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Optical Bleach For Dosimetry in Al,O3:C Base On Optically

Stimulated Luminescence Technique
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National Chiao Tung University

Abstract

An optical bleach system was designed to deal with a puzzle where one of OSL
intensity in Al,O3:C indicating two different amounts of doses. After the optical bleach,
a different OSL decay speed was discovered to separate those two doses. This
research helps in the emergency management of nuclear accident or high radiation

exposure event.

Experimentally, visible light and ultraviolet light was used as the bleach light
source. UV was discovered with anti-bleach property. Therefore, a flexible UV thin

film filter was set in the visible light bleach system.

Furthermore, a dynamic band theorem simulation was used to describe electron
property inside the Al,O3:C. Optical bleach simulation and maximum bleach
simulation match the experimental data successfully. The model can not only predict
the optical bleach effect but also the OSL signal variance by changing excitation

photon energy.
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1.1 Background

Chapter 1 Introduction

1.1 Background

Radiation detection and radiation image are both well-known technologies in
nowadays. X-ray, CT, PET, and MRI are powerful instruments for medical diagnosis.
Generally, radiation image (detection) principle can be divided into two ways. One is
detecting the radiation signal which goes through human body directly or reflection from
human body. The other way is putting radioactive isotopes into human body as
bio-marker, then detect the radiation signal coming from human body. This method

needs more radiation dose to construct bio-image or radiation image.

Personnel radiation detection is one of the radiation detection applications. It is
used to protect people who have been exposed in high energy environment.
Traditionally, personnel radiation detection was mainly used Thermo-luminescence (TL)
technique to evaluate radiation dose that people have been absorbed. Because TL
signal is proportional to the dose of ionizing radiation, dose absorption can be taken
from inverse calculation by TL signal. However, due to many of restrictions come from
TL technique. Japanese developed Radio-Photo-Luminescence (RPL) technique to
overcome TL drawback. Meanwhile, American developed a similar technique which is

called “Optically Stimulated Luminescence (OSL)” in personnel Dosimetry [1].

In Taiwan, the OSL technique was introduced by Dr. K. B. Chen of National
Tsing-Hua University in 2007. This study tries to realize the intrinsic physical behavior of
OSL material and makes the preliminary work to design more applications especially in

personnel dosimetry study based on OSL technique.
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1.2 0SL vs. TL

Optically Stimulated Luminescence (OSL) is the luminescence, which is emitted
from material during light exposure. Thermo-Luminescence (TL) is the luminescence,
which is emitted from material during heat exposure. OSL using photon as excitation

energy and TL using heat as excitation energy are shown in the Fig.1-1.

Light source
PMT PMT

/ I D etection filters ) S K»@ I D etection filters

Stimulation IOSL Thermal \I TL
=

filters Stimulation =
Dosimeter Dosimeter
(OSLD) (OSLD)

Fig. 1-1. lllustration of operation principle of OSL & TL (a) Optical Stimulated
Luminescence (b) Thermal-Luminescence [2].

Basically, the luminescence of TL and OSL is the photon emitting process of
electron-hole pair recombination. The electrons in the valance band receiving a high
energy radiation will be pumped into the conduction band and then relax to a
meta-stable state. The trapped electrons in meta-stable state could be thermal
stimulated or optical stimulated to the conduction band and then fell down to lower
energy state (recombination center) to produce Luminescence. Fig.1-2 and Fig.1-3

shows the illustration of this physical property.



1.20SLvs. TL

Conduction Band Conduction Band

— .

A 4

Valence Band Valence Band

(a) (b)

Conduction Band Conduction Band

A

Electron Trap Center

— 2 Recombination Center

Valence Band Valence Band

(©) (d)

Fig.1-2. lllustration of electron behavior in band diagram. (a) Receiving a high energy
radiation. (b) Relaxing to meta-stable states (c) Optical stimulated or thermal stimulated
(d) Emit photo by electron-hole pair recombination.

However, there are some disadvantages of TL technique. Since that TL read out
needs a stable heat source to access the photons, the property makes TL device difficult
to minimize the size and sense the photons in real-time mode. Besides, TL is an
environmental sensitivity that TL signal will often be disturbed by environmental
temperature. And heating process is a global effect; the whole TL badge will lose the
energy level mark when it has done the read out. This means we cannot recover the

dosimetry.



1.20SLvs. TL
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Fig. 1-3. Schematic physical property of OSL & TL. (A) Before irradiation (stable
state) (B) After irradiation (meta-stable state) (C) Optical stimulated or heat
stimulated (D) Back to stable state [1].

Clearly, to integrate the optical fiber with OSL technique could make the radiation
dose monitoring on-line possible in clinics [3]. In addition, OSL has another advantage
that is the retrospective usage of the badge. Since the depletion rate of each stimulated
process (readout stage) with pulsed laser triggering only consumes a few of electron
concentration in meta-stable state, and there are still some concentrations of
meta-stable state survived. It can not only re-read dose information in the OSL badge
but also detect low dose absorption precisely [2]. The property means the OSL is more
sensitive compared with TL material and what makes the reproducible readout process
possible. An OSL and TL comparison is shown in the Table 1-1.



1.20SLvs. TL

Table 1-1.  The characteristics comparison of TL and OSL

OSL TL

1. Sensitivity to uGy (Fig.1-4) | Sensitivity to uGy

2. Stable signal (no fading) Effect by environment

(Fig.1-5) temperature (has fading)
3. Re-read of OSL signal Once readout only
Advantage 4. Re-setting of signal by Re-setting of signal by thermal
optical bleaching, fast bleaching, slow
5. Retrospective usage Lose information

6. Fastreadout (1~2 seconds) | Slow readout (30 seconds)

Incremental Dose for Inlight Dosimeter Exposed to 5 mSv
in 0.20 mSv Increments
0.40

Average Result = 0.20 + 0.02 mSv

0.35

0.30

0.25

0.20 -

0.15 A

0.10

Measured Incremental Dose (mSv)

0.05

0.00 -
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24

Dose Increment Number

Fig 1-4. Dose Fractionation of OSL technique in 25 times measurement (provided
by Landauer™).
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Fig. 1-5. Stable signal of OSL technique for 120 days store (provided by
Landauer™).



1.3 OSL Application

1.3 OSL Application

1.3.1 Personnel Dosimetry

Personnel dosimetry is concerned with the dose evaluation in human body. Deep
dose, shallow dose and eye dose are three references parameter in personnel
dosimetry. In order to separate different radiation light source effect (like X-rays or
gamma-rays) and different human body part effect (different tissue) with those light
source, “Absorbed dose” and “Dose equivalent” have been created to quantify the

amount of absorption dose for personnel dosimetry.

Absorbed dose refers to the mean energy, which was imparted by radiation per unit
mass of material. The unit of absorbed dose is the “Gray” (Gy). One joule imparted per

kilogram of mass is one gray [4].

Dose equivalent refers to the product of absorbed dose of body organ or tissue,
which was multiplied by quality factor. The unit of dose equivalent is the “Sievert (Sv)”
[4].

Deep dose equivalent refers to the dose equivalent of the external exposure of
whole body, including head, trunk, arms above the elbow, and legs above the knee, at
depth of 1 cm [4]. By using deep dose as a reference, high energy (such as gamma rays,
neutron rays, high-energy beta-particle, X-rays > 15Kev) radiation damage can be

estimated.

Shallow dose equivalent refers to the dose equivalent of the external exposure of
skin or extremities at tissue depth of 0.007 cm [4]. The interest radiation source here is

non-penetrating radiation like low-energy beta particle and X-rays (< 15Kev).



1.3 OSL Application

Table 1-2. Standard dose calculation

Absorbed dose | D = Energy / Mass = Joule / kilogram

(Gy) (D = absorbed dose in Gy unit)
H; =wxD;
Dose equivalent , N
(Sv) (w = tissue weighting factor, (1-2)

D, = average absorbed dose by tissue)

The gray (symbol: Gy) is the Sl unit of absorbed radiation dose due to ionizing
radiation (for example, X-rays). The gray measures the deposited energy of radiation.
The biological effects vary by the type and energy of the radiation and the organism and
tissues involved. The sievert attempts to account for these variations. A whole-body
exposure to 5 or more grays of high-energy radiation at one time usually leads to the
death within 14 days. Since grays are such large amounts of radiation, medical use of

radiation is typically measured in milligrams (mGy).

Gray (Gy) 1Gy=1Jkg=1m?*s? (1-3
Sievert (Sv) 1Sv=1Jkg=1m?*s? (1-4)

~—

The Sievert (symbol: Sv) is the Sl derived unit of dose equivalent. It attempts to

reflect the biological effects of radiation as opposed to the physical aspects Gy unit.

Although the “Sievert” has the same dimensions as the “Gray” (i.e. joules per
kilogram) in the Eq.1-4 & Eq.1-5, it measures a different quantity. To avoid any risk of
confusion between the absorbed dose and the dose equivalent, the corresponding
special units, namely the “Gray” instead of the joule per kilogram for absorbed dose and

the “Sievert” instead of the joule per kilogram for the dose equivalent, should be used.



1.3 OSL Application

1.3.2 Environmental Dosimetry

Environmental dosimetry focuses on “man-made” radiation dose around
environment. Man-made radiation includes nuclear waste disposal, emission from
nuclear power, reprocessing plants and nuclear weapons industry. When the natural
radiation over man-made radiation is bigger than 1/1000, long-time monitoring is
required to protect our healthy and food. Dosemeter for environmental dosimetry need
high sensitivity for low dose detection and need stable reliability under sunlight, weather
and temperature exposure. With several “mGy” for nature dose per year, “uGy” dose
rate per day require more sensitive technique. Therefore Optically Stimulated

Luminescence is the recommendation tool for this short-term monitoring [2].

1.3.3 Radio therapy detection

Although concerned with monitoring radiation exposure for people in the daily life,
radiation usage in medical treatment has become a powerful tool when people got
cancer. How to qualitatively estimate the amount of dose being used on or in (in vivo) the
patient during medical radiation treatment and diagnosis is an important problem. For
example, there is a need for small, tiny radiation dosimeters for real-time [5] or
near-real-time dose amount readout, including external radiation treatment (X-rays
photography) and internal (such as X-ray tubes implanted in a blood vessel). All such
applications require dose monitoring to assist in effective treatment. Although TL are
popular dosimetric technique in many hospitals for external dosimetry during these
treatments. However, the TL can only provide “once” integral reading of the total surface
exposure to the patient after treatment. OSL has the potential for the development of
“second or more” reading and near-real-time dosimetry [6, 7] by the speed of
photon-electron interaction as shown in Fig. 1-6 [8, 9]. The measured quantity of OSL
can be either dose (Sv) or dose rate (Sv/s). Typical doses of interest can be up to 20 Sv
[3].



1.3 OSL Application

Nd:YAG
/_’ E Laser

Dichroic
mirror

PMT

Fiber Collimator

Al,O5:C Dosimeter

Fig. 1-6. Schematic picture for real-time radiation therapy by OSL technique. A optical
fiber is inserted into a patient and readout the OSL intensity from Al,O3:C on the top of
the fiber. Here, the Nd:YAG Laser is stimulation light source and PMT is photomultiplier
tube.

1.3.4 Retrospective dosimetry

Retrospective dosimetry is the dose estimated by environmental or locally available
materials instead of conventional synthetic dosimeters. Two major categories exist,
namely dating dosimetry and accident dosimetry. Dating dosimetry for geological or
archaeological usage using OSL relies upon the determination of the dose absorbed by
natural minerals, such as quartz or feldspar [8]. For example, for a windblown deposit
(e.g., a sand dune) all previous radiation exposure history (OSL signal) is erased while
the sediment grains are being transported in the air where they are exposed to natural
sunlight. The erased sediment on the surface of the sand dune was set in “zero dose”.
After that, zero dose samples were buried by other sediment grains in the sand dune
and shielded the sample from further exposure to sunlight. Therefore, the OSL signal is
regenerated by exposure to the environmental radiation field. When the sediment grains
are now excavated, the subsequent OSL signal is proportional to the time of burial.
Modern techniques use small, single aliquots---even single grains-- and result in large
numbers of independent dose determinations. The quantity of interest is the equivalent
dose in Gy. This is the beta dose (used for calibration in the laboratory) that yields the

equivalent OSL signal to the natural environmental dose, which is derived from a mixed

-10 -



1.3 OSL Application

radiation field made up of alpha, beta, gamma, and cosmic radiation.

The other application is accident dosimetry [10]. This is the one that is interested in
the determination of absorbed dose due to a radiation accident or other event. Examples
include the determination of absorbed doses during events such as nuclear weapons
explosions, nuclear reactor accidents or other incidences of unintended radiation
release. Because synthetic dosimeters were not in place at the time, one has to rely
upon the determination of absorbed doses in locally available materials, such as bricks
(in particular the quartz grains within the bricks), or porcelain (light fixtures, bathroom
fixtures, etc.). The quantity of interest is the equivalent dose in Gy. OSL is used to be a

useful tool because most of the suitable local materials display high OSL intensity.

-11 -



1.4  Contribution to this thesis

1.4 Contribution to this thesis

Dose dependence of Al,O3:C has been
wildly reported in the past decades. However
there is a question left. How can we
distinguish the Al,0O3:C in 5~10Gy or 10Gy
above by the same OSL intensity, as shown in
the Fig. 1-7. For nuclear accident, how to
estimate the absorption dose of patients who
was working in the nuclear power plant or any
high radiation environment is a serious
problem in dosimetry research, because
5~10Gy is the safe dose amount but dose

above 10Gy will cause death.

1 Chip 101 / S
A - \Z.‘.
] " ~—

Luminescence (normalized)

—a— Integrated OSL
—C— Initial Intensity
--+-- TL Peak Height |

‘II IIl’J 1:3:
(b) Beta Dose (Gy)
Fig. 1-7. Demonstration of confusion in

dose dependence of Al,O3:C with
same OSL signal [11].

In the following contents, we will test the reliability of Landauer™ POSL reader

system with Luxel™ Al,O3:C badge. Then experimentally use optical bleach method to

distinguish two doses with same OSL intensity. Theoretically, we simulate electron

property in Al,O3:C in bleach process and use this simulation for further application.

-12 -



Part 1- Theory model

Chapter 2 Methods

Part 1- Theory model

2.1.1 Band theorem

OSL signal comes from electron-hole pair recombination. Electron-hole pair
recombination happened in OSL material such as semiconductor or insulator. According
to quantum mechanism or solid physics, electron behavior in OSL material can be
illustrated in band diagram. There is one continuous low energy states, which called
valence band and the other one is continuous high energy states, which called
conduction band. Between valence band and conduction band, there is some

“‘meta-stable” energy states, which allow the electron live in there temporally.

Conduction Band

4a

3b -

Valence Band

Fig. 2-1. Band diagram. (1) lonization (excitation cross the band gap); (2)
Exciton formation (3a,3b) Defect ionization; (4a,4b) Trap ionization; (5) Internal
intra-band transition.

-13 -



Part 1- Theory model

In Fig. 2-1; band-to-band electron behavior (transition 1) occurs in high-energy
radiation exposure. Exciton formation (transition 2) is the electron-hole pair formation. It
can lead to charge localization and generally occur in superconductivity. Defect
ionization (transition 3) always appears in non-well-growth pure material. There are
some material distortions or defect where can lead electron to live in that energy level.
Trap ionization (transition 4) is caused by impurity in material, such as Al,Os;doped
carbon become Al,O3:C. Doped element is another energy level choice for electron to
live in. Intra-band transition (transition 5) combines defect and impurity effect. Therefore,

there are some possibilities that electron can jump between defect and impurity [1].

2.1.2 One-trap, one-recombination-center model

In 1956, Adirovitch use three

differential equations to explain the Conduction Band

A, f

\ 4
12]. This prototype model can hel us
(2] P yp Q Electron Trap Center

phenomena of luminescence decay A,

to understand the principle of

Thermal-Luminescence (TL) and

Optically Stimulated Luminescence —Y__ Recombination Center

(OSL). These three differential Valence Band
equations (Eq. 2-1, 2-2, 2-3) are
basically base on one-trap, one Fig. 2-2. Schematic one-trap, one

recombination-center (luminescence recombination-center model.

center) model as shown in Fig. 2-2.

dm

it A,mn, (2-1)
—%:n-p—nc-(N—n)-A1 (2-2)
dn, _dm _dn (2-3)
dt dt dt

-14-



Part 1- Theory model

The first equation (2-1) demonstrate intensity of luminescence :
| : Intensity of luminescence

An : Probability of electron-hole pair Recombination

m : Concentration of recombination center

nc : Concentration of electron in conduction band

The intensity of luminescence is proportional to recombination center consumption.
Therefore, concentration of electron in conduction band and Concentration of
recombination center are two factors, which affect the consumption rate of

recombination center.

The equation (2-2) demonstrate consumption rate of trapped electron :
n : Concentration of trapped electron
N : Maximum concentration of trapped electron
A : Re-trap probability
P : Stimulation parameter or pump parameter

The concentration of trapped electron “n” is proportional to radiation dose.
Therefore, the variation of trapped electron concentration can estimate the amount of
radiation dose; Stimulation parameter “P” is affected by different light source wavelength
(cross section) or light source intensity. In this model, the trap has its own maximum
concentration “N”. In reality, “N” depends on dosemeter material. By quantum
mechanism, the pumped electron will be back to trap state. Therefore, set “A,” as re-trap

probability parameter.

The equation (2-3) demonstrates neutrality conditionn, +n=m.

Above equations are first-order dynamics that means variance “n” is first-order.
Under first-order dynamics, recombination effect dominates the whole process of

luminescence signal.
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Part 1- Theory model

Comparing with the first-order dynamics, the second-order dynamics concerns
re-trapping rate as dominator, same concentration condition of recombination center

and trap center [13].

2.1.3 Multi-trap, Multi-recombination-center model

Conduction

Band 1

Valence Band

Fig. 2-3. Schematic multi-trap, multi-recombination-center energy band diagram.

In early 2004, non-monotonic dose dependence of TL and OSL had been observed
in some of the dosimetric materials [14]. Lawless et al. reported a two-trap & two
recombination center model to explain such TL phenomena [15, 16].

In 2006, R. Chen [17] use multi-trap, which has shown in Fig. 2-3,
multi-recombination center model to simulate non-monotonic dose dependence of OSL
signal in Al,0O3:C. This numerical model is used to explain the relationship between OSL
signal intensity “I”
Fig. 2-4.

and radiation dose “D” is not a linearity line but a parabolic curve as in
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Part 1- Theory model

m1 : Recombination center (luminescence center)
m2 : Competitive Recombination center
n1 : Dosimetry electron trap center (shallow trap)

n2 : Competitive electron trap center (deep trap)

According to R. Chen’s claim, one of the traps belongs to dosimetric trap, which
could reveal OSL and the other one belongs to competition trap and which has no
contribution to emit photons. Similarly, one of the recombination centers is an irradiative
center where could produce OSL and another one is a competitive recombination center
but with no luminescence emitting. For clear illustration, a schematic diagram is shown
in Fig. 2-3.

®10 T — T T T

10 . . . - - v : Y,
_________ 1 Chip 101 /f .
ol =TIl T . | _ / \
“'.\ hY —_
-] Y I =] - & — ~—
ES [ E ﬁ . Lk “O——g
‘g M ~m
® 7 ATRY o] —n
=) VoA E TR
2 v <]
£ 61 Y =
5\ WoN @«
c 5 h VoY ]
z L ]
3z Y &
o r L "]
[ LY @
s} W c
5 9 - E
5 .l A 3 —m— Integrated OSL
Q : —O— Initial Intensity
1} --+4-- TL Peak Height |
o : . . S T T —
14 145 15 15.5 16 16.5 17 17.5 18 1 10 100

log10(D) (b Beta Daose (Gy)

Fig. 2-4. R. Chen’s simulation compare with experimental data [17] (a) R. Chen’s
simulation (b) Experimental data of Al,O3:C [11]

-17-



Part 1- Theory model

2.1.4 Stimulation modulation

Stimulated modulation concerns how to give excitation photon energy. Continuous
wave OSL (CW-OSL), linear modulation OSL (LM-OSL), pulsed OSL (POSL) are three

different methods as follow :

Intensity, (i) I CW-05L
[ _ p time,

Intensity, @) 4 - wost
e line f

Intensity, @) 1 POSL
H H H H time, f

fa
Fig. 2-5. Schematic representation of the three main OSL stimulation modes, namely:
CW-OSL, LM-OSL and POSL [18].
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Part 1- Theory model

2.1.4.1 Continuous wave OSL (CW-OSL)

Continuous-Wave OSL [19] use constant intensity light source to stimulate electron
in dosimetric trap and then create luminescence (OSL), as shown in Fig. 2-5. CW-OSL
glow curve usually shows exponential decay until it run out of electron concentration in
dosimetric trap in Fig. 2-6; Eq. 2-4 is the mathematical express of C.W. light source and

always be put into Eq. 2-5 as stimulation term.

P(t) =¢ (2-4)

dn

W:—(pan+Annc(N -n) (2-5)

where O : Cross section, effect parameter of stimulation light source with

wavelength variance

400 T ™
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=
S 3004
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=
= 200
LB
—
oo
<D 100
=
(]

Q
8] 100 200 300 400 500 800
Time (s)

4009 (h)
= J
= 300 ramped
£
= 200 b
=4
—
5 100 b
=
j4I

e}
(o] 500 1000 1500
Time (s)

2.5 {ch B 1
oy ﬂ
= z_of { JJ_H_LL y
= pulsed
= 1.5% 1
=] F B 1
= 1.0 = 1
2 ] 1
2 0.5 POSL

0.0

1.0 1.5 2.0
Time (s)

]
@
=
i

Fig. 2-6. OSL result under three different stimulated modulation [1].
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2.1.4.2 Linear modulation OSL (LM-OSL)

In 1996, Bulur et. al. introduce an alternative technique of OSL. The intensity of
stimulation light source is not constant but ramped linearly [20, 21]. The glow curve
measured by using LM-OSL always shows a peak shape. Eq. 2-6 is the mathematical

express and always put into trap’s differential equation (Eq. 2-7).

g(t) = 1 (2-6)

%:—ytanm%nc(N -n) (2-7)

y + Slope of stimulation light source intensity

2.1.4.3 Pulsed OSL (POSL)

There is an experimental drawback of using CW-OSL and LM-OSL. The intensity of
continuous stimulation light source is always bigger than that of luminescence signal.
This reason increases the difficulty to separate incident photon signal and luminescence
photon signal. But using POSL could avoid this noisy effect, because POSL could
estimate luminescence signal between time-gap of first pulse and second pulse. It is just
a timing-control problem for Photomultiplier Tube (PMT). Another benefit of POSL is the
less power consumption comparing with CW-OSL and LM-OSL. Therefore, POSL could
avoid noisy signal which caused by thermal-effect. According to above advantage

reason, POSL has wild usage in OSL technique.
In mathematical formula, POSL is similar to CW-OSL but has time-gap. The time

interval between two pulses should be longer than intrinsic lifetime of the luminescence

center as shown in Fig. 2-7.
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Lagar
4 kHz

POSEL

ON —— Laser

PMT gate

OFF —
|‘I|;|.] ’ T Ty

Fig. 2-7. lllustrate timing control of POSL system. (a) The timing relationship between
laser pulse, PMT Gate and accumulation of POSL signal (b) Detail in timing control of

laser pulse and PMT Gate [1].
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Part 2- Experimental Setup

2.2.1 Characteristic of Al,0O5:C

Aluminum oxide Al,Os is a strong material. It <0001> C axis

possesses strong ionic inter-atomic bonding. It can

exist in several crystalline phases, which all revert to

the most stable hexagonal alpha phase (alpha- Al,O3)

at elevated temperatures [1].
According to absorption spectrum of Al,Osin Fig.

2-9(a), the band gap between conduction band and

valance band is nearly 6.0ev [22]. This wind band gap

is close to UVA photon energy and OSL device. Italso  19- 2-8. Schematic of = Al2O5
structure

needs to create lower energy state for radiation dose

record. In order to create such “meta-stable” low energy state in 1.0~3.0ev, alpha- Al,O3
will be doped external element carbon and become alpha- Al,O3:C. Fig. 2-9(b)
demonstrates POSL property of Al,O3:C. During the laser pulses case, there are two
peaks exist. One is UVA emission (~340nm). The other one is blue light emission
(420nm) [23]. In-between laser pulses, only blue light emission (420nm) appear. In the
next section, during laser pulses case is not considered. Because following OSL reader

is based on in-between laser pulses.

- 120 J@) —a— Eliuringl Iaserlpulsells I
= 0.4 /p\ — & Aly04:C, Commercial 1 —o— Inbetween laser pulses
= t | — Resultant Gauss Fit & 100 ot
E wod [T Individual OA peak g ]
RE g 804
g 2 1
g 96 z 60
c

g I 40] M
g 02 £ L
Z o ¥ 7

83 ........ = . . .. : G- r

2000 220 240 260 280 300 a00 350 400 450

(A) Wavelength (nm) wavelength (nm)

Fig. 2-9 Optical property of Al,O5:C. (a) Absorption spectrum of Al,O3:C [22] (b)
Emission OSL property of Al,05:C [23].
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2.2.2 LuxelTM OSL Badge of alpha-Al,O;:C

0.4

mm Cu 0.7 mm Al

0.7 mm Plastic

Case bar code
A

2D slide code

© AlLO3:C

Fig. 2-10. Luxel OSL dosemeter (badge).

In the Fig. 2-10, there are four chips in each OSL badge. Outside the four chips,

there are three different shielding covers: copper (Cu), alumina (Al) and plastic are used

to simulate radiation effects to different parts of human body (Table 2-1). “2D slide code”

and “Case bar code” is the record number for experimental note. Standard dose badges

from background to 100Gy come from Nuclear Science Center, National Tsing-Hua

University, Hsin-chu (Table 2-2).
Table 2-1. The function of four chip in OSL badge

Shielding Material Function
Chip 1 None Discrimination (standard dose)
Chip 2 0.7mm Plastic Deep dose (10 mm deep below the skin surface)
Chip 3 0.7mm Alumina Shallow dose (0.07 mm deep below the skin surface)
Chip 4 0.4mm Copper Eye Dose (3mm depth of the lens of eye)
Table 2-2. Luxel badges with standard dose
Dose (Gy) Amount Case Serial#
backaround 6 XA00805731N, XA008379254, XA00000570J
9 XA008077692, XA00834036M, XA00669640C
1 3 XA008375385, XA000695848, XA008638270
5 3 XA008352888, XA00836603H, XA008389609
10 3 XA00227099F, XA00691630F, XA00867925Y
50 3 XA00061705I, XA00838950A, XA00031544Q
100 3 XA00867979L, XA00254080V, XA008685817

-23-




Part 2- Experimental Setup

2.2.3 Landauer OSL Reader

Fig. 2-11. Landauer InLight System, Automatic 200 unit Reader

In this thesis, a commercially available machine was modified to read the OSL
response of the Luxel™ dosemeter element. The Luxel dosemeter element used here in
the study is provided by Landauer, Inc. Although the Luxel element used in the
commercial dosimetry service is a pulsed-laser measurement method (POSL), the study
here relied on a light emitting diode (LED) readout method in the Landauer InLight

reader system.

A cluster of 36 green super-bright LEDs was installed as the excitation source and a
Hamamatsu photon-counting photomultiplier tube (PMT) module was installed with
appropriate filters to block the green LED light and pass the 420 nm blue OSL emission.
The green LEDs had a peak emission wavelength of 525 nm, and the optical power
density at the dosemeter was 3mW/cm?. The optical filters for the LED light consisted of
two 515 nm long pass color glass filters. The emission filters cover the PMT window,
which consist of a blue band pass filter and a custom interference filter passing 390—-450
nm. A basic fast counter was installed to count the pulses from the PMT. The green

LEDs were continuously illuminated during the 1 sec measurement time.
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Heidht performance PM BCR for InLight case

I5 for element ==

’Element push up-units

Fig. 2-12. Inside of the Landauer Automatic 200 unit POSL Reader

The sample holder was machined to accommodate the Luxel dosemeter element
for completing the readout apparatus. The green LED readout method using OSL-grade
alumina was developed in the mid-1990s and the technique was presented at the 1997

annual Health Physics Society meeting [24].

-25-



Part 2- Experimental Setup

Changer can store
4 magazines and 200
Inkight Badge

AL >

Fig. 2-13. lllustrate mechanism for Luxel Badge in reading process.

=lol =

Landauer Fosd [ Ao
InLight OSL Reader Program User: | [ eamin P53 [T

Badye Information Operations

Process: | Slide 1D: ‘ Case ID: ‘ Type: Start New Process | Start Linearity |
S09070801 I 9400149 I NOREAD I Customer Measure Standards | Start Calibration |
Glow Curves A
Duark Counts PMT Sensitivity

[
10

Total Courits
ucL
Filerl | Fie2 | Fiers | Fierd |
LCL
(EE ‘ [ ‘ [ 198 | [ere ‘
ac iStandards: Reader Stats Messages
Dose Values (mSw) N ﬁ
Desp | | Shelow | e | Be | RO | o || 5 FeedeiSiots
|nwa||nwa||nws‘| ||PH‘ smnm|—5
[waszazo = [ 2mannn [anar ana
il start H & “ " InLight System | A CHiDacuments and Settln...l 8 051 - Reader ‘Q%&%&F% 10:45 AM

Fig. 2-14. The GUI face of Landauer Automatic 200 POSL Reader.
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2.2.4 Visible Light System

Fig. 2-15. Ultraviolet exposure system for optical bleach exberimént.

h
UV Lamp OSL Badge

For qualitative test, a commercial UV lamp was used (6W power and energy center

at 350nm belongs to UV-A range, shown in Fig). In the Fig. 2-15, a box and a black bag

are used to block visible-light effect from environment. Inside the box, UV lamp always

set at 10 cm away from the OSL badge and it has the same vertical height with OSL

badge.

Spectral Energy Distribution
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Fig. 2-16. The emission spectrum of UVA light tube.(provided by the website of
http://www.100y.com.tw/pdf_file/SANKYO_BLACKLIGHT-BLUE.pdf)
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2.2.5 Ultraviolet System

¥2™; 5 parallel Visible
light source

UV filter

Irradiation
platform

Fig. 2-17. Experimental setups for visible light bleach.

For another qualitative bleach test, 5 parallel visible light sources were used (18W*5
=90W PHILIPS MASTER TL-D Super 80 /840 SLV) in the Fig. 2-17. The spectrum of
each light source is centered at 420nm (blue), 560nm (Green) and 640nm (Red),
combine 3-band fluorescence as shown in the Fig. 2-18. Under 18 cm of the light source,
irradiation platform was designed for OSL badge bleach with UV filter to avoid UV effect
(less than 40% below 370nm) shown in the Fig. 2-19.

'Y g 5 mm P i

MASTER TL-D Super 80 /840

Fig. 2-18. The emission spectrum of visible light source. (provided by the website of
http://www.philips.com.tw)
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l\‘OM"T" b

Transmittances(%)

A b 1500 500
Wave length (nm)
Fig. 2-19.The transmission properties of UV filter [25].
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3.1 Standard deviation

Chapter 3

Experimental Result

3.1 Standard deviation

Luxel™ badges be exposed to
standard dose from 1Gy to 10Gy
and background dose

!

Using Landauer OSL reader
continuously read out OSL
intensity variation for 40 times

l

Draw the dose dependence of OSL
intensity picture and calculate the
standard deviation as the error bar
of follow chart

Fig. 3-1. Flow chart for Landauer

OSL reader reliability test.

Four standard badges (1mGy, 1Gy, 5Gy,
and 10Gy) were used to evaluate the stability
and reliability of Luxel™ badge under 0.01mGy
error reliability of Landauer POSL reader.
Usually, the one year background accumulation
dose is approximately approached to 1 mGy and
to map the value to 150 Convertible Value (Conv.
Val.) in the Landauer POSL reader. According to
Fig. 3-3 and Fig. 3-4, badge has nearly 4.6%
error dose. It is acceptable due to the value is
less than 0.05mGy which is half-month
background accumulation dose. About 1Gy
(=56000 Conv. Val.) badge, has nearly 5.3%
error dose. 5Gy (=316000 Conv. Val.) badge,

has nearly 5.8% uncertainty. 10 Gy (=716000 Conv. Val.) badge has nearly 3%

fluctuation.
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Fig. 3-2. Average distribution of 1, 5, 10, 50, 100Gy for 40 Times OSL Read out.
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Fig. 3-3. Standard deviation of four elements in background and 1Gy Badge.
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Fig. 3-4. Standard deviation of four elements in 5Gy and 10Gy Badge.
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Standard Deviation of nonlinear dose dependence-50 Gy

The OSL signal (Conv. Val.) start to non-steady severe fluctuated when the dose
was increased to extremely high dosage, i.e. above 50Gy. This means standard
deviation have become worse. Fig. 3-5 is three 50Gy badges OSL intensity varies with
40 times read out. Apparently, two badges (XA000617051 & XA00838950A), in Fig. 3-5
have two layers to separate element 1 and element 2, 3, and 4. The main reason of this
phenomenon could attribute to Luxel™ badges shielding (chapter 2). The 50Gy
(=436000 Conv. Val.) badge, has nearly 16% uncertainty so that the factor is significant
parameter to distinguish 5~10Gy and above 10Gy to 50Gy. Although, the OSL intensity
(Conv. Val.) of 5~10Gy and 10~50Gy is similar to 450000~550000 Conv. Val. comparing
Fig. 3-4 and Fig. 3-5, the uncertainty is 5% and 16% respectively. For reliable data
analysis, element-1 in XA00838950A is taken into consideration for numerical analysis

reference point.
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Fig. 3-5. 40 times readout distribution and standard deviation of four elements in
three 50Gy Badges.
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Fig. 3-6. 40 times readout distribution of 5Gy & 10Gy.

Standard Deviation of nonlinear dose dependence-100 Gy

When the amount of dose increase to 100Gy, the OSL intensity (Conv. Val.)
fluctuate more violently. In Fig. 3-7, the uncertainty of 100Gy badge is roughly 12.5%,
24%, 26% for XA00867979L, XA00254080V, XA008685817 respectively. Although the
100Gy OSL intensity seems very vague, the intensity (Conv. Val.) still locate in the same

range of 5~10Gy. Therefore, there is a question left behind: How can we distinguish the

badge is 5~10Gy or 50~100Gy by using the same Convertible Value?
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Fig. 3-7. 40 times readout distribution and standard deviation of four elements in three
100Gy Badges.
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3.2 Visible light effect

A visible light bleach system was designed (In chapter 2) to separate 5~10Gy and

10~50Gy badge. Each standard-dose badge was exposed under visible light tubes with

UV filter for 3~10 min respectively. The result in Fig. 3-8 shows different decay speed

during 10 min exposure. For example, XA008389609 (5Gy) & XA00061705I (50Gy) are
at the beginning. For 10 min visible light bleach, the slope of 5Gy and 10Gy OSL
variation is smaller than that of 50Gy and 100Gy. To further verify the validation of the

study, exceed 10 min bleaching is needed for avoiding signal jumping, which is shown in

Fig. 3-8. According to this bleach result, a critical slope value could be set to determine

the dose in both high and low range. For easy slope recognition, exposure in 10 to 20

minutes is suggested.
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Fig. 3-8. Visible Light Bleach effect for 5~100Gy Badge

The inset picture of Fig. 3-8 shows that the decay speed (slope) of 100Gy badges is
slower than 5~10Gy. No matter how wide the range of OSL initial intensity it is, visible

light bleach can still do the function to determine the badge 5~10Gy or above 10Gy.
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Fig. 3-9. The Visible light Bleach effect for Element 1,2,3 and 4.

Figure 3-9 demonstrates that bleach effect in four elements for each badge is

similar. There is no need to see four elements bleach effect in the following text. The first

element will be use as experimental reference data for simulation analysis.
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3.3 UV light

A UV light bleach result is displayed in Figure 3-10. Two background dose (nearly

under 200 Conv. Val. =

horizontal axis stands for 3 min UV exposure. Form “step1” to “step8”, a pump effect
was discovered. “step8” to “step9” is that badges were laid on the table without UV
exposure. Form “step9” to “step11”, another pump effect was discovered too. It means
UV light for Luxel™ Al,O3:C badge not only has “bleach effect” (Fig. 3-11), but also has

“pump effect” (Fig. 3-10).
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Fig. 3-10. UV light pumping effect for background dose badge.
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Fig. 3-11. UV light bleach effect for 1~10 Gy badge.

-36 -



4.1 Set differential equation

Chapter 4

Simulation and Discussion

4.1 Set differential equation

—>

Writing down proper
Ordinary Differential
Equation (ODE)

}

Put ODE into Matlab 2007
software and use “o0de23” to
solve this dynamic simulation

}

Tune the parameter in the
ODE and compare with
experimental result

Fig. 4-1. The flow chart of simulation

process.

Chapter 2 has already introduced how to
use band diagram to describe electron behavior
in the Al,O3:C and how to write down the
ordinary differential equation (ODE) according to
band diagram. As ODE is a dynamic system,
choosing a proper numerical method must be
considered. After that, tune the parameter in
each ODE because each parameter has its own
physical probability meaning. Finally, compare
the simulation data with experimental data.
Checking if they match or not, if not we should
modify band diagram or tune a new set of

parameters, as shown in Fig. 4-1.
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4.1 Set differential equation

radiation

1. Material be bombarded
with high energy

A 4

2. Thermal Equilibrium

A 4

3. Optical Bleach

l

4. Optical stimulated
Luminescence (OSL)

Fig. 4-2. The steps of ordinary
differential equation in Matlab 2007

software.

There are four steps (Fig. 4-2) or four
strategies to describe electron behavior in the
Al,O3:C. First, simulate Al,O3;:C under high
energy radiation explosion such as X-rays or
beta-rays. Follow that, the system has to obey
thermal equilibrium process. Electrons in this
step should be distributed to another state by
thermal energy. Theoreticallyy, ODE dynamic
system should be added with some thermal
excitation term. Third, writing down a set of
bleach ODE by adding bleach factors to simulate

electron for pumping away electrons from the

original states. Finally, same as bleaching step, POSL also need to pump away

electrons in dosimetric trap. Thus, change bleach factors to POSL bleach factors. Then

read out the concentration variance to calculation OSL intensity (so called “glow curve”).

Conduction . -
B3 nd 7'y 7'\
A A fy
m2 m1 Anz "Anl n,
_v n,
A 4 m2

Valence Band

Fig. 4-3. Schematic R. Chen’s multi-trap, multi-recombination-center energy model.

The used model is shown in Fig. 4-3, N1 which is an “active” dosimetric trap,

meaning that the stimulating light is capable of releasing electrons from it, and N2, a

competitor, which the electrons can be trapped, but the stimulating light cannot release
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4.1 Set differential equation

electrons from it. Two recombination centers are assumed to exist, M1, radioactive
center, and M2 a non-radioactive competitor. The set of six coupled differential
equations are governing each process. The repeated simulation of R. Chen’s is in the

figure 4-4.

Bombard with high energy radiation

dn,

dt = Anl(Nl - nl)nc (3-1)
dn,

qt = A, (N, —ny)n, (3-2)
dm

dtl =—-A mn_+ B/ (M,—-m)n, (3-3)
dm

dt2 =-A,,m,n . +B,(M,-m,)n, (3-4)
dn,

dt =X -B,(M,-m,)n, - B,(M, —m;)n, (3-5)
dnC:dml+dm2+dnv_dn1_dn2 (3-6)

dt dt dt dt dt dt

Physical description Unit
M3 The concentration of radioactive hole centers (cm™)
M, The concentration of non-radioactive hole centers (cm™)
m; Instantaneous occupancy (cm™)
m; Instantaneous occupancy (cm™3)
N1 The concentration of the electron active trap state (dosimetric (cm™)
trap, shallow trap)

N> The concentration of the trapping state (cm™)
Ny Instantaneous occupancy (cm™)
n, Instantaneous occupancy (cm™)
Ne The concentrations of the electrons in the conduction bands (cm™)
ny The concentrations of holes in the valence bands (cm™)

-39-



4.1 Set differential equation

X The rate of production of electron-hole pairs, which is (cm™)(s™"
proportional to the excitation dose rate
B:;, | The trapping probability coefficients of free holes in (cm™3)(s™)
B, Recombination centers 1 and 2
Ami, | Recombination probability coefficients for free electrons with | (cm™)(s™")
Am2 holes in centers 1 and 2,
An1 | The re-trapping probability coefficient of free electrons into the | (cm™)(s™")
active trapping state N1 (dosimetric trap)
An2 | The trapping probability coefficient of the free electrons into (cm™)(s™"
the competing trapping state N2
(X*T) | If we denote the time of excitation by (T) and the rate of Gy, Sv
production of electron-hole pairs per cm® by (X), then
represents the total concentration of electrons and holes
produced, which is proportional to the total dose imparted.

f A magnitude proportional to the stimulating light source (s
intensity.

Thermal Equilibrium condition

dn,

" — Anl(Nl _ nl)nc (3-7)
dn
dt2 = A, (N, —n,)n, (3-8)
dm,

b -A,,mn. +B (M, -m))n, (3-9)
d(;r:.'z =—A,,m,n. + B, (M, —m,)n, (3-10)
dn,
dt =-B,(M, —m,)n, - B,(M; —m,)n, (3-11)
dn, _ dm,  dm, dn, dn, dn, (3-12)
dt dt dt dt  dt  dt

Take out rate of production of electron-hole pairs X, comparing (3-5) with (3-11)
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4.1 Set differential equation

Optically Stimulated processes

dn
d_tlz_fn1+An1(N1_n1)nc (3-13)
dn
d_t2: A, (N, —n)n (3-14)
dm
dtl = —Aumn, (3-15)
dm
g = PneMane (3-16)
dn
==0 (3-17)
dt
dn, _ dm1+dm2 +dnv_dn1_dn2 (3.18)
dt dt dt dt dt dt
Luminescence
dm,
I(t) =- . AMN. | I(t) : OSL Intensity or Glow curve (3-19)
j | (t)dt = m,, —m,, (3-20)
10):1015 |
Eéj ~ \.\\ \“ a g
g or \\\ g 6 m10
g s o\ g m1f
g (I 4 m10-m1f \\
g 31 !'\ \\ § ‘\\
% 2. | ‘1 g’ 2 \\
1t I I | Y | § o ‘ | |
0 as 15 155 18 185 17 175 18 0 0.5 1 1.5 2 2.5
log10{D) log10(Dose)

Fig. 4-4. Repeat R. Chen’s simulation result. The right side of the figure is the simulation
of integral OSL versus dosimetry (log scale) and is fully matched with the result of R
Chen’s proposed (left side) [10].
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4.2 Modification

4.2.1 Bombard with high energy radiation

The main OSL emission band at ~420nm (Akselrod et al., 1990 [26]; Markey
et.,1995 [27]) is attributed to radioactive relaxation of excited F-centers, which are
created after electron recombination with F+-centers (Springis et al., 1995 [28]). When
F-center accepts 206nm UV light, it will convert back to F+ center (F-center + 206 nm >
F+-center + e-). F+ center is the luminescence center in Al,O3:C [29]. It is one of
dominate factors for OSL intensity. Thus back to R. Chen’s model, we modified Eq.3-3 &
Eq.3-4 to Eq.3-25 & EQ.3-26 respectively and added Cm,n, and C,m,n, into the

equations. These two terms represent the probability that F-center (M2) would accept
enough high energy and become F+-center (F-center + high energy (beta-rays) -
F+-center + e-). The phenomena depends on m2 concentration (F-center) and electron
concentration nc. Conversion rate C1 was set equal to C2 with opposite sign. This
setting represents the 100% F-center conversion will change to F+-center. Figure 4-5 is
C1 & C2 parameter simulation. This figure shows the F-center conversion must occur in
the Al,O3:C. Comparing with Figure 4-5(b), experimental result, we chose C1 = C2 = 50

for the following simulation.

(3-25)
ddn':l =—A,mn; + B,(M,—m;)n, + C,m,n,

(3-26)
ddmtz =-A,,m,n +B,(M,-m,)n, —C,m,n,
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Fig. 4-5. (a)F-center conversion simulation result and (b) experimental data.

4.2.2 Optical Bleach
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Fig. 4-6. Optical bleach simulation result with experimental data.

The mathematical term (-V,)n, was set into n1 state, same as in the set of

equations for OSL process. This is base on the assumption that visible light only cleans
electrons in the dosimetric trap and there is no enough energy to bleach electrons in
deep trap. The simulation result is shown in Fig 4-6. Point “A “to “H” is the experimental

data and they are roughly match our simulation result in Fig. 4-6, Fig. 4-7 and Fig. 4-8.

dn,

dt

= (_Vf )nl + Anl(Nl - N

)n,
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Fig. 4-7. Simulation matches the OSL decay speed with different dose.
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Fig. 4-8. Detail bleach effect of optical bleach effect in 1~ 10Gy with simulation result.
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4.2.3 Maximum Bleach

120

100
- XA00805731N
= XA008077692
60 | -+ XA008379254

80

Element-1 Conv, Val,

Time (min)
Fig. 4-9. Bleach effect with UV filter in the visible light system.

In the personnel dosimetry and environmental dosimetry, maximum bleach for
badge is very important. Both of dosimetry estimate dose range in mGy range. Figure
4-9 and figure 4-10 are under visible light system with UV filter and without UV filter
respectively. With UV-filter and 10 min exposure case, the dose of badge will decrease
to 0.1 mGy (=10 Conv. Val.) as shown in Fig. 4-10. On the other hand, in Fig. 4-11
without UV-filter, the dose of badge will left 0.2 mGy (=20 Conv. Val.). This phenomenon
describes UV light in the visible light tube will increase dose in the badge. In physical
explanation, UV light source can not only bleach electrons trap center but also add extra

electron into trap center. Therefore, ODE dynamic system should be modified as

following:

%: (VN + (<U A, (N, n)n, (3-28)
%:(—Uv)nﬁpm(Nz—nz)nC (3-29)
d(;:l =—A mn +U,)M,-m) (3-23)
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4.2 Modification

For UV light could pump electrons from dosimetric trap and deep trap, (_Uv)nlwas
written into N1 state and N2 state in the ODE, where Uv is the coefficient of UV impact
factor. On the other hand, UV light also could add electron into dosimetric trap and deep

trap. Therefore, (U,)(M,-m;) was put into M1 state. In order to determine the

simulation parameter U, and V; , we calculate minimum photon unit by bleach light
source spectrum intensity (Fig. 2-16&2-18) and then estimate photon number of
wavelengths. We assume 400nm is a critical wavelength between bleach and pump
effect. Moreover, we set 50 to 50 percentages for UV pump and bleach effect
respectively. Finally, set the simulation parameter of bleach photon number of visible
light as 0.5 and others proportional to this value. The simulation result is shown in Fig.
4-12.

Table 4-1. Calculation of lowest common multiple for bleaching photon

420nm = 2.95ev, 560nm=2.21ev, 640nm=1.93ev, 1ev = 1.6*10"°J

Visible 90W*60sec=5400J

Lamp 5400J/(80*3.1+200%2.95+400*2.21+350%1.93)/10"°=2.25714*10"°

(Minimum photon unit for visible light)

350nm=3.54ev, 1ev = 1.6*10"%J

UV Lamp 4w*60sec=240J

240J/3.54/10™=6.7796*107°

(Minimum photon unit for UV lamp)

180

167
160 - B EZ - XA000005701
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>
- XA00669640C
E 120
8 100 \
7 st
% 60 t
S
ﬁ o 19 16 2 .
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0 ‘ ‘ ‘ ‘ ‘

0 1

Step Number
Fig. 4-10. Visible Light bleach without UV filters. (Each step has 10 min time gap)

- 46 -




4.2 Modification

Table 4-2. Simulation parameter dependence

Photon
UV (<400nm) Visible(>400nm)
Number
UV pump (50%) UV bleach (50%) (200+400+350)*
2.25*10"
Visible | 40%2.25*10'9=9.02*10%° | 40*2.25*10"°=9.02*10% 2
=2.14*10
Lamp Simulation Simulation Simulation
0.021 0.021 0.5
gy | 05787710%=3.38"107 | 0.56.77+10%=3.38"10%
Simulation Simulation
Lamp
0.007 0.007
50000 o 13 T T T T T T
= L § 12 —s—Uv=0.021, Vf:0.5+0.02_1,Witho_ut UV filter
§ 40000 L ::: zigfégggg | ; ié : *..* Uv =0.004, Vf =0.504,With UV filter
2 110 = 60000 2 09l
O 30000 @ 08l
2 o 2ol &
g 20000p o Z 06F L\._
g . 2 05F '
g w0l "’ 4 % g‘;‘: o\
2 I ah.-- Edz- ﬂ
g o 1 Eoal ®%0ece.
* o 1 2w 0 =0 s e w
Time (min) Time (min)
Fig. 4-11. Bleach effect will achieve to Fig. 4-12. Different light source has different
a saturation point. saturation point.

The simulation results are shown in Figure 4-11 and Fig. 4-12. It successfully
explains UV bleach effect with pumping function and the OSL intensity saturate at the
same place. In Fig. 4-11, different n1 initial concentration represents different
experimental condition in Fig. 4-9. The other simulation result in Fig. 4-12 demonstrates
different bleach light source has different saturation effect. This simulation explain even
though Visible light tube is for bleach usage, but it also has pumping factors to achieve
low saturation. Therefore, UV filter usage in visible light system is necessary for deep
bleach in OSL badge.
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4.2.4 Predictions by this model

What if the stimulated light source Conduction .
Bgnd
changes from Green light to UV light? e R " . |®
There suppose to have possibilities that n, "

UV light could pump deep trap electron

n2. Therefore, using UV light as a —tm

stimulated light source not only pump

shallow trap electrons (dosimetric trap s

n1), butalso pump deep trap n2 as well, gy "4 13 "Two trap stimulated competition

as shown in Fig. 4-13. band diagram [30].

For UV light source has different impact factors for dosimetric trap and deep trap,
an impact factor “d” was set to deal with this question. Impact factor “d” was set from
zero to one. When “d” is zero or one that means stimulated light source can only pump
electrons in dosimetric trap or deep trap respectively. Therefore, OSL intensity only
attribute to one trap state. When “d” is equal to “0.5”, in the middle of zero and one,
which means stimulated light source can pump electrons in both traps and it is a
pumping competition. Therefore, stimulating light source impact factor f1 and f2 (in the
Figure 3-24) are set (-f)(1-d) and (-f)(d), in the Eq. 3-13.&Eq. 3-14. “-f’ is correlated with

stimulating light source and “d” is associated with one trap stimulated or two trap

stimulated.

%=(—f)(l—d)nﬁAm(Nl—nl)nc (3-30)
d

$=(—f>(d)nz+m(Nz—n2)nc (3-31)

The simulation results are shown in Fig. 4-14. When “d=0%", the result is again
back to R. Chen’s paper (or Fig. 4-4). When “d=50%", two trap stimulated competition
occur, the OSL intensity is still similar to one trap stimulation. This is an important

prediction for POSL using UV light source. Because POSL only consume little amount of
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4.2 Modification

electrons in the traps and two traps concentration will not run out completely, thus
pumping probabilities will follow with two trap concentration ratio condition. In 2009, We
proposed a quantum selection rule for OSL and indicated pumping probabilities depend
on two traps energy level ratio with concentration ratio [30]. For long time stimulation,
the pumping probability of two traps should reduce to 1:1 which is the same function in
this simulation “d=50%". In the extreme case “d=100%", shallow trap ran out of electron
concentration and only deep trap can do the function. In reality, this phenomenon can
only take place in the pre-bleach process. Dosimetric trap (shallow trap) had been
already bleached out by pre-heat or optical bleach before UV-Pulse OSL measurement.
According to this mathematical model prediction, pre-bleach shallows process seems to

enlarge linear dose dependence from 10Gy to 50 Gy.

45 T T T T T T T T T T
= d=0%

40k
d =50%

35r 2 d=80%

30} d=90% -

o5l d=100% |

20
15k
10+
0.5
0.0 -

Relative OSL Intensity (10* count)

05 I . I . I . I . I . I
0 20 40 60 80 100

Dose (Gy)

Fig. 4-14. OSL intensity for two traps stimulates competition.
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Chapter 5 Conclusions

Chapter 5 Conclusions

Although maximum precision measurement of Landauer POSL Reader with
Luxel Al,O3: C badge is 10Gy, the high dose exceeds 10Gy measurement still can
finish roughly by the decay slope of optical bleach process and standard deviation
calculation in our experiment (Figure 5-1). We also find out the modification model to
explain this bleach decay phenomena successfully. Those two methods enlarge the
estimate scale for the Landauer reader with Luxel Al,Os: C badge in the case of

nuclear event or nuclear emergency.

Suspected Badge
in 5~10Gy or
10~100Gy 10~100Gy

Calculate the

(>10%)
decay slope after

standard deviation

5~10Gy

Fig. 5-1 The proposed flowchart to distinguish the over dose and under safety margin
situation.
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Chapter 5 Conclusions

Using the UV lamp as bleach light source has not only bleach function, but also
pump effect [20]. Therefore, we use commercial visible light source with UV filter
instead of UV lamp to avoid pump effect [16]. Moreover, in our optical bleach
simulation, the saturation point with UV filter and without UV filter is different. These
simulations totally match experimental evidence. That is the saturation point for
maximum bleach could be attributed to balance of the bleach effect and pump effect.
So that we could make a prediction that the higher energy photon incidents will cause
the pumping effect and bleaching effect simultaneously. When the competition
approaches the equilibrium, the higher residue of the electrons will be staying the
trapped level so that we could make a fine tune to set the electrons quantitatively

trapped in the desired energy level.

When F-center accepts 206nm UV light, it will convert back to F+ center
(F-center + 206 nm -> F+-center + e-) [20]. Therefore, we assumed that F-center
converts to F+-center (F-center + high energy (beta-rays) - F+-center + e-) should
occur in Luxel Al,O3: C badges. This assumption successfully describes the

phenomena of OSL intensity saturation in high dose in our simulation.

By modified simulation result, changing light source energy from green LED to
higher energy light UV lamp in POSL system seems no apparent signal change and
maintains its original OSL curve. Therefore, using two trap model by changing light
source energy seems provide another idea for new type of OSL reader. Moreover,
according to simulation result in UV stimulation, clean shallow trap electron
concentration left deep trap dose the function seems to enlarge linearity dose
dependence from 10Gy to 60Gy in Al,Os: C. This phenomena provided us an idea in

deep trap usage to retrospect nuclear emergency event.
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Chapter 5 Conclusions

In the future, a prototype UV-light-source OSL reader should be set up to verify
the simulation result of two traps competition model (as shown in Fig). For further
study, the flexible light source design in Fig. 5-2 can do the OSL light source
modulation experiment. Meanwhile, a preliminary medical image reconstruction
experiment can use the optical fiber design. Hoping those works will be helpful for

evolution in radiation dosimetry technique in Taiwan.

........................................................................

This module could be designed

Light Source  Optical . in reflection mode.
UV and visible Fiper

Al,O,:C Sample|: Grating
' ; ADC
T Optical sensor
Beam Shutter / Fiber (PMT)
and _
Beam Expander Collimator . Collimator N
Array : Array Transmitting Mode

Fig. 5-2. Schematic diagram of prototype design for UV-light-source OSL reader.
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Appendix |
Number Dose (Gy) Case Serial#
1 0 XA01131183T
2 500 XA00302618L
3 background XA00805731N
4 background XA008379254
5 background XA00000570J
6 1 XA008375385
7 1 XA000695848
8 1 XA008638270
9 5 XA008352888
10 5 XA00836603H
11 5 XA008389609
12 10 XA00227099F
13 10 XA00691630F
14 10 XA00867925Y
15 50 XA00061705I
16 50 XAO00838950A
17 50 XA00031544Q
18 100 XA00867979L
19 100 XA00254080V
20 100 XA008685817
21 background XA008077692
22 background XA00834036M
23 background XA00669640C
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% Bombard stage

function dy = vdp1000(t,y)
dm1=-3000*m1*nc+5000*(800000-m1)* nv+25*m2*nc;
dm2=-5"m2*nc+400*(240000-m2 )* nv-25*"m2*nc;
dn1=800%(70000-n1)* nc;
dn2=200%(30000-n2)* nc;
dnv=17000-400%(240000-m2) * nv - 1000*(1000000-m1 )*nv ;
dnc=dm1+dm2+dnv-dn1-dn2;

% relaxion balance (Thermal equilibrium)

function dx = vdp2(t,x)
dm1=-3000*"m1*nc+5000*(800000-m1 )*nv;
dm2=-5"m2*nc+400*(240000-m2) * nv;
dn1=800*(70000-n1)* nc;
dn2=200%(30000-n2)* nc;
dnv=-400*(240000-m2) * nv - 1000*(1000000-m1 )*nv ;
dnc=dm1+dm2+dnv-dn1-dn2;

% OSL Read
dm1=-5000*"m1*nc;
dm2=-5*m2*nc;
dn1=(-f)*(1-d)*n1+2000*(7000-n1)*nc;
dn2=(-f)*d*n2+200*(20000-n2)*nc;
dnv=0;
dnc=dm1+dm2-dn1-dn2;

% bleach

function dz = bleach(t,z)
dm1=-4000*m1*nc;
dm2=-4000*m2*nc;
dn1=7000*(-VB)*n1+2000*(7000-n1)*nc;
dn2=200%(20000-n2)*nc;
dnv=0;
dnc=dm1+dm2-dn1-dn2;
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