .574E-02
8.995E-02 2.133E-02 1.730E-01 4.579E-01 1.560E-01 .574E-02
9.335E-02 3.485E-02 1.700E-01 4.238E-01 1.539E-01 .565E-02
9.490E-02 9.480E-04 1.688E-01 4.094E-01 1.530E-01 .562E-02

9.945E-02 1.302E-02 1.654E-01 3.713E-01 1.503E-01 .551E-02
1.050E-01 1.612E-02 1.620E-01 3.401E-01 1.476E-01 .574E-02
1.152E-01 6.025E-03 1.564E-01 2.944E-01 1.431E-01 .621E-02
1.250E-01 4.200E-04 1.516E-01 2.591E-01 1.392E-01 .664E-02
1.291E-01 2.770E-02 1.497E-01 2.465E-01 1.377E-01 .68QE-02
1.316E-01 1.240E-03 1.486E-01 2.391E-01 1.369E-01 .69QE-02
1.461E-01 2.105E-03 1.433E-01 2.032E-01 1.322E-01 .746E-02
1.542E-01 9.418E-03 1.407E-01 1.895E-01 1.298E-01 .78QE-02
1.725E-01 1.148E-03 1.354E-01 1.688E-01 1.250E-01 .86QE-02
1.767E-01 5.200E-04 1.342E-01 1.648E-01 1.240E-01 .878E-02
1.912E-01 1.163E-03 1.305E-01 1.519E-01 1.208E-01 .936E-02
1.997E-01 3.324E-03 1.286E-01 1.452E-01 1.191E-01 .969E-02
2.044E-01 1.634E-03 1.275E-01 1.429E-01 1.181E-01 .981E-02
2.093E-01 4.432E-02 1.264E-01 1.406E-01 1.171E-01 .994E-02
2.100E-01 2.161E-03 1.262E-01 1.403E-01 1.170E-01 .996E-02
2.114E-01 6.109E-04 1.259E-01 1.396E-01 1.167E-01 .999E-02
2.160E-01 2.390E-03 1.249E-01 1.376E-01 1.158E-01 .011¥-02
2.334E-01 1.114E-03 1.214E-01 1.305E-01 1.126E-01 .052E-02
2.386E-01 4.465E-01 1.205E-01 1.286E-01 1.117E-01 .064%-02
2.410E-01 3.950E-02 1.201E-01 1.277E-01 1.114E-01 .069E-02
2.526E-01 2.874E-03 1.182E-01 1.237E-01 1.095E-01 .095k-02
2.702E-01 3.601E-02 1.155E-01 1.181E-01 1.069E-01 .132E-02
2.774E-01 2.443E-02 1.143E-01 1.160E-01 1.059E-01 .146E-02
2.790E-01 2.216E-03 1.141E-01 1.156E-01 1.057E-01 .150&-02
2.881E-01 3.174E-03 1.127E-01 1.131E-01 1.045E-01 .167%-02
3.001E-01 3.407E-02 1.110E-01 1.100E-01 1.030E-01 .190E&-02
3.217E-01 2.410E-03 1.080E-01 1.059E-01 1.002E-01 .212E-02
3.276E-01 3.213E-02 1.072E-01 1.048E-01 9.946E-02 .217E-02
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3.280E-01
3.324E-01
3.383E-01
3.411E-01
3.795E-01
4.095E-01
4.403E-01
4.528E-01
4.630E-01
4.650E-01
4.782E-01
5.036E-01
5.096E-01
5.108E-01
5.230E-01
5.463E-01
5.497E-01
5.623E-01
5.707E-01
5.721E-01
5.831E-01
5.832E-01
6.238E-01
7.015E-01
7.071E-01
7.220E-01
7.270E-01
7.272E-01
7.552E-01
7.631E-01
7.722E-01
7.820E-01
7.855E-01
7.947E-01
8.049E-01
8.305E-01
8.355E-01
8.400E-01
8.404E-01
8.604E-01
8.934E-01
9.045E-01
9.111E-01
9.276E-01
9.441E-01
9.478E-01
9.480E-01
9.521E-01
9.585E-01
9.646E-01
9.691E-01
9.827E-01
9.878E-01
1.033E+00
1.065E+00
1.074E+00
1.079E+00
1.094E+00
1.096E+00
1.110E+00
1.154E+00
1.246E+00
1.288E+00
1.459E+00
1.496E+00
1.502E+00
1.513E+00
1.557E+00
1.580E+00
1.588E+00

1.297E-03
4.432E-03
1.136E-01
4.155E-03
9.460E-04
2.133E-02
1.385E-03
3.475E-03
4.432E-02
1.800E-04
2.299E-03
2.050E-03
4.709E-03
7.761E-02
1.163E-03
2.105E-03
9.500E-04
9.418E-03
1.773E-03
1.551E-03
3.032E-01
1.440E-03
1.136E-03
1.884E-03
1.496E-03
7.294E-04
7.756E-03
1.183E-01
1.053E-02
5.892E-03
1.551E-02
5.263E-03
1.969E-02
4.626E-02
1.800E-05
5.900E-03
1.745E-02
9.418E-03
1.286E-03
4.484E-02
6.522E-03
8.310E-03
2.770E-01
4.489E-04
1.025E-03
4.117E-02
1.163E-03
3.133E-03
3.019E-03
5.208E-02
1.662E-01
7.078E-04
1.828E-03
2.161E-03
1.413E-03
2.810E-04
9.527E-03
1.329E-03
1.274E-03
3.324E-03
1.523E-03
5.401E-03
1.136E-03
9.972E-03
9.972E-03
5.540E-03
5.563E-03
1.939E-03
6.925E-03
3.546E-02

1.071E-01
1.066E-01
1.059E-01
1.055E-01
1.012E-01
9.804E-02
9.525E-02
9.417E-02
9.332E-02
9.317E-02
9.207E-02
9.007E-02
8.961E-02
8.952E-02
8.862E-02
8.698E-02
8.674E-02
8.591E-02
8.536E-02
8.526E-02
8.455E-02
8.455E-02
8.206E-02
7.787E-02
7.759E-02
7.687E-02
7.663E-02
7.662E-02
7.530E-02
7.493E-02
7.452E-02
7.408E-02
7.393E-02
7.353E-02
7.309E-02
7.201E-02
7.180E-02
7.162E-02
7.160E-02
7.081E-02
6.954E-02
6.912E-02
6.888E-02
6.829E-02
6.772E-02
6.759E-02
6.759E-02
6.745E-02
6.724E-02
6.703E-02
6.689E-02
6.645E-02
6.628E-02
6.481E-02
6.390E-02
6.365E-02
6.353E-02
6.311E-02
6.306E-02
6.262E-02
6.132E-02
5.898E-02
5.799E-02
5.442E-02
5.368E-02
5.357E-02
5.337E-02
5.259E-02
5.220E-02
5.207E-02
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1.048E-01
1.040E-01
1.030E-01
1.025E-01
9.674E-02
9.291E-02
8.961E-02
8.836E-02
8.739E-02
8.720E-02
8.599E-02
8.381E-02
8.334E-02
8.325E-02
8.232E-02
8.062E-02
8.038E-02
7.952E-02
7.896E-02
7.887E-02
7.816E-02
7.815E-02
7.565E-02
7.144E-02
7.116E-02
7.044E-02
7.020E-02
7.020E-02
6.891E-02
6.856E-02
6.817E-02
6.775E-02
6.760E-02
6.722E-02
6.680E-02
6.577E-02
6.558E-02
6.540E-02
6.539E-02
6.463E-02
6.344E-02
6.305E-02
6.283E-02
6.227E-02
6.173E-02
6.161E-02
6.161E-02
6.147E-02
6.127E-02
6.108E-02
6.094E-02
6.052E-02
6.037E-02
5.900E-02
5.809E-02
5.784E-02
5.771E-02
5.730E-02
5.725E-02
5.686E-02
5.575E-02
5.358E-02
5.273E-02
4.957E-02
4.897E-02
4.888E-02
4.871E-02
4.805E-02
4.771E-02
4.760E-02

9.943E-02
9.890E-02
9.821E-02
9.789E-02
9.384E-02
9.101E-02
8.832E-02
8.731E-02
8.651E-02
8.636E-02
8.536E-02
8.354E-02
8.312E-02
8.303E-02
8.220E-02
8.068E-02
8.046E-02
7.969E-02
7.918E-02
7.910E-02
7.845E-02
7.845E-02
7.614E-02
7.219E-02
7.193E-02
7.124E-02
7.102E-02
7.102E-02
6.981E-02
6.947E-02
6.910E-02
6.871E-02
6.857E-02
6.821E-02
6.780E-02
6.681E-02
6.662E-02
6.645E-02
6.644E-02
6.570E-02
6.454E-02
6.417E-02
6.395E-02
6.341E-02
6.289E-02
6.277E-02
6.276E-02
6.264E-02
6.244E-02
6.225E-02
6.211E-02
6.171E-02
6.156E-02
6.020E-02
5.929E-02
5.904E-02
5.891E-02
5.850E-02
5.845E-02
5.806E-02
5.695E-02
5.478E-02
5.387E-02
5.051E-02
4.987E-02
4.977E-02
4.958E-02
4.883E-02
4.845E-02
4.833E-02

.218E-02
.222E-02
.22TE-02
.230E-02
.263E-02
.282E-02
.289E-02
291E-02
.293E-02
.294E-02
.296E-02
.299E-02
.298E-02
.298E-02
.295E-02
.290E-02
.290E-02
.28TE-02
.286E-02
.285E-02
.283E-02
.283E-02
.270E-02
.242E-02
.240E-02
.235E-02
.233E-02
.233E-02
.224¥E-02
221E-02
219E-02
.216E-02
214E-02
212E-02
.207E-02
191E-02
.188E-02
.186E-02
.185E-02
174E-02
.155E-02
149E-02
.145E-02
A37E-02
.128E-02
.126E-02
.126E-02
124E-02
A121FE-02
.118E-02
115E-02
.109E-02
.106E-02
.081E-02
.063E-02
.058E-02
.055E-02
.047E-02
.046E-02
.038E-02
.016E-02
972E-02
947E-02
.851FE-02
.832E-02
.829E-02
.823E-02
.801E-02
.789E-02
.785E-02



1.621E+00 2.750E-02
1.625E+00 3.047E-03
1.630E+00 1.861E-02
1.638E+00 5.263E-03
1.666E+00 1.994E-03
1.680E+00 1.215E-03
1.806E+00 1.982E-03
1.887E+00 1.053E-03
2.615E+00 3.593E-01

5.153E-02
5.147E-02
5.137E-02
5.125E-02
5.081E-02
5.059E-02
4.865E-02
4.755E-02
3.997E-02

4.715E-02
4.709E-02
4.702E-02
4.691E-02
4.654E-02
4.636E-02
4.480E-02
4.389E-02
3.829E-02

4.781E-02
4.775E-02
4.766E-02
4.755E-02
4.712E-02
4.692E-02
4.516E-02
4.413E-02
3.719E-02

JT69E-02
J167E-02
164E-02
761E-02
T48E-02
JT41E-02
.686E-02
.653E-02
.387E-02

*Epoxy block coefficients used 50/50 mix ratio @ioay ([CisH160,]1[C3HsO].) to silica (SiQ)

Table B2 Coefficients for Radium-226 and Daughters

Emission

Mass attenuation (cm?/g)

Mass-energy

Probability .
energy . absorption for
(MeV) of emission HCl solution Glass Steel Teflon water (cmz/g)

1.080E-02 2.432€-01 3.835E-01 1.365E+01 1.357E+02 5.442E+00 3.873E+00
1.080E-02 1.351E-01 3.835E-01 1.365E+01 1.356E+02 5.441E+00 3.871E+00
1.110E-02 5.213E-03 3.830E-01 1.260E+01 1.260E+02 5.025E+00 3.551E+00
1.170E-02 8.022E-03 3.820E-01 1.080E+01 1.093E+02 4.310E+00 3.006E+00
4.650E-02 4.050E-02 3.392€-01 3.398E-01 2.344E+00 2.287E-01 4.963E-02
5.323E-02 1.105E-02 3.321E-01 2.799E-01 1.625E+00 2.041E-01 3.834E-02
7.482E-02 6.213E-02 3.128E-01 2.002E-01 6.889E-01 1.685E-01 2.727E-02
7.686E-02 3.601E-03 3.113E-01 1.956E-01 6.450E-01 1.663E-01 2.675E-02
7.711E-02 1.046E-01 3.111E-01 1.951E-01 6.400E-01 1.660E-01 2.669E-02
7.929E-02 6.031E-03 3.095E-01 1.905E-01 5.979E-01 1.637E-01 2.617E-02
8.107E-02 1.802E-03 3.082E-01 1.875E-01 5.690E-01 1.622E-01 2.597E-02
8.378E-02 2.994E-03 3.061E-01 1.840E-01 5.312E-01 1.602E-01 2.590E-02
8.730E-02 4.668E-02 3.035E-01 1.796E-01 4.874E-01 1.578E-01 2.580E-02
8.980E-02 2.706E-03 3.016E-01 1.767E-01 4.595E-01 1.561E-01 2.574E-02
9.490E-02 1.357E-03 2.978E-01 1.711E-01 4.094E-01 1.530E-01 2.562E-02
1.862E-01 3.280E-02 2.486E-01 1.283E-01 1.561E-01 1.219E-01 2.916E-02
2.420€E-01 7.491E-02 2.279€E-01 1.162E-01 1.273E-01 1.112E-01 3.071E-02
2.588E-01 5.527E-03 2.225E-01 1.132E-01 1.217E-01 1.086E-01 3.108E-02
2.737E-01 1.776E-03 2.181E-01 1.108E-01 1.171E-01 1.064E-01 3.139E-02
2.745E-01 3.257E-03 2.178E-01 1.107€E-01 1.169E-01 1.063E-01 3.141E-02
2.807E-01 3.267E-03 2.161E-01 1.098E-01 1.151E-01 1.055E-01 3.153E-02
2.952E-01 1.925E-01 2.122E-01 1.077E-01 1.112E-01 1.036E-01 3.181E-02
3.097E-01 6.700E-05 2.085E-01 1.057E-01 1.081E-01 1.017E-01 3.200E-02
3.519€-01 3.721E-01 1.990E-01 1.004E-01 1.008E-01 9.669E-02 3.240E-02
3.870E-01 3.651E-03 1.917E-01 9.667E-02 9.571E-02 9.311E-02 3.270E-02
3.891E-01 4.145E-03 1.912E-01 9.646E-02 9.543E-02 9.291E-02 3.271E-02
4.057E-01 1.677E-03 1.879E-01 9.484E-02 9.333E-02 9.136E-02 3.281E-02
4.265E-01 1.086E-03 1.841E-01 9.291E-02 9.104E-02 8.949E-02 3.286E-02
4.548E-01 3.197E-03 1.797E-01 9.048E-02 8.817E-02 8.715E-02 3.292E-02
4.621E-01 1.678E-03 1.787E-01 8.988E-02 8.747E-02 8.658E-02 3.293E-02
4.697E-01 1.332E-03 1.776E-01 8.928E-02 8.676E-02 8.600E-02 3.294E-02
4.744E-01 1.184E-03 1.768E-01 8.891E-02 8.634E-02 8.564E-02 3.295E-02
4.804E-01 3.395E-03 1.759E-01 8.845E-02 8.579E-02 8.520E-02 3.296E-02
4.871E-01 4.412E-03 1.749E-01 8.795E-02 8.521E-02 8.471E-02 3.298E-02
5.120E-01 7.600E-04 1.711E-01 8.611E-02 8.316E-02 8.295E-02 3.297E-02
5.337E-01 1.905E-03 1.679E-01 8.458E-02 8.153E-02 8.149E-02 3.293E-02
5.802E-01 3.652E-03 1.624E-01 8.158E-02 7.835E-02 7.863E-02 3.284E-02
6.093E-01 4.628E-01 1.590E-01 7.984E-02 7.652E-02 7.696E-02 3.276E-02
6.655E-01 1.569E-02 1.532E-01 7.669E-02 7.330E-02 7.394E-02 3.255E-02
7.031E-01 4.737E-03 1.490E-01 7.478E-02 7.136E-02 7.211E-02 3.241E-02
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7.199E-01
7.528E-01
7.684E-01
7.859E-01
7.861E-01
7.973E-01
8.031E-01
8.062E-01
8.212E-01
8.390E-01
9.043E-01
9.341E-01
9.641E-01
1.052E+00
1.070E+00
1.120E+00
1.134E+00
1.155E+00
1.158E+00
1.208E+00
1.238E+00
1.281E+00
1.304E+00
1.378E+00
1.385E+00
1.402E+00
1.408E+00
1.509E+00
1.539E+00
1.543E+00
1.583E+00
1.595E+00
1.599E+00
1.661E+00
1.684E+00
1.730E+00
1.765E+00
1.838E+00
1.847E+00
1.873E+00
1.896E+00
2.119E+00
2.204E+00
2.293E+00
2.448E+00

4.046E-03
1.332E-03
5.043E-02
1.096E-02
3.158E-03
1.040E-04
1.100E-05
1.234E-02
1.510E-03
5.892E-03
1.056E-03
3.207E-02
3.849E-03
3.168E-03
2.862E-03
1.515E-01
2.556E-03
1.697E-02
3.507E-02
4.618E-03
5.941E-02
1.480E-02
1.214E-03
4.105E-02
7.796E-03
1.391E-02
2.487E-02
2.220E-02
4.145E-03
3.553E-03
7.204E-03
2.664E-03
3.355E-03
1.155E-02
2.368E-03
2.970E-02
1.584E-01
3.849E-03
2.092E-02
2.270E-03
1.776E-03
1.174E-02
4.983E-02
3.256E-03
1.559E-02

1.473E-01
1.441E-01
1.427E-01
1.412E-01
1.412E-01
1.402E-01
1.398E-01
1.395E-01
1.384E-01
1.370E-01
1.327E-01
1.309E-01
1.286E-01
1.233E-01
1.225E-01
1.198E-01
1.190E-01
1.178E-01
1.177e-01
1.151E-01
1.136E-01
1.114E-01
1.103E-01
1.074E-01
1.071E-01
1.066E-01
1.064E-01
1.026E-01
1.016E-01
1.014E-01
9.994E-02
9.953E-02
9.937E-02
9.728E-02
9.654E-02
9.509E-02
9.402E-02
9.187E-02
9.162E-02
9.092E-02
9.031E-02
8.475E-02
8.286E-02
8.101E-02
7.802E-02

7.398E-02
7.248E-02
7.181E-02
7.108E-02
7.107E-02
7.061E-02
7.037E-02
7.024E-02
6.963E-02
6.892E-02
6.651E-02
6.549E-02
6.451E-02
6.181E-02
6.129E-02
5.990E-02
5.954E-02
5.898E-02
5.891E-02
5.769E-02
5.697E-02
5.599E-02
5.548E-02
5.392E-02
5.377E-02
5.344E-02
5.332E-02
5.144E-02
5.093E-02
5.085E-02
5.019E-02
5.000E-02
4.993E-02
4.896E-02
4.862E-02
4.795E-02
4.746E-02
4.647E-02
4.636E-02
4.603E-02
4.574E-02
4.320E-02
4.232E-02
4.147E-02
4.009E-02

7.054E-02
6.902E-02
6.833E-02
6.758E-02
6.758E-02
6.711E-02
6.687E-02
6.675E-02
6.614E-02
6.544E-02
6.306E-02
6.206E-02
6.110E-02
5.846E-02
5.795E-02
5.660E-02
5.625E-02
5.571E-02
5.564E-02
5.446E-02
5.376E-02
5.286E-02
5.240E-02
5.099E-02
5.086E-02
5.057E-02
5.045E-02
4.876E-02
4.832E-02
4.825E-02
4.767E-02
4.751E-02
4.745E-02
4.660E-02
4.631E-02
4.573E-02
4.530E-02
4.443E-02
4.433E-02
4.404E-02
4.379E-02
4.171E-02
4.104E-02
4.039E-02
3.933E-02

7.134E-02
6.990E-02
6.926E-02
6.855E-02
6.854E-02
6.811E-02
6.788E-02
6.775E-02
6.717E-02
6.649E-02
6.418E-02
6.320E-02
6.227E-02
5.966E-02
5.915E-02
5.780E-02
5.746E-02
5.692E-02
5.685E-02
5.566E-02
5.496E-02
5.402E-02
5.353E-02
5.203E-02
5.188E-02
5.157E-02
5.145E-02
4.964E-02
4.914E-02
4.906E-02
4.840E-02
4.822E-02
4.815E-02
4.719E-02
4.686E-02
4.620E-02
4.572E-02
4.474E-02
4.463E-02
4.430E-02
4.402E-02
4.153E-02
4.067E-02
3.984E-02
3.850E-02

3.236E-02
3.225E-02
3.220E-02
3.214E-02
3.214E-02
3.211E-02
3.208E-02
3.206E-02
3.197E-02
3.186E-02
3.149E-02
3.133E-02
3.118E-02
3.070E-02
3.060E-02
3.033E-02
3.026E-02
3.015E-02
3.014E-02
2.990E-02
2.976E-02
2.951E-02
2.937E-02
2.895E-02
2.890E-02
2.881E-02
2.878E-02
2.825E-02
2.810E-02
2.807E-02
2.787E-02
2.782E-02
2.779E-02
2.750E-02
2.739E-02
2.719E-02
2.704E-02
2.673E-02
2.669E-02
2.659E-02
2.649E-02
2.560E-02
2.527E-02
2.494E-02
2.440E-02
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Contents of first formula node:

floata, b,c,d,j, k, I, m,n,0,p,q,s;
float64 thtl, tht2, gamma;

float cx2, cy2, cz2, cx3, cy3, cz3;

float cx4, cy4, cz4, cx5, cy5, cz5;

float dthx, dthy, dthz, dcx, dcy, dcz, dth, dc;
float64 cx1, cyl, cz1;

float64 thx, thy, thz, subx, subz;

floaté4 rr, r1, r2, b1, b2, xz;

float yfactor, dsst, dtef;

/[Find random points in source and dosimeter.
rr = cr+10;
while (rr>=cr){
if (rand()>.5)
cx1=rand()*cr;
else cx1=-rand()*cr;
if (rand()>.5)
czl=rand()*cr;
else czl=-rand()*cr;
rr=sqrt(cx1*cx1 + czl*czl);}

if (rand()<0.5)
cyl=-rand()*ch/2;
else cyl=rand()*ch/2;

rr=0;
thy = 0;
while (rr<=4.75 && thy<=26.7){ //outer probe dim.s
if (rand()<0.5)
thx=-rand()*bx;
else thx=rand()*bx;
if (rand()<0.5)
thy=-rand()*by;
else thy=rand()*by;
if (rand()<0.5)
thz=-rand()*bz;
else thz=rand()*bz;
rr=sqrt(thx*thx +thz*thz);}

/[Find ray enter/exit points on dosimeter.
a=sqrt((cx1*cxl1) + (czl*czl));
j=thx/abs(thx);
k=thy/abs(thy);
I=thz/abs(thz);
m=cx1/abs(cx1);
n=cyl/abs(cyl);
o=czl/abs(czl);
if (abs(thx)>20) { // use subx and subz for
subx=j*20; / more accurate tht calc
p=(subx-cx1)/(thx-cx1);
subz=cz1+p*(thz-cz1);}
else {
subx=thx;
subz=thz;}

184



thtl=atan((cz1-subz)/(cx1-subx));
tht2=atan(czl/cxl);
gamma=abs(tht2-thtl);

if (gamma<0.5*pi)
d=a*sin(gamma);
else d=a*sin(pi-gamma);

s=sqrt(a*a - d*d);
g=sqrt(cr*cr - d*d);
b=sin(tht1);
c=cos(thtl);

if (gamma>0.5*pi){
if(tht1<0){
cx2=cx1-0*(g-s)*c;
cz2=cz1-0*(g-s)*b;
cx3=cx1+o*(q+s)*c;
cz3=cz1l+o*(q+s)*b;}
else {
cx2=cx1+0*(g-s)*c;
cz2=cz1+0*(g-s)*b;
cx3=cx1-0*(g+s)*c;
cz3=czl1-0*(g+s)*b;}}
else {
cx2=cx1-m*(g+s)*c;
cz2=cz1l-m*(g+s)*b;
cx3=cx1+m*(g-s)*c;
cz3=cz1+m*(g-s)*b;}

p=(cx2-thx)/(cx1-thx);
cy2=thy+p*(cyl-thy);
p=(cx3-thx)/(cx1-thx);
cy3=thy+p*(cyl-thy);

n=cy2/abs(cy2);
if (abs(cy2)>0.5*ch)
cy4=n*0.5*ch;
else cyd=cy?2;
p=(cy4-cy2)/(cy3-cy2);
cx4=cx2+p*(cx3-cx2);
cz4=cz2+p*(cz3-cz2);

n=cy3/abs(cy3);
if (abs(cy3)>0.5*ch)
cy5=n*0.5*ch;
else cy5=cy3;
p=(cy5-cy2)/(cy3-cy2);
cx5=cx2+p*(cx3-cx2);
cz5=cz2+p*(cz3-cz2);

/[Calculate path distance in source
if (abs(thx-cx4)<abs(thx-cx5))
dthx=thx-cx4;
else dthx=thx-cx5;
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if (abs(thy-cy4)<abs(thy-cy5))
dthy=thy-cy4;
else dthy=thy-cy5;

if (abs(thz-cz4)<abs(thz-cz5))
dthz=thz-cz4;
else dthz=thz-cz5;

dth=sqrt(dthx*dthx+dthy*dthy+dthz*dthz);

/[Calculate path distance through steel.
r1=3.861; // 0.035" wall
r2=4.75; [/ < 3/8" steel tubing outer diam.
bl=sqrt(rl*rl - d*d);
b2=sqrt(r2*r2 - d*d);
xz=sqrt((thx-cx1)**2 + (thz-cz1)**2);
yfactor=sqrt(xz*xz + (thy-cy1)**2)/xz;
if (sqrt(thx*thx + thz*thz) > r2)
dsst=yfactor*(b2-b1);
else dsst=8; // apprx. ave. tip thickness.

/[Calculate path distance through teflon.
ri=cr; /I inner radius same as cr
r2=cr+0.866; // 1.3 mm threaded wall
bl=sqrt(rl*rl - d*d);
b2=sqrt(r2*r2 - d*d);
xz=sqrt((thx-cx1)**2 + (thz-cz1)**2);
yfactor=sqrt(xz*xz + (thy-cy1)**2)/xz;
if (sqrt(thx*thx + thz*thz) > r2)
dtef=yfactor*(b2-b1);
else dtef=1.3; //apprx. teflon cap thickness
/[Calculate path distance through dosimeter.
dcx=cx5-cx4;
dcy=cy5-cy4;
dcz=cz5-cz4;
dc=sqgrt(dcx*dcx+decy*dcy+dcz*dcz);

Contents of second formula node:
float64 elth,elsst, eltef, eac;

/[Calculate energy att. of thorium.
elth=ei*exp(-muth*thdns*0.1*(dth-dsst-0.495-dtef));

/[Calculate energy att. of StSteel.
elsst=elth*exp(-musst*sstdns*0.1*dsst);

/[Calculate energy att. of teflon.
eltef=elsst*exp(-mutef*tefdns*0.1*dtef);

/[Calculate energy abs. in dosimeter.
eac=eltef*muc*cdns*0.1*dc;

186



\Y

Radium Calc4

osast

190" T+

w

SZrele'alT
L00E00 92T aE96a5 21
TTe0+9°SET W eI ET

FI2RSSET FIST59°ET

+00'

alEE00"] T1-359921°E

ZL6T

1]

of  o-aceest
2-A0e60' L

£-3Ta0" L

s

eeez [

oooooos

187



[ET]

Jp uEal

[BELT)

18hE

[E-<&HT]

{0z Jo noj daag

—i
7 R |
™ Bl | isye00 3y ssej
B e
EE) 1544200 338 uayaL
&
-]
11514200 13y [8905
&
1154200 S0E-UT s3]
= \+“ HAjisuap 834n0% [ g
[EEhaEE gl
L EE) 1544207 1) S2UN0S
Bl -
[ [ [ = @ B 1suoipaedy Abssug
|=5 s v
) isaibiang aunog
T _ _
| 0 "
= (3P T DySLPa, ML Jaqpe=28a | onl 8 1L ST (E] [ZHS-ZHI=XEP 2
= H Lm 4232ms0p W) sqe Abaous oun.__._u_n.u______ I F Hewaezxa) g
e yBrouyy yyed augf
P W e e H T
dojjEy Jo 3 ABuaus ayeroedff [ep) N ELE .ANm_u*Nm_u+>m_u*>m_u+x“_u*Xm_u¥amum_uﬁ
125-z2s=25p
355D | D SUPI545nu-yd e, 5| Ble—35)8. [ An-gAv=Asp
._S_mcm_u _mmum '35 $OC)] fa=sup3s IT25-Zus=x5p p
‘e ynmay Lyed g -
{1e5-120) 0+ 125=225 I3
= (TR TA(TAS-Zés)=d [
m — T {izhs=z4s
yn | = _ (ZHS=7KS
il _ 1 & L asia

188



Contents of first formula node:

floata, b,c,d, I, m,n,p,s, q, x;

floate, f, g, h, i, j, k, t, u;

float64 thtl, tht2, tht3, tht4;

float64 gammal, gamma?2;

float cx1, cyl,cz1, cx2, cy2, cz2, cx3, cy3, cz3;
float cx4, cy4, cz4, cx5, cy5, cz5;

float sx1, syl, sz1, sx2, sy2, sz2, sx3, sy3, sz3;
float dsx, dsy, dsz, ds;

float dcx, dcy, dcz, dc;

float dax, day, daz, da, el, e2;

floaté4 rr, rl, r2, b1, b2, xy, xz, yfactor, zfactor;
float elv, ela, eac, dsst, dtef, dgls;

/[Find random points in vial and dosimeter
rr = sr+10;
while (rr>sr){
if (rand() > 0.5)
sx1=rand()*sr;
else sx1=-rand()*sr;
if (rand() > 0.5)
syl=rand()*sr;
else syl=-rand()*sr;
rr=sqrt(sx1*sx1 + syl*syl);}

if (rand() > 0.5)
sz1=0.5*rand()*sh;
else sz1=-0.5*rand()*sh;

rr=cr+10;
while (rr>cr){
if (rand() > 0.5)
cxl=rand()*cr;
else cx1=-rand()*cr;
if (rand() > 0.5)
czl=rand()*cr;
else czl=-rand()*cr;
rr=sqrt(cx1*cx1 + cz1l*czl1);}
cx1=cx1+dist;

if (rand() > 0.5)
cy1=0.5*rand()*ch;
else cyl=-0.5*rand()*ch;

/[Find ray enter/exit points on dosimeter
x=cx1-dist;

a=sqrt(x*x + czl*czl);

[=x/abs(x);

m=cyl/abs(cyl);

n=czl/abs(czl);
thtl=atan((cz1l-sz1)/(cx1-sx1));
tht2=atan(cz1/x);
gammal=abs(tht2-thtl);
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if (gammal>0.5*pi)
d=a*sin(pi-gammal);
else d=a*sin(gammal);

s=sqrt(abs(a*a - d*d)); //NaN for sqgrt(-)!!

g=sqrt(abs(cr*cr - d*d));
b=sin(tht1);
c=cos(thtl);

if (gammal>0.5*pi){
if(tht1<0){
cx2=cx1-n*(g-s)*c;
cz2=cz1-n*(g-s)*b;
cx3=cx1+n*(q+s)*c;
cz3=czl+n*(q+s)*b;}
else {
cx2=cx1+n*(g-s)*c;
cz2=cz1+n*(g-s)*b;
cx3=cx1-n*(g+s)*c;
cz3=czl-n*(g+s)*b;}}
else {
cx2=cx1-I*(g+s)*c;
cz2=cz1-1*(g+s)*b;
cx3=cx1+l*(g-s)*c;
cz3=cz1+l*(g-s)*b;}

p=(cz2-sz1)/(cz1-sz1);
cy2=syl+p*(cyl-syl);
p=(cz3-sz1)/(cz1l-sz1);
cy3=syl+p*(cyl-syl);

m=cy2/abs(cy?2);
if (abs(cy2)>0.5*ch)
cy4=m*0.5*ch;
else cyd=cy2;
p=(cy4-cy2)/(cy3-cy2);
cx4=cx2+p*(cx3-cx2);
cz4=cz2+p*(cz3-cz2);

m=cy3/abs(cy3);
if (abs(cy3)>0.5*ch)
cy5=m*0.5*ch;
else cy5=cy3;
p=(cy5-cy2)/(cy3-cy2);
cx5=cx2+p*(cx3-cx2);
cz5=cz2+p*(cz3-cz2);

/[Find ray origin/exit points in source.

e=sqrt(sx1*sx1 + syl*syl);
i=sx1/abs(sx1);
j=syl/abs(syl);
k=sz1/abs(sz1);
tht3=atan((cyl-syl)/(cx1-sx1));
tht4=atan(syl/sx1);
gammaz2=abs(tht4-tht3);
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if (gamma2>0.5*pi)
h=e*sin(pi-gamma2);
else h=e*sin(gammaz2);

u=sgrt(abs(e*e - h*h));

t=sqrt(abs(sr*sr - h*h));

f=sin(tht3);

g=cos(tht3);

if (gamma2>0.5*pi){
if(tht3<0){
sx2=sx1-j*(t-u)*g;
sy2=syl-j*(t-u)*f;
sx3=sx1+j*(t+u)*g;
sy3=syl+j*(t+u)*f;}
else {
sx2=sx1+j*(t-u)*g;
Sy2=syl+j*(t-u)*f;
sx3=sx1-j*(t+u)*g;
sy3=syl-j*(t+u)*f;}}
else {
sx2=sx1-i*(t+u)*g;
sy2=syl-i*(t+u)*f;
sx3=sx1+i*(t-u)*g;
sy3=syl+i*(t-u)*f;}

if (sx3>sx1)1
SX2=5x3;
sy2=sy3;}
else {
SX2=SX2;
sy2=sy2;}
p=(sy2-syl)/(cyl-syl);
sz2=sz1+p*(cz1-sz1);

/[Find path through vial.
dsx=sx2-sx1,;

dsy=sy2-sy1;

dsz=sz2-s71;
ds=sqgrt(dsx*dsx+dsy*dsy+dsz*dsz);

/[Find path through air.
if (cx2<cx3){
dax=cx2-sx2;
day=cy2-sy2;
daz=cz2-sz2;}
else {
dax=cx3-sx2;
day=cy3-sy2;
daz=cz3-sz2;}
da=sqrt(dax*dax+day*day+daz*daz);

/[Calculate path distance through steel.
r1=3.8735; /1 0.035" wall ~ 0.889 mm.
r2=4.7625; /I 3/8" steel tubing outer diam.
bl=sgrt(abs(r1*rl - d*d));

b2=sqrt(abs(r2*r2 - d*d));
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xz=sqrt((sx1-cx1)**2 + (sz1l-cz1)**2);
yfactor=sqrt(xz*xz + (syl-cyl)**2)/xz;
dsst=yfactor*(b2-b1);

/[Calculate path distance through teflon.
rl=cr; /I inner radius same as cr
r2=cr+0.866; // 1.3 mm ,threaded wall
bl=sqrt(rl*rl - d*d);

b2=sqrt(r2*r2 - d*d);
dtef=yfactor*(b2-b1);

/[Calculate path distance through vial wall.

r1=7.65; [Ivial diam =16.5 mm
r2=8.25; /lwall thickness = 0.6 mm
bl=sqrt(abs(rl*rl - h*h));
b2=sqrt(abs(r2*r2 - h*h));
xy=sqrt((sx1-cx1)**2 + (syl-cyl)**2);
zfactor=sqrt(xy*xy + (sz1-cz1)**2)/xy;
dgls=zfactor*(b2-b1);

/[Find path through dosimeter (chip).
dcx=cx5-cx4;
dcy=cy5-cy4;
dcz=cz5-cz4;
dc=sqgrt(dcx*dcx+decy*decy+dcz*dcz);

Contents of second formula node:
float64 els, elgls, elst, eltef, eac, stdns;

/[Calculate energy att. of 226Ra sol.
els=ei*exp(-mus*sdns*0.1*ds);

/[Calculate energy att. of vial.
elgls=els*exp(-mugls*2.23*0.1*dgls);

/[Calculate energy att. of steel.
stdns=8; /1304 st. steel density.
elst=elgls*exp(-must*stdns*0.1*dsst);

/[Calculate energy att. of teflon.
eltef=elst*exp(-mutef*2.2*0.1*dtef);

/[Calculate energy abs. in dosimeter.
eac=eltef*rmuc*cdns*0.1*dc;
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float64 Aline,Bline,Cline,thtl,tht2,tht3,tht4,tht5;
float64 ax,ay,az,xz,bxz,by,cxz,cy;
float64 m,n,elax,rect,area,surf,eff;

ax = abs(x);
ay = abs(y);
az = abs(z);
XZ = sqrt(x*x + z*z);

if (xz<=r1){
thtl = abs(atan((ay-(t/2))/(r-xz)));
tht2 = abs(atan((ay-(t/2))/(r+x2z)));
tht3 = pi-tht1-tht2;
Aline = sqrt((r+xz)**2 + (ay-t/2)**2);
Bline = sqrt((r-xz)**2 + (ay-t/2)**2);
m = Bline/Aline;
bxz = (xz+r)-m*(xz+r)-r;
by = (ay-t/2)-m*(ay-1/2)+t/2;
elax= sqgrt(2*(Bline**2)*(1-cos(tht3)));
area = pi*rtelax/2;
surf = 4*pi*Bline**2;
eff = area/surf;}
else
if (ay <=1/2) {
thtl = abs(atan((t/2-ay)/(xz-1)));
tht2 = abs(atan((t/2+ay)/(xz-r)));
tht3 = tht1+tht2;
Bline = sqrt((t/2-ay)**2 + (xz-r)**2);
Cline = sqrt((t/2+ay)**2 + (xz-r)**2);
m = Bline/Cline;
CXZ = (XZ-r)-m*(XZ-r)+r;
cy = (ay+t/2)-m*(ay+t/2)-1/2;
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rect= sqrt(2*(Bline**2)*(1-cos(tht3)));
area = rect*2*r;
surf = 4*pi*Bline**2;
eff = area/surf;}
else {
thtl = abs(atan((ay-t/2)/(xz-r)));
tht2 = abs(atan((ay-t/2)/(xz+r)));
tht3 = thtl-tht2;
tht4 = abs(atan((ay+t/2)/(xz-r)));
tht5 = tht4-tht1;
Aline = sqrt((r+xz)**2 + (ay-t/2)**2);
Bline = sqrt((xz-r)**2 + (ay-t/2)**2);
Cline = sqrt((xz-r)**2 + (ay+t/2)**2);
m = Bline/Aline;
n = Bline/Cline;
bxz = (xz+r)-m*(xz+r)-r;
by = (ay-1/2)-m*(ay-1/2)+t/2;
CXZ = (XZ-1)-n*(XZ-r)+r;
cy = (ay+t/2)-n*(ay+t/2)-1/2;
elax= sqgrt(2*(Bline**2)*(1-cos(tht3)));
rect= sqrt(2*(Bline**2)*(1-cos(tht5)));
area = rect*2*r + pi*r*elax/2;
surf = 4*pi*Bline**2;
eff = area/surf;}
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