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Abstract

The optically stimulated luminescence (OSL) technique has already became a successful tool in personal radiation dosimetry, geological and
archeological dating, and in radiation diagnostic imaging. This review briefly describes the history of OSL. Significant advances have been
made recently in the theoretical study of OSL to explain the behavior of radiation sensitive materials with several types of dosimetry traps,
recombination centers and competing deep traps. Progress in material and detector engineering has allowed new and promising developments
regarding OSL applications in the medical field. Special attention is dedicated to Al,O3:C as a material of choice for many dosimetric
applications; present technology can provide Al,O3:C fiber sensors with diameters as small as 300 pm. A new RL/OSL fiberoptic system has
a high potential for in vivo and in vitro dosimetry in both radiation therapy and diagnostic mammography. Different aspects of instrumentation,

data processing algorithms, post-irradiation and real-time measurements are described.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Optically stimulated luminescence (OSL) is one of the many
known stimulated phenomena in condensed matter that can
be induced by ionizing radiation and that became a successful
practical tool in radiation dosimetry. Until recently thermo-
luminescence (TL) dosimetry (TLD) was the most popular
dosimetric technique when relatively inexpensive passive inte-
grating detectors based on crystalline and glass materials (like
LiF:Mg,Ti, CaF:Mn, CaSO4:Dy, Li;B407, alumophosphate
glasses and others) were used (McKeever et al., 1995). Point
defects in TL materials created during crystal growth or solid
state sintering are able to trap electrons and holes generated
during irradiation and this way can store dosimetric informa-
tion for a long time. To measure an accumulated dose a TL
detector is heated in a reader and emits luminescent light the
amount of which is proportional to the absorbed dose. TLD
is used for personnel radiation monitoring and medical dose
verification. It is a destructive technique, in that the signal is
completely removed from the detector since readout requires
heating of a detector. Furthermore, it is slow and is not suitable
for high spatial resolution imaging.
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OSL utilizes materials and electronic processes similar to TL
but interrogation of the detector is performed by light instead of
heat (see Botter-Jensen et al., 2003). High sensitivity, precise
delivery of light, fast readout times, simpler readers and easier
automation are the main advantages of OSL in comparison with
TLD. OSL allows for re-reads of the detector multiple times
while maintaining the precision, and yet it is still can be used
as an erasable measurement technique. In comparison with TL
materials OSL phosphors are not subjected to heating at high
temperature, do not experience the so-called “thermal quench-
ing effect”, and they can be mixed with or imbedded in plastic.
The ability to make a composite detector is a significant sim-
plification in detector manufacturing processes and allows one
to mass-produce OSL detectors and imaging plates with tight
tolerances in uniformity and sensitivity. Another major advan-
tage of OSL over TL is its imaging capability. High-resolution
imaging of radiation fields using OSL (sometimes termed as
“photostimulated luminescence” (PSL)) is already a successful
tool in personal dosimetry, in computer radiography (CR) and
diagnostic imaging. OSL has also a strong potential for precise
measurements in the radiotherapy dose range between 0.1 and
200 Gy.

OSL was first suggested as a dosimetry tool in the 1950s
and 1960s (Antonov-Romanovskii et al., 1956; Briunlich
et al., 1967; Sanborn and Beard, 1967). The main obstacles for
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OSL application found at that time were: strong fading in case
of relatively narrow band-gap sulfide materials like MgS, CaS
and SrS doped with rare earth ions like Sm and Eu. Cu™-doped
fused quartz was suggested as a sensor for the medical fiberop-
tic OSL dosimetry system (Justus et al., 1999a). In the 1980s
the OSL technique became popular in the archeological and
geological dating community as a method of dose determina-
tion in natural materials like quartz and feldspar (see Huntley
et al., 1985; Botter-Jensen et al., 2003).

Imaging phosphors like BaBrF:Eu (Sonada et al., 1983),
Y;,Si05:Ce,Sm (Meijerink et al., 1991) barium phosphate
doped with rare earth (RE) elements (Schipper et al., 1994),
KBr:In (Trinkler et al., 1993) and imaging techniques based on
their optical stimulation with lasers were successfully devel-
oped and some of them are now used in diagnostic digital radio-
graphy. Imaging plates based on europium activated barium and
strontium fluoroholides (BaBrF:Eu, BaCIF:Eu and Baj _)Sry
BrF:Eu) and readout systems are commercially produced by
Fuji, Siemens, AGFA, Kodak, General Electric and other med-
ical equipment manufacturers. The CR systems that are based
in principal on the OSL technique show excellent imaging
performance but are not capable of doing precise dosimetric
measurements mostly because of low thermal stability of traps
that results in relatively strong fading. Additional difficulties
are caused by the high effective atomic number of BaBrF:Eu
that is favorable for X-ray diagnostic imaging, but presents
significant difficulties for precise measuring of doses in certain
radiotherapy applications.

Another type of optically stimulated charge transfer process,
known as phototransferred thermoluminescence (PTTL), was
investigated in BeO (Tochilin et al., 1969), CaSO4 (Pradhan
and Ayyangar, 1977), CaF,:Mn (Bernhardt and Herforth, 1974)
and Al,O3:C (Miller et al., 1988; Yoder and Salasky, 1997)
and suggested as a dosimetric tool. However, it did not be-
came a useful technique because of practical difficulties and low
sensitivity.

The ideal OSL material should satisfy several, sometimes
conflicting characteristics. It should have deep thermally sta-
ble traps for long-term storage of dosimetric information with-
out significant fading. At the same time, these traps should be
optically accessible using light sources with wavelengths well
separated from the emission bands of the recombination cen-
ters. This notion implies that there is no fundamental difference
between TL and OSL materials. In general, all efficient dosi-
metric phosphors might exhibit both TL and OSL properties.
The real advantage of some of the materials in comparison with
the others is simply in the right combination of thermal and
optical energy depths of the traps, in good separation between
the emission and stimulation bands, and in a high photoioniza-
tion cross-section of the traps. Single crystals of anion-deficient
Al,O3:C, first developed as a highly sensitive TL material
(Akselrod et al., 1990), appeared to well satisfy all these re-
quirements and became widely used as an OSL detector.

Recently a new pulsed-OSL (POSL) technique for radiation
dosimetry using anion-deficient Al,O03:C has been developed
(Akselrod and McKeever, 1999) and is commercially imple-
mented in LUXEL technology by Landauer Inc. In addition to

efficient optical discrimination between stimulation and emis-
sion light using a combination of several optical filters, a time
discrimination technique is used when the laser stimulation
is pulsed and the OSL is measured only during the time be-
tween laser pulses. Studies of the OSL signal from Al,O3:C
have shown it to be thermally stable and reproducible, with
the detection of radiation gamma doses of 1 pGy possible. Op-
tical bleaching may be used to “erase” the information from
the material and to make it ready for the next use. Lumines-
cent Al,O3:C material and an OSL technique are also used for
imaging of radiation fields (Akselrod et al., 2000).

The versatility of the OSL technique allows one to use it in
two different modes: a conventional integrating mode, wherein
the OSL phosphor works as a passive detector and the interro-
gation with light takes place after the irradiation is over, and a
real-time mode when stimulation with light is performed dur-
ing irradiation and the information about both dose rate and to-
tal accumulated dose is acquired dynamically. Real-time OSL
is a new approach in medical dosimetry and it has some clear
advantages over well-known real-time radiation detectors like
scintillators, Si-diodes, and MOSFET transistors. At the same
time some challenges with OSL material engineering should
be overcome to make real-time OSL a commercially viable
dosimetry tool.

2. OSL theory
2.1. Stimulated luminescence

The absorption of energy from an ionizing radiation source
by an insulating or semiconducting material causes the excita-
tion of free electrons and free holes and the subsequent trapping
of these electronic species at defects (trapping states) within the
material. After removal of the excitation the sample may then
be stimulated in such a way that absorbed energy causes the
liberation of charge carriers of one sign, which are then able to
recombine with charge carriers of the opposite sign. The radi-
ation absorption and the excitation of charge (primarily by the
Compton effect or the photoelectron effect, depending on radi-
ation energy and type) lead to a perturbation of the system from
a state of thermodynamic equilibrium to a metastable state.
The subsequent absorption of external energy by the metastable
trapped charge results in the stimulated relaxation of the system
back to its equilibrium condition. During the relaxation pro-
cess recombination of the electronic charge occurs and, if the
recombination is radiative, luminescence is emitted. In OSL the
stimulating energy source is light (UV, visible or infra-red).

OSL is one member of a family of stimulated relaxation
phenomena (SRP). The intensity of the emitted luminescence
is related to the rate at which the system returns to equilibrium.
The rate at which the equilibrium is re-established is a function
of the concentration of trapped (metastable) charge and in the
simplest (first-order) case the rate is linearly proportional to
the trapped charge concentration. Normally, one monitors the
intensity of the luminescence as a function of time, resulting in
a characteristic luminescence versus time curve. The integral
of the luminescence versus time curve is thus related to trapped
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charge, which, in turn, is proportional (in the ideal case) to the
initial dose of the absorbed radiation. This is the basis for the
use of OSL in radiation dosimetry.

2.2. Generalized mathematical description of OSL

The total concentration of occupied metastable states in the
system at time ¢ may be represented by u(¢), where

,u(t):/ / "'/ ”("/1,7)2:~~,Vn,t)dyld"/2"’dyma (])
Y172 Tm

where n(yy, 7,2, ...,7,,1) is the concentration of occupied
states 1 — m, described by state parameters y;, Vo, ..., 7,
and in general n(y,t) = N(y) f(y,t). Here n(y) is the con-
centration of occupied states, N(y) is the concentration of
available states, and f () is the occupancy of the state. (f =1
when a state is full, and f =0 when it is empty.) Both n(y)
and f(y) are time-dependent functions.

The state parameters vy, y,, ..., 7,, dictate the stability of
the metastable state under the prevailing conditions of temper-
ature and illumination intensity; that is they govern the proba-
bility per unit time that the system will return to equilibrium.
n(ys V2, .-+ Vm»>t) i1s a weighting function, or distribution,
expressing the concentration of occupied states possessing the
parameters )y, Vs, ..., %,. Eq. (1) is a time-dependent and
dose-dependent function since it increases during irradiation
and decreases during stimulation.

In OSL the luminescence intensity / is proportional to the
rate at which the metastable states decay, such that

du(r)

1(1)=|——

dr |’ @

For optical stimulation of the trapped charge the probability
p for optical stimulation at a given wavelength 4 is

p(Eo) = Pa(Ey), 3

where @ is the optical stimulation intensity and o(E,) is the
photoionization cross-section for interaction of the metastable
state with an incident photon, and E, is the threshold optical
stimulation energy required to release the charge and return
the system to equilibrium. With reference to the terms given in
Eq. (1) we can write that m = 1 and y; = E,.

In the above representations 4 and @ are all fixed values
independent of time. For optical stimulation, when the traps are
emptied using a fixed wavelength 4 and a steady illumination
intensity @ the luminescence recorded is known as continuous
wave OSL, or CW-OSL. However, a time-dependence to p can
be introduced by scanning the above terms with time—i.e. &(¢)
or A(t). Thus, for a linear increase in the intensity of optical
stimulation at a fixed wavelength:

(1) = Do + Pt “

with i =d®/d¢. OSL recorded in this manner is known as lin-
ear modulation OSL, or LM-OSL. Other schemes can be imag-
ined in which the intensity is modulated in non-linear ways.

A
Intensity,®(t) CW-OSL
> time, t
t LM-OSL
Intensity,®(t) i
> time, t
Intensity,®(t) POSL
> time, ¢

0

Fig. 1. Schematic representation of the three main OSL stimulation modes,
namely: CW-OSL, LM-OSL and POSL.

For example, the stimulation may be pulsed, such that @(¢)=®,
for tg <t < ty+At, and @(¢)=0 for to+At <t < fo+71, where At
is the pulse width and t is the period. Such a scheme is known
as POSL. These various stimulation schemes are illustrated in
Fig. 1.

2.3. The photoionization cross-section

The photoionization cross-section a(E,) is perhaps the most
important parameter dictating the stability of a particular trap
during optical stimulation. The absorption coefficient for a
defect-band optical transition at an optical stimulation energy
hv may be written as

a(hv) =n(Ey)a(hv, Ey), 5)

where n(E,) is the concentration of defects, each with an op-
tical ionization threshold energy E,. The dependence of the
absorption coefficient «(hv) as a function of stimulation en-
ergy hv should have an edge-like shape since the absorption
line shape contains contributions from all the relevant contin-
uum states in the band into which the electron is being excited
(Stoneham, 1975). Following the transition, the charge on the
defect will change by one electronic charge and significant lat-
tice relaxation may occur. This is also true during the inverse
process (Bréaunlich, 1979).

Several expressions for the spectral dependence of a(E,),
namely o(hv, E,), have been derived using a variety of assump-
tions relating to the potential energy in the vicinity of the de-
fect. These are reviewed in some detail by Botter-Jensen et al.
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Fig. 2. Comparison of the shapes of various expressions for the photoionization
cross-section as a function of stimulation photon energy, obtained with a
threshold energy E, = 3.0eV. Each curve is normalized to a maximum of
1. See Botter-Jensen et al. (2003) for full descriptions of the equations used
to generate these curves.

(2003). The shapes of some of the functions for the photoion-
ization cross-section are shown in Fig. 2 for a threshold energy
of E, =3.0eV, and m,/m. = 2. For each curve, ¢ = 0 for
hv< E,. The threshold optical ionization energy E, is larger
than the thermal ionization energy (thermal trap depth, E;) by
an amount equal to the phonon energy, namely

Eph = Shop, (6)

where S is the Huang—Rhys factor and ), is the phonon vibra-
tion frequency (Botter-Jensen et al., 2003).

2.4. CW-0OSL

The transitions of charge between energy levels during irra-
diation and subsequent optical stimulation of a dosimeter can
be described by a series of non-linear, coupled rate equations
of the type given generically in Eqs. (1) and (2). The equations
themselves are intractable and several simplifying assumptions
have to be introduced in order to arrive at analytical expressions
for the evolution of the OSL intensity with time during optical
stimulation and, ultimately, the dependence of the OSL signal
on the absorbed dose. Several energy-level models can be imag-
ined on which to base these analyses, and each includes trans-
port of electrons through the conduction band in order for them
to reach the trapped holes at the radiative recombination sites.
The simplest is that corresponding to a system containing one
type of electron trap and one type of hole trap (the one-trap/one-
center model). The trapped holes act as recombination centers at
which recombination of electrons with the holes occurs, leading
to the emission of luminescence. Additional complexities can
be introduced in a systematic fashion to gain an appreciation
of the role played by additional electron traps and/or recom-
bination centers. These models are explored in the following
sections.

a b

[r— mmm—
C d
[r—— mmm—

Fig. 3. Simple models for OSL. (a) Simplest model; involving one trap and
one radiative recombination center. (b) Model containing an additional deep,
competing trap. (¢) Model containing a shallow, competing trap. (d) Model
containing a competing non-radiative recombination center.

2.4.1. The one-trap/one-center model
The model is shown in Fig. 3(a). Charge neutrality for this
system can be written as

e +n=my+m, @)

where n. and n are the concentrations of electrons in the con-
duction band and the traps, respectively, and my and m are the
concentrations of holes in the valence band and hole traps (re-
combination centers), respectively. If we consider thermal equi-
librium at the end of the irradiation period such that n. and m,
are zero, then we may write that at the start of optical stimula-
tion ng = mg, where the subscripts “0” imply at time # = 0.

During optical stimulation of the electrons from the traps
transitions to the valence band do not occur and at any time
t during the optical stimulation period the charge neutrality
condition becomes n. + n = m from which we may write the
rate of change of the various concentrations as

dn. dn dm

4 8
dr dr + dr ®)
The terms on the right-hand side may be written explicitly as
dn
T —ncA(N —n) )
and
dm n
G = eAnm = (o

Here, p is the rate of stimulation (in units of s~1) of electrons
from the trap and is related to the incident photon flux @ and
the photoionization cross-section g by

b= 0o, (11)
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as already seen in Eq. (3) and where the dependence on wave-
length is understood for a given optical ionization threshold
energy. The other terms in Egs. (8) and (9) include: A, which is
the trapping probability (in units of m3s~!); A,,, which is the
recombination probability (also in units of m3s~1); N, which
is the total available concentration of electron traps (in m~3);
and t = 1/A,,m, which is the free electron recombination life-
time (in s). With the introduction of a quasi-stationary popu-
lation of free electrons in the conduction band (the so-called
“quasi-equilibrium approximation”, or dn./dt <dn/d¢, dm/dt
and n. <n, m) we have

dm dn
dr — dr’
The second major assumption to be introduced at this point

is that of slow retrapping, that is, n, A(N — n) <np, ncA,m.
This leads to
I dm dn (13)
== =——-—=np,
OSL dr dr P

the solution of which is

(12)

losL = nop exp{—tp} = Iy exp{—t/74}. (14)

Here, I is the initial OSL intensity at # = 0, and 74 is the
CW-OSL decay constant. This first-order model leads then to
an exponentially decaying OSL intensity as the (constant) stim-
ulation light intensity is applied to the sample. Eventually, all
the traps are depleted and the OSL becomes zero (McKeever
et al., 1997).

This simple result (i.e. an exponential decay of OSL during
stimulation with a fixed intensity stimulation beam, Eq. (14))
is obtained under the stringent conditions of slow retrapping,
or first-order kinetics (cf. dn/dt = —np). In practice, however,
experimental CW-OSL decay curves show a wide variety of
curve shapes that do not conform to this simple exponential de-
scription. An obvious cause for such deviation from this simple
rule may be the addition of other optically active traps leading
to two or more electron traps releasing their trapped charge at
the same time, each at its own rate and described by its own
photoionization cross-section at the stimulation wavelengths
used. Even with the one-trap/one-center model, however, non-
exponential OSL curves can be obtained, as described in full
in McKeever (2001) and Bgatter-Jensen et al. (2003).

The decay constant and the trap emptying rate are related
to the photoionization cross-section by rgl = p = &¢. For a
sample that is stimulated by a narrow band of monochromatic
light (for example, from a laser) then the decay constant will be
single-valued. Some popular OSL systems used in modern ex-
periments use a band of stimulation wavelengths. Since both &
and ¢ vary with wavelength, a range of values for p = rglwill
result. However, a single exponential decay is still expected
with the decay constant now given by T(;l = [o(H)®(A)dA and
the evaluated effective decay constant is the mean of the distri-
bution of decay constants caused by the broad band stimulation.
A potentially more serious problem occurs when the intensity
of the stimulation light is spatially distributed non-uniformly
over the surface of the sample (e.g. the TEMgy mode from a

laser). Since now different parts of the sample are experienc-
ing different intensities (albeit at the same wavelength) the net
result again is that the measured decay constant 7y may not be
single-valued.

2.4.2. Models containing multiple-traps and centers

For two optically sensitive traps, of trapped charge concen-
trations n; and n, and with stimulation rates p; = 7:(;11 and
P2 = 1521, it is straightforward to show (McKeever et al., 1997)
that
dm dn; dnp

am__dm_dm 15
dr dr dr (1>

and that

TosL = niop1 exp{—tp,} + naop2 exp{—1p,}
= I1o exp{—1/ta1}
= Iy exp{—1/7a2} (16)

using the superposition principle and no interaction between the
traps. Clearly, this can be extended to three or more optically
sensitive traps, each emptying at their own characteristic rate
during stimulation.

Extending this to a distribution of traps (Whitley and
McKeever, 2000) with a distribution of threshold energies E,
and stimulation photon energy hv, we may write

Tost (hv) = / w(Eo) p(hv, Eo) dE,
= & (hv) / w(Eo)o(hv, Eq) dE,, 17)

where w(E,) is a weighting factor defining that fraction of the
OSL curve that is due to a particular trap.

If the additional traps introduced into the energy band model
are not sensitive to the optical stimulation, they can still act as
traps for released charge and affect the OSL decay kinetics. An
example is shown in Fig. 3(b) where we see a deep trap able to
capture free charge but from which optical stimulation does not
occur. (One can imagine, for example, stimulation with long
wavelength light optically emptying shallow traps but with the
light being of insufficient energy to empty the deep traps.) In
this model the deep traps may be viewed upon as competitors
to the recombination centers.

The OSL intensity in this case is described by

IosL = niop exp{—t/t} — ncA2(N2 — na), (18)

where Ny, ny and A, are the concentration of available traps,
concentration of filled traps, and trapping probability, respec-
tively, for the deep trap. Thus, the OSL intensity is reduced by
an amount dictated by the relative rates of recombination and
trapping into the deep, competing trap. The decay is no longer
exponential since the second term in Eq. (18) is time-dependent
and approaches zero as t — 0.
If the competing centers are shallow (Fig. 3(c)):

TosL =njopexp{—t/tq} + nasexp{—E/kT}
—ncAxy(Ny — na), (19)



M.S. Akselrod et al. / Radiation Measurements 41 (2007) S78—-599 S83

where s and E are the pre-exponential factor and thermal trap
depth for the shallow trap, and k is Boltzmann’s constant. The
last two terms in Eq. (19) combine to produce a long-lived,
temperature-dependent component to the OSL decay curve. The
form of this component is an initial increase, followed by a
decrease at longer times. Depending on the size of the first
term compared with the second and third terms the overall
OSL intensity can also exhibit an initial increase followed by a
decrease. In such circumstances the terms “OSL decay curve” is
inappropriate. Key elements are the intensity of the stimulation
light p, and the temperature 7', such that at certain combinations
of p and T the initial increase may be observed, whereas for
other combination only a decay may be observed.

A further example of energy levels in the OSL model is ob-
tained by considering a second recombination center such that
the total trapped electron concentration n after irradiation is
given by n =m 4+ my. Here, m| and m, are the concentrations
of trapped holes in the two recombination centers, respectively.
With the assumption that only electron—hole recombination in
the first center is radiative (thus, Ios;, = —dm/dr) and that
recombination at the second center is non-radiative (or, if ra-
diative, is outside the detector sensitivity window) we have

dm»
losL = np exp{—1/1q} — a (20
where we again see that the OSL intensity is reduced by the
presence of a non-radiative pathway for charge interaction. Un-
der the circumstances that the recombination probabilities are
similar (Botter-Jensen et al., 2003) the CW-OSL decay curve
remains approximately exponential according to

1
losL = 2nop exp{—1p}, 21
where K is a constant given by K = (m + mp)/mj.

2.4.3. A model for Al;O3

The above analyses are for certain very special cases only. In
the models we have discussed we have assumed (say) a shallow
trap, or a deep trap, or a second recombination center. Real
materials, however, contain multiple traps and centers, some
of which may be shallow, some of which may be “optically
sensitive” (i.e. the charge may be optically stimulated from
the trap at the wavelength being used), some of which may
be deep. Some of the recombination centers may be radiative,
and others not. Charge transfer effects may take place between
some centers, and not others. The charge transfer processes
may involve the conduction band (as is assumed so far) or they
may not. In other words, real materials show a complexity of
behavior which is far greater than that indicated so far in this
text.

A first step toward a more realistic model for a real OSL
material, and one that is especially appropriate for Al,O3, was
discussed by Polf et al. (2004) and Yukihara et al. (2004a)
and is shown in Fig. 4. Here, transition (1) represents ioniza-
tion (electron-hole pair creation) due to absorption of radia-
tion. Transition 2a represents hole trapping and a recombina-
tion site and 2b is the recombination transition. The OSL signal

3b 3a

2b

2a

Fig. 4. A more complex model for simulation of real-time OSL detection
(from Polf et al., 2004; Yukihara et al., 2004a,b).

originates from trapping of an electron in the dosimetry trap 3a,
and 3b is the optical stimulation transition. The final transition
(4) is a capture of electrons by deep traps. Normally one con-
siders that the concentration of recombination centers increases
with dose due to trapping transition 2a. However, in AlO3 the
recombination centers are FT-centers (oxygen vacancy centers
with one electron; see Section 3). During irradiation, transi-
tion 2b dominates because of the pre-existing F™ concentration.
Thus, at high enough doses, the recombination center concen-
tration actually decreases with dose, as was demonstrated by
Yukihara et al. (2003).

The effect of this, in combination with the effect of deep
traps, on the OSL (and TL) behavior is quite profound. Fig. 5
shows the results of a numerical simulation of the TL and CW-
OSL curves as a function of dose. It is clear that the TL peak
shifts to lower temperatures and the OSL peak decays more
quickly as the dose increases. Both of these effects are seen
experimentally, as is shown in Fig. 6 for OSL from Al,O3 as
a function of beta dose. An additional effect is that the OSL
decreases at very high doses as the sensitivity of the sample
is reduced. Typical data are shown in Fig. 7. Such data are
important in predicting the response OSL from this material in
heavy charged particle irradiation, as one may find in certain
radiotherapy applications.

2.4.4. Real-time OSL: computer simulations

Continuing with this model, Polf et al. (2004) predicted how
such a system would behave during real-time OSL measure-
ments. The procedure for real-time OSL involves the periodic
“pulsing” of the optical stimulation simultaneously with the ir-
radiation, while continually monitoring the luminescence emis-
sion. Note that although the stimulation is pulsed, the OSL
monitored is CW-OSL—that is the OSL is monitored during the



S84 M.S. Akselrod et al. / Radiation Measurements 41 (2007) S78—S599

a
T T T T T T
099 w <21GyandRW 7
~--0--- 10 Gy ] e
A 210Gy R o
Acm el
200 &% -
[0] :‘O [] .b-\
N +AcHE
S Y Yof | o
E Aaor o
S A5d b
£ + !
1 Y 27\
F 0.3 e

T T T T T T T
400 420 440 460 480 500 520
Temperature (K)

10 T T T T T T T T T T
—B— < 1Gyandexp (-0.05s"%)
£ ---0---- 10 Gy
0.8 14 A 21Gy T
4 >46 Gy
3
N 0.6
(0]
£
<]
£
@ 041
@]
0.2
0.0 " " " ; "
0 20 40 60 80 100
Time (s)

Fig. 5. (a) TL curves and (b) OSL curves generated by numerically solving
the rate equations appropriate to the model of Fig. 4, for various doses (from
Yukihara et al., 2004a).

optical stimulation, the period of which is longer than the life-
time of the intrinsic luminescence emission (35 ms in Al,O3).
Since the luminescence emission is continually monitored, ra-
dioluminescence (RL) is measured in those periods between
the pulses, while OSL 4 RL is monitored during the stimula-
tion periods (Fig. 8). By subtraction, the OSL-only signal can
be extracted.

The situation is demonstrated by the numerically simulated
data of Fig. 9. In (a) is shown the background RL signal between
the stimulation pulses, and the OSL+RL signal during the short
stimulation pulses. A number of observations are to be made.
Firstly, the RL background is not constant and increases with
irradiation time, the cause of which is trap filling. As the traps
fill, so the RL intensity increases since the trap filling represent
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Fig. 6. Normalized CW-OSL curves for different beta doses (from Yukihara
et al., 2004b).
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Fig. 7. CW-OSL (and TL) versus dose curves from Al,Os3 irradiated with
beta irradiation (from Yukihara et al., 2004b).

a competing pathway to electron—hole recombination at the
FT-centers. (At very long irradiation times, the RL intensity
decreases again due to removal of Ft-centers, as discussed
above.) Similarly, the OSL intensity shows a strong rise to a
steady-state level (see both (a) and (b)). The steady-state level
is achieved when the loss of trapped charge caused by each
stimulation pulse equals the increase in trapped charge due to
the irradiation between pulses. The steady-state level itself is
dictated by the laser power used, the width of the stimulation
pulse, and the dose rate (Polf et al., 2004).

The effect of deep and shallow traps on the rise to steady
state is demonstrated in Fig. 10. The primary effect is to slow
the rise, both for RL and OSL. An additional effect of deep
and shallow traps is to slow the OSL decay. This occurs for
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Fig. 8. The irradiation, laser stimulation and light detection scheme employed
during real-time assessment of dose using OSL (from Polf et al., 2004).

two reasons. First, the deep traps can also be emptied by op-
tical excitation but, since they are deeper than the dosimetry
traps, the rate of trap emptying (given by Eq. (3)) is lower at a
given wavelength. This gives rise to a long tail in the OSL de-
cay curve. Furthermore, since charge accumulates in the deep
traps during the irradiation period, the relative size of this tail
increases with irradiation time. The second cause of the slow-
down of the OSL decay is retrapping of optically freed elec-
trons by the shallow traps. Although the shallow traps in Al,O3
are only partially optically active (i.e. they do not readily empty
during optical stimulation; Polf et al., 2004) they do empty
thermally since they have small thermal activation energies.
Thus, charge retrapped by shallow traps leads to an optically
stimulated phosphorescence signal that initially increases with
stimulation time, and then decreases (McKeever et al., 1997,
Botter-Jensen et al., 2003).

3. Experimental considerations
3.1. Defect properties in sapphire

o-Al»O3 has a rigid, slightly distorted, hexagonal-close-
packed 0%~ sublattice with APt ions occupying two out of
every three octahedral interstices. Each A>T ion is surrounded
by six octahedral nearest-neighbor O2~ ions. (Fig. 11). As in-
dicated in Section 2, the primary information storage process
in Al>Oj3 is that of electronic ionization, followed by the sub-
sequent capture of the excited electronic charge by trapping
centers. Thus, for the efficient storage of dosimetric informa-
tion, it is necessary that Al,O3 crystals should contain several
species of defects trapping electronic charge carriers of both
polarities. The efficient production of luminescence, however,
requires not just a high concentration of trapping sites—it
also requires efficient radiative recombination pathways for
electrons and holes, producing photons.

a

Luminescence (normalized)
S
1
1

T T T T T T T T
0 20 40 60 80 100 120
Time (s)

0.30 S ——
0.25 -

0.20 F

0.154 b

RL (arb. units)

0.10 b

0.05 R

0.00

T T T T T T T T T
0 200 400 600 800 1000
Time (s)

20 T T T T T T T T

16 lllllllllllllllllllllllll
i an i

14 " 4
] ..l i
12 " .

10 u _

Real-Time OSL (arb. units)

T T T T T T T T T
0 200 400 600 800 1000
Time (s)

Fig. 9. Simulated detected luminescence (a), RL (b) and OSL (c) using the
scheme shown in Fig. 8 and the model of Fig. 4 (from Polf et al., 2004).
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Fig. 11. Simplified crystal structure of Al;O3.

3.2. Historical overview of Al,O3 in radiation dosimetry

Point defects in the form of oxygen and aluminum vacancies
(F- and V-type centers, respectively) and different impurities
have been exploited in the various forms of «-Al,O3, which was
introduced as a TLD dosimeter since the early 1950s. Ti-doped
Al O3 single crystals were first suggested as a TLD material by
Rieke and Daniels (1957) and further investigated by Buckman
(1972) and McDougall and Rudin (1970). Ceramic Al,O3 pel-
lets doped with Si and Ti and processed in an oxygen—acetylene
flame was reported by Mehta and Sengupta (1976). Osvay and
Biro (1980) made an extensive study of ceramic TLD pellets
made of Al,03:Mg,Y, Cr-impurity was tried by Lapraz et al.
(1988) and a combination of two impurities Cr and Ni in Al,O3
was investigated by Pokorny and Ibarra (1994).

However, aluminum oxide was not sensitive enough as a lu-
minescent material until the introduction of anion-deficient and

carbon-doped aluminum oxide (Al,03:C). Al,O3:C was devel-
oped first as an ultra-sensitive TLD in the late 1980s (Akselrod
et al., 1990) and is now considered as a sensitive and practical
OSL material (McKeever et al., 1996; Akselrod and McKeever,
1999). It has a linearity of light output as a function of radiation
dose of 7 orders of magnitude, no fading of the information
due to the deep nature of the traps and extremely good environ-
mental stability. The long luminescence lifetime (35 ms) of the
F-centers in this material was successfully exploited in time-
discrimination technique of POSL (Akselrod and McKeever,
1999).

3.3. Crystal growth, defect formation and luminescence
centers in Al,03:C

AlpO3:C crystals are grown using the Stepanov technique
in a highly reducing atmosphere at a low partial pressure of
oxygen. Under such conditions stable oxygen vacancies are
created by the process of “subtractive coloration”. Occupancy
of an oxygen vacancy by two electrons gives rise to a neutral
F-center, whereas occupancy by one electron forms a positively
charged, with respect to the lattice, F*-center. These centers
can be identified by strong absorption bands at 205 nm assigned
to F-centers (Lee and Crawford, 1977) and two overlapping
absorption bands at 230 and 255 nm assigned to transitions in
FT-centers (Evans and Stapelbroek, 1978). Oxygen vacancy
defects can also be produced in Al,O3 crystals by neutron and
high-energy electron irradiation and also by thermochemical
reduction (additive or subtractive coloration). F- and F*-centers
are known to play a key role in the high luminescent output
(TL and OSL) of Al,Os3.

F-centers produce luminescence at 420 nm with long (35 ms)
lifetime, whereas F™-center emission is centered at 330 nm and
has extremely short lifetime (< 7 ns). It was found that an in-
crease in the concentration of Ft-centers in Al,O3:C causes
significant increase in OSL and TL sensitivity. It was suggested
that oxygen vacancies in the form of FT-centers are created
in Al,O3 doped with carbon during crystal growth in highly
reducing atmosphere as a result of charge compensation of
divalent carbon ion substituting trivalent Al>T-ion (Akselrod
et al., 1990). One of the possible configurations of this defect
is depicted in Fig. 12. It is important to mention the effect of
thermal quenching of F- and F-center luminescence that re-
duces the yield of TL in Al;O3 at a high heating rate. Evans
and Stapelbroek (1978) showed this effect for F-centers and
Akselrod et al., 1998b for F-centers. The OSL process is not
affected by thermal quenching, however, resulting in a signif-
icant gain in light output in comparison with TL (McKeever
and Moscovitch, 2003).

3.4. Dosimetric properties of Al;03:C for OSL applications

The reason for the success of Al,O3:C as a practical OSL
radiation detector material is in the unique combination of
several important parameters, but there is no doubt that other
materials may be synthesized in the future with even better
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Fig. 13. Optical absorption spectra of AlyO3:C crystal indicating absorp-
tion bands of F- and FT-centers and their transformation after irradiation,
bleaching with light, and thermal annealing.

dosimetric performance. The main fundamental advantage of
Al;0O3:C as a radiation detector is that it has a wide (9.5eV)
energy band-gap, allowing one to engineer deep and thermally
stable traps and color centers. Optical absorption bands at 205,
230 and 255nm (Fig. 13) assigned to F- and F*-centers show
high concentrations of oxygen vacancies in Al,03:C crystals.
Phototransformation of F- and F¥-centers during irradiation,
bleaching and annealing to different temperatures allows one to
determine the type of charge carriers participating in TL, OSL
and phototransfer process (Yukihara et al., 2003).

The dosimetric TL peak in AlO3:C measured at a heating
rate of 5K/s is located at about 450K (Fig. 14). Thermal ac-
tivation energy obtained from TL peak analysis is estimated
around 1.5eV. The electron trap associated with this TL peak
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Fig. 14. TL curves of Al,O3:C crystals of three different quality (TL, DOSL
and POSL) obtained after gamma irradiation with a 137Cs source at liquid
nitrogen temperature.
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Fig. 15. Contour plot of TL emission from AlyO3:C crystal at low 0.1 K/s
heating rate.

is very stable at temperatures close to room temperature with
a measured fading rate of less than 5% per year. At the same
time the optical depth of this trap is not very large and is equal
to 2.75eV (450 nm). This determines the range of wavelengths
suitable for optical stimulation (Colyott et al., 1996). Although
the most efficient wavelength for OSL stimulation of Al,O3:C
is in the blue (Whitley and McKeever, 2000), a need to dis-
criminate the stimulation light from the broad F-center emis-
sion centered at 420 nm (Fig. 15) determines the use of green
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Fig. 16. Dose dependence of OSL signal from an Al,O3:C fiber.

stimulation with sources of light like the 532 nm second har-
monic of a Nd:YAG laser, the 514 nm line of an Ar-ion laser
or InGaN LEDs with a peak wavelength at 520 nm. In practi-
cal OSL readers single photons of luminescence are detected
in the presence of up to 10?? photons of stimulation light and
good optical separation and filtration is required.

A high sensitivity to radiation (determined as a number of
emitted luminescence photons per unit of absorbed dose), a
wide range of linearity of dose dependence (Fig. 16), a low
background signal under optical stimulation, and an acceptable
photoionization cross-section of traps at the chosen wavelength
are among the important dosimetric parameters of Al,O3:C.
Al»03:Cis an erasable OSL material and can be reused multiple
times after optical bleaching or thermal annealing. Bleaching
kinetics are not first-order, and the OSL decay is not described
by a single-exponential. This is probably a result of relatively
wide distribution of optical activation energies (Whitley and
McKeever, 2000). Filling of deep traps during high dose irra-
diation can create some difficulties when performing complete
optical bleaching and may require high-temperature annealing
to completely zero the detector and so reduce the background
OSL signal from the deep traps.

It has been shown that the same traps in Al,O3:C are respon-
sible for both OSL and TL production. The single TL peak at
about 450K is produced after gamma-irradiation and UV ex-
citation (although the TL peak shape after UV irradiation is
not the same as that after irradiation with gamma). Two shal-
low traps, responsible for TL peaks at 260 and 310K, have
also been reported. The existence of both shallow and deep
traps in Al,O3:C affects the performance of the material as an
OSL detector. For example, shallow traps in different types of
Al,O3:C developed for TL, OSL and “delayed” OSL (DOSL)
applications were investigated using the TL technique after ir-
radiation at liquid nitrogen temperatures (Fig. 14). Retrapping
of delocalized charges in the shallow traps reduces the prob-
ability of radiative recombination and slows the OSL decay.
Shallow traps also introduce a temperature dependence to the
OSL measurements such that different OSL decay curve shapes

are obtained if stimulated at different temperatures (Akselrod
et al., 1998a).

The existence of several efficient deep traps with delo-
calization temperatures at approximately 680, 770, 920 and
1170 K were identified using methods of PTTL (Akselrod and
Gorelova, 1993), high-temperature TL (Molnar et al., 2002)
and photoconductivity (Whitley and McKeever, 2000). One of
the ways to determine the thermal energy (“depth”) of the deep
traps is to measure TL after high-temperature irradiation, as
depicted in Fig. 17 (see Molnar et al., 2002). Deep traps affect
the OSL process in different ways. Firstly, they compete for
charge carriers during irradiation. This in turn causes changes
in the OSL sensitivity as the deep traps are filled during the ir-
radiation period. Whether the sensitivity increases or decreases
as the deep traps fill depends upon whether the deep traps are
holes traps, or electron traps, both of which are known to exist
in this material. Yukihara et al. (2004a) demonstrated that in
some samples the hole traps dominate and thus the sensitivity
is smaller after deep trap filling compared with when all traps
are empty. Conversely, in samples in which the deep electron
traps dominate over the deep hole traps, the sensitivity in-
creases with deep trap filling. Secondly (as already noted), the
deep traps (specifically the electron traps) are responsible for a
residual OSL signal that is difficult to eliminate using optical
bleaching when using stimulation wavelengths normally used
in OSL measurement.

Another important feature of OSL using Al,O3:C is its ability
to be reliably re-read. Thus, the dose may be independently
measured multiple times from the same detector. This arises
from the high sensitivity of the method such that each OSL
measurement only empties a fraction of the trapped charge
available. The accumulated amount of charge on the dosimetry
traps is so large that it is possible to precisely read the dose
using only 2-3% of the total OSL signal. Depletion kinetics
remain constant for the low dose range (up to 5 Gy) and allow
one to perform precise dose re-estimation, after correction for
partial trap depletion (Akselrod and McKeever, 1999).

3.5. A, O3:C fibers for remote OSL dosimetry

Modern crystal growth techniques allows one to obtain o-
Al»O3:C single crystal fibers that may be suitable for in vivo
and/or in vitro medical applications in radiation dosimetry.
As in the case of regular Al,O3:C material crystal growth of
Al,O3:C fibers is performed using the Stepanov process in
a highly reducing atmosphere and a low partial pressure of
oxygen (~ 1072% atm). Single crystal fibers of several diam-
eters 300, 500, 1000 and 2000 pum have been obtained. The
grown fibers may be cut into pieces of different lengths. Typi-
cal lengths are: 0.2, 0.5, 1, 3, 6 and 9 mm. The cut fibers may
be polished on both ends to obtain optical quality surfaces for
investigation and further coupling with silica fiberoptic cables.

For a high spatial resolution, fiber probes with diameters and
lengths less than 500 um are needed. In the Stepanov crystal
growth process the shaping unit determines the diameter and
the cross-sectional shape of the single crystal fiber pulled from
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Fig. 18. Schematic diagram of two shaping units designed for pulling single
crystal AlpO3:C fibers.

the melt. Two shaping unit designs are shown in Fig. 18. The
surface tension of the aluminum oxide melt and the wetting
properties of molybdenum were used to form a crystal with
a diameter less than the diameter of the shaping unit, which
is made of thin-walled molybdenum tubing. Thus, fibers with
diameters less than 300 um may be obtained. The design de-
picted in Fig. 18(b) produces fibers of smaller diameter, whereas

Fig. 19. Al,O3:C fibers for in vivo and in vitro OSL dosimetry.

shaping unit design depicted in Fig. 18(a) gives a smoother
fiber surface and allows for better diameter control. Figs. 19-23
show Al,O3:C fibers at a different stages of production: after
cutting and polishing, coupled to a silica fiberoptic guide and
assembled into a fiberoptic probe with a standard FC connector.
Other construction and coupling arrangements are possible.
Al O3 fiber sensors for remote, real-time dosimetry applica-
tions should exhibit several important characteristics. In addi-
tion to the usual requirements of high sensitivity and linearity
of dose response they should demonstrate low concentrations
of shallow and deep traps. These last two requirements are
especially important. As we have discussed, the existence of
shallow traps slows down the readout process during periodic
stimulation (see Fig. 24). A high concentration of deep traps
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Fig. 20. Al,0O3:C fiber attached with radiation hard optical epoxy to a silica
fiberoptic guide.

Fig. 21. The assembled fiberoptic probe with AloO3:C sensor.
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Fig. 22. The design of fiberoptic probe with Al,O3:C sensor.

makes it difficult to completely bleach the sensor after high dose
irradiation and gives rise to a changing sensitivity during the
readout and irradiation process. Charge accumulated on deep
traps is difficult to bleach using conventional green 532 nm light
stimulation and slow release of these charge carriers produces
an unwanted residual background OSL signal and changing

Fig. 23. The assembled fiberoptic probe with Al,O3:C sensor.
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Fig. 24. OSL signal from “fast” and “slow” Al,O3:C fibers with periodic
laser stimulation: (1 and 2) after and (3) during irradiation. One cycle of
operation consists of three periods: POSL (t1), DOSL (t2) and RL (t3).

sensitivity. Even without shallow and deep traps, however, the
ultimate lower limit of the speed of OSL readout is dictated by
the photoionization cross-section of the dosimetric traps and,
finally, by the intrinsic luminescence lifetime (35 ms) of the
main luminescence centers (F-centers).

4. OSL and RL remote optical fiber dosimetry in medical
applications

4.1. Real-time in vivo monitoring of doses during radiotherapy

Therapeutic radiation oncology treatments, including tele-
therapy and brachytherapy as well as related procedures such
as the treatment of restinosis, require the delivery of highly
localized doses of radiation to patient target organs. The effi-
cacy of the radiation treatment, however, requires knowledge
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of the absorbed dose at the organ of interest to better than
£5%, with a higher risk of local recurrence or a higher risk of
complications resulting from incorrect exposure. Furthermore,
since it is inevitable that healthy organs and tissue will also
be exposed during treatment, overexposure carries with it a
concomitant risk of secondary cancers. It is necessary that all
possible measures be taken to reduce the toxicity effects of un-
desired exposure to as low as possible. This requires both the
accurate calibration of radiotherapy sources and the accurate
assessment of dose at critical locations on or within the body.
Thus, determination of the spatial distribution of dose to tis-
sue from the source is an essential aspect of effective health
care and treatment. Similar considerations also apply to re-
lated radiodiagnostic procedures, such as X-ray fluoroscopy and
mammography.

As a result of international regulations (ICRP, 2000) there
is a growing demand to improve methods for in vivo mea-
surements of the absorbed doses to patients. So far, patient
monitoring has been performed using one of several available
detector systems; radiochromic dye films, plastic scintillators,
TL dosimeters, diode detectors, or MOSFET detectors. How-
ever, each of these systems has significant disadvantages for
general-purpose external dosimetry. Apart from the scintilla-
tors, the readout system is not coupled directly to the detectors,
and this in turn requires a separate post-irradiation evaluation
of the dosimeters. The result is that no real-time dose or dose
rate information is provided.

Ideally, a real-time in vivo dosimeter is needed to measure
absorbed doses during exposure, mainly to provide feedback of
important information to the physician during treatment. OSL
is an obvious method for real-time in vivo measurements of
absorbed doses because the stimulation of a dosimeter can be
made simultaneously with the detection of luminescence via
light fibers using remotely placed light sources. Since the stim-
ulation wavelength is different from that of the emitted lumines-
cence, CW-OSL measurements can be carried out using only a
single optical fiber in connection with a suitable detection filter
placed in front of a photomultiplier tube cathode. Furthermore,
in addition to absorbed dose information as provided by OSL,
the prompt RL signal generated by the therapy radiation source
directly reflects the dose rate at any time during the treatment.
Thus, in addition to a small-size sensor, the main advantages
of an optical fiber dosimeter over the currently available radi-
ation detectors used in clinical applications are the capabilities
of measuring both real-time dose rate and absorbed dose. When
the sensor size is similar to the field size, the sensor will pro-
vide information on the average dose distribution, rather than
the dose at the center of the radiation field.

4.2. The measurement of RL

RL (the term scintillation is also widely used) is the prompt
luminescence emitted from insulators during exposure to ion-
ising radiation and is used for investigating radiation-induced
defects and luminescence emission mechanisms in wide band-
gap materials (e.g. Alonso et al., 1983; Hohenau, 1985).

The phenomenon arises due to ionization of the lattice under
excitation from X- or gamma sources or high-energy parti-
cles, and subsequent prompt recombination of electrons and
holes, either directly across the band-gap, via excitons or via
charge trapped at defect sites. TL and OSL dosimetry using
wide band-gap insulators is based on the trapping of charges
at deep lying defect centers during irradiation; these charges
accumulate with increasing irradiation dose and are ideally
time-stable. Thus, the TL/OSL defects will act competitively
with free electrons and holes generated during irradiation,
which would otherwise recombine to produce RL. As a result
the intensity of RL may depend on the accumulated dose, and
can change as competition with the TL/OSL traps changes
(see Section 2, and especially Figs. 9 and 10).

Some complications of using RL as the measured signal need
to be mentioned. Firstly, RL also originates in the fiber cable
connected to the dosimeter. Often, the RL efficiency of the
fiber material is considerably less than that of the dosimeter
material such that for equal amounts of dosimeter and fiber the
RL signal from the dosimeter dominates. However, the fiber is
generally several meters long and there is the possibility that a
considerable portion of this fiber will be exposed to the radiation
field. Thus, the RL signal from the fiber is not to be ignored.
A second effect relates to the Cerenkov signal that emerges
from the dosimeter and the fiber when exposed to high-energy
radiation. Because of the length of the fiber compared to the size
of the dosimeter, the Cerenkov signal from the fiber dominates.
This signal has a different physical origin from RL but cannot
be distinguished from it in many cases. The net result is that
a significant signal emerges from the fiber, as an unwanted
background to the RL signal from the dosimeter. This effect
is known as the “stem effect”. In irradiation procedures such
as intensity modulated radiation therapy (IMRT) in which the
length of fiber exposed to the field, and the angle with respect to
the radiation beam direction, both change with each exposure
fragment, then the extent of the “stem effect” will also vary.
An additional disadvantage of the “stem effect” is that it carries
with it no spatial information in that it originates in the whole
length of exposed fiber and not from the small dosimeter. Thus,
if it is not separated from the dosimeter RL signal all spatial
information is lost, and spatial resolution is compromised. To
separate out the “stem effect” an identical fiber, but without
a dosimeter attached, can be placed alongside the fiber with
the dosimeter and, by assuming that the “stem effect” is the
same in both fibers, the dosimeter RL signal can be obtained
by subtraction (Fluehs et al., 1996).

4.3. Optical fiber dosimeters

Roy et al. (1997) designed a remote OSL dosimeter system
based on rare earth doped alkaline earth sulphides (e.g. MgS)
as the dosimeter material coupled to the end of an optical fiber
and stimulated with an infra-red laser diode. This dosimeter
system yielded a dose response from 40 pGy to 10 Gy. Justus
et al. (1999a,b) developed Cut-doped quartz rods, which they
used as remote fiber OSL dosimeters under stimulation with
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790 nm light from a GaAs laser. The OSL characteristics of
Cu™-doped quartz is significantly different from that of natu-
ral quartz which makes it possible to use low-energy light for
stimulation. Huston et al. (2001) constructed fiber dosimeters
by drawing a 20 mm diameter by 1 m long Cu™-doped glass rod
into a 1km length of 400 um diameter. This fiber was used to
construct a four-channel fiberoptic dosimeter system for mon-
itoring the dose delivered to patients undergoing cancer ra-
diotherapy. The radiation-sensitive portion of the optical fiber
dosimeter consists of a 1 mm long, 0.4 mm diameter piece of
Cu-doped glass that is fusion spliced to one end of a 1 m long,
0.4 mm diameter optical fiber. A black Teflon jacket surrounds
most of the fiber assembly to prevent external light from en-
tering the fiber. The end of the fiber is coated with aluminum
to reflect both the stimulation and the signal light to improve
the efficiency of the dosimeter. The system, which is shown in
Fig. 25, has been tested successfully over a range of 10 mGy
to 10 Gy.

Ranchoux et al. (2002) reported a fiber-based remote OSL
system based on Al,O3:C single crystals, Cu™-doped silicate
fibers and alkaline-earth sulfide (MgS). A titanium—sapphire
tuneable laser was used to stimulate the Cu™-doped silicate
fiber (860 nm) and MgS (980 nm), whereas the Al,O3:C was
stimulated using 514.5 nm light from an argon laser. Polf et al.
(2002) examined Al,O3:C optical fibers for their potential use
as real-time luminescence dosimeters for use in radiotherapy.
The OSL and RL responses of the Al,O3:C fiber probes were
measured and it was found that the RL and OSL signals in-
creased linearly with dose rate and the absorbed dose, respec-
tively, within the dose range actual in radiotherapy (0.5-85 Gy).
Polf et al. (2002) designed a dual-fiber system using the green
light from a 40 mW Nd: YAG laser to stimulate the OSL signal.
RL was experimentally generated using a 100mCi 2°Sr/”°Y
source. The OSL response as a function of dose was linear in
the dose range 50 mGy to 10 Gy and the OSL signal increased
for doses up to 100 Gy. Fig. 26 shows a schematic diagram of
the dual-fiber system. Fig. 27 shows the OSL response as a
function of absorbed dose. Fig. 27a compares the real-time OSL
(RT/OSL) signal with the standard OSL signal from the same
fiber. The latter has been obtained by irradiating to the doses
indicated and reading the corresponding OSL. Fig. 27b shows

Radiation source

filter pack .
PMT /
e

>

computer ALO,: C fiber

Fig. 26. Schematic of a dual-fiber real-time test arrangement using an Al,O3:C
fiber dosimeter (from Polf et al., 2002).
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Fig. 27. OSL as a function of dose measured using the dual-fiber dosimeter.
See text for explanation (from Polf et al., 2002).

the same data but with the real-time signal corrected for deple-
tion during the real-time measurement. The under-correction at
higher doses is due to a dose-dependent increase in the OSL
depletion rate over this range.
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Fig. 29. RL versus beta dose rate (a) and OSL versus gamma dose (b) for the single optical fiber system (from Andersen et al., 2002).

Aznar et al. (2002) and Andersen et al. (2002) used a single-
fiber system combined with a 20 mW Nd:YAG (532 nm) laser
as a remote optical fiber dosimetry system for radiotherapy (see
Fig. 28). To produce OSL, the laser beam is focused through a
wavelength-discriminating beam-splitter positioned at 45° rela-
tive to the incident beam, and via the light fiber into the dosime-
ter. The OSL is transmitted from the dosimeter in the same fiber
and reflected through 90° onto the photocathode of a minia-
ture PM tube. A narrow UV band transmission filter (e.g. Hoya
U-340) mounted in front of the photocathode rejects the scat-
tered green light from the laser. Figs. 29a and b show the RL
response versus '3/ Cs gamma dose rate and the OSL response
versus 2°Sr/20Y beta dose, respectively, obtained with the one-
fiber system. Fig. 30 shows that a reproducibility of less than
0.5% could be obtained when exposing the Al,O3:C fiber to
clinical beams of 6 and 18 MV photons, and 20MV electrons.
Also Gaza et al. (2004) recently described single-fiber RL/OSL
Al>O3:C dosimeter systems for recording real-time dose rates
and absorbed doses in radiotherapy. Single-crystals of Al,O3:C,
with typical diameters of the order of 500 um, as described
above, were used.

A typical single-fiber RL/OSL reader is shown in Fig. 31.
Green light (532nm) from a Nd:YAG laser is fed into the

optical fiber and stimulates OSL from the dosimeter connected
at the distal end. The blue luminescence signal (~ 420nm)
from the sample is collected through the same optical fiber, re-
flected through 90° by a dichroic beam splitter and fed to the
light detector (PMT). A filter pack placed in front of the PMT
separates the blue OSL signal from the green background of
scattered laser light. A TTL signal modulating the stimulation
light output can be applied either directly to the laser or via
an opto-mechanical shutter. All components described above
are packed in light-tight boxes, and full automatic operation
of the reader is achieved by controlling them externally by a
PC computer equipped with a DAQ-card and running a ded-
icated software. Continuous-wave (CW) lasers used typically
have optical output powers ranging from 20 to 100 mW. Sim-
ilar systems have been demonstrated utilizing 50 mW pulsed
lasers. The width of the laser pulses was approximately 20 ns,
at a repetition frequency of 4 kHz (Gaza et al., 2004).

4.4. Measurement procedures and data processing algorithms

Two fundamental approaches for measuring the lumines-
cence signals and corresponding algorithms for dose and dose
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Fig. 31. Diagram of an RL/OSL single-fiber reader (from Gaza et al., 2004).

rate calculations from the raw data can be described (Gaza
et al., 2004).

4.4.1. RL and post-irradiation OSL

The first part of this measurement procedure (Fig. 32) serves
to measure the RL signal emitted during treatment irradiation
from an initially bleached sample, in the absence of laser light
stimulation. The dose rate is obtained in real time from the
measured RL intensity using a mathematical algorithm at rates
of 10-100 readings/s. In agreement with reports from other
sources (Erfurt et al., 2000), the RL sensitivity of the dosimeter
is found to increase with the absorbed dose according to a
functional relation independent of other irradiation parameters
(i.e. dose rate). With the known initial sensitivity of the bleached
sample, and with the pre-calibrated dose dependence of the
sensitivity, the estimation of the accumulated absorbed dose and

OSL
RL

] Stimulation

Irradiation

time

Fig. 32. The RL and post-irradiation OSL measurement procedure (from Gaza
et al., 2004).

dose rate is performed in parallel with an iterative sensitivity
correction.

During the second part of the measurement, after the irra-
diation has ended, the stimulation laser is turned on and the
optically stimulated signal, with the usual decaying shape, is
recorded. The OSL for a given amount of stimulation is propor-
tional to the dose absorbed in the dosimeter during irradiation.
The post-irradiation measurement will not be affected by the
so-called “stem effect” (noted above).

As outlined in Fig. 32, the RL-signals from Al,O3:C optical
dosimeter probes increase with time even though the dose rate
is constant. For example, a beam of 6 MV photons gives an RL-
signal that increases about 1.3% per second for a dose rate of
3.2 Gy/min. One potential solution to this “slope problem” has
been addressed by Gaza et al. (2004). A simple computational
algorithm was used to correct the raw RL-signal for sensitivity
changes during the irradiation such that an accurate real-time
estimate of the dose rate can be made. An important feature
of such an approach is that it leaves the OSL-signal unaffected
for subsequent estimation of the accumulated dose.

The tested algorithm is based on the assumption that the RL-
sensitivity (i.e. the RL-signal per dose-rate unit) is a function
only of the dose received by the probe since it was last bleached.
Furthermore, it assumes that sensitivity changes can be fully
characterized in a single calibration experiment. Measurements
are conducted at a relatively fast rate (e.g. with 10 or 100
readings/s) and so the accumulated dose during the first reading
is small, such that the RL-sensitivity can be safely set to the
value read from the calibration curve at zero dose. This value
and the raw RL-signal are used to compute the dose during
that reading and this is added to the total dose. The initial
sensitivity estimate from this may be revised (i.e. an iterative
solution may be applied to get consistency between dose and
sensitivity changes). During subsequent readings it is possible
to keep track of the total dose and correct the RL-sensitivity
accordingly.

Benchmark tests have been carried out using an X-ray irra-
diation facility (Andersen et al., 2002). The advantage of using
an X-ray system is that the dose-rate is proportional with tube
current such that well-controlled irradiations can be produced,
for example using linearly increasing or decreasing (ramped)
dose rates. Fig. 33 shows that the estimated real-time dose rate
in one benchmark test is in good agreement with the reference
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Fig. 34. The periodic OSL stimulation procedure (from Gaza et al., 2004).

values (i.e. the controlled tube current). Another benchmark test
based on a set of fixed values of the tube currents (first 10s at
0.05mA, then 10s at 0.1 mA, etc.) gave similar results. The two
tests were made using the same calibration curve and bleach-
ing the probe between the tests. This investigation demonstrates
that the genuine RL signal indeed may be used for real-time
estimation of the dose rate. Since experiments have shown that
the initial RL signal (i.e. the RL response at zero dose) is re-
producible and relatively independent of beam quality (Aznar
et al., 2004), it is suggested that the RL-sensitivity is a function
only of the accumulated dose (and not, for example, dose rate
or beam quality).

4.4.2. Periodic OSL stimulation

Periodic laser stimulation during the entire duration of ir-
radiation is used as a temporal method of discriminating the
OSL signal modulated by the optical stimulation from the back-
ground luminescence emitted by the sample and the optical
fiber. As already described in Section 2, the luminescence sig-
nal from the sample measured in the absence of laser stim-
ulation consists of the RL from the Al,O3:C dosimeter, and
the “stem effect” from the light guide. When laser stimulation
is applied, a supplemental OSL signal from the dosimeter is
added to any RL and “stem effect” background (Fig. 34). The

OSL signal can be isolated from the background luminescence
using the procedures already outlined in Section 2.

The OSL signal is proportional to the concentration of filled
traps at the time the stimulation is applied. In the ‘periodic stim-
ulation’ mode, the filled trap populations are affected by two
processes with opposite effects: irradiation and optical stimu-
lation. While the trap population increases due to irradiation
at a rate proportional to the absorbed dose rate, a fraction Fp
of the traps will be depleted each time the laser stimulation is
applied. Thus, in order to recover the proportionality between
OSL and the absorbed dose, the OSL signal recorded during
the nth stimulation period has to be corrected for the depletion
that occurred during the (n — 1) previous stimulations. The nth
corrected OSL signal OSL/(n) can then be calculated accord-
ing to the formula

n—1
OSL'(n) = OSL(n) + Y~ OSL(i) - Fp (i), (22)
i=1

where OSL(n) is the intensity of the nth measured OSL, and
the second term in the sum accounts for the total previous de-
pletion. The depletion factor Fp varies during an experiment.
The OSL signal consists of multiple components that originate
from several traps, with different characteristic decay times.
The overall shape of the decay, and therefore the value of the
depletion factor Fp, is dictated by the relative magnitudes of
the components in the total OSL signal. In turn, the compo-
nents’ intensities depend, among other factors, on the dose rate
and on the history of the sample. During a periodic stimulation
measurement, information regarding both the intensity and the
shape of each OSL curve is recorded. Fp is estimated from
the shape of the OSL curve, and is then used in Eq. (22) to
calculate the corrected value OSL'(n). An important advan-
tage of the periodic stimulation procedure is the lack of sat-
uration effects in the detector. Rather, a dynamic equilibrium
between the processes of trap filling during irradiation, and
depletion during stimulation will occur for a sufficiently long
irradiation at a fixed dose rate, and thus the detector will not
saturate.

The measurement procedure and algorithm using the peri-
odic stimulation procedure have been tested for repeatability
and linearity of the dose response using an X-ray source. They
were also used for testing the reproducibility of speed of reac-
tion to a sudden transition in dose rate using a *°Sr source for
which absorbing filters placed in front of the source could be
moved quickly, thereby causing the dose rate to change sud-
denly Gaza et al. (2004). Fig. 35 presents the linearity of the
dose rate (calculated using the above OSL correction algorithm)
with the X-ray tube current. The reproducibility of the measure-
ments at all currents, except the smallest one, is better than 2%.
Fig. 36 depicts data obtained during the *°Sr irradiation. Data
points were taken with a resolution of about 2 s. For each point,
laser stimulation was applied for 500 ps. The irradiation dose
rate was abruptly switched between two values in the range of
interest for radiotherapy, 55.4 and 177 mGy/s. In spite of the
slow changes in the shape of the real-time OSL, the corrected
OSL using Eq. (22) follows the behavior of the dose rate.
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4.5. Clinical applications

A variety of RL/OSL optical fiber probes has been tested
using photon and soft X-ray beams at the radiotherapy facilities
at Malmo University Hospital (Sweden) and photon beams at
the radiotherapy facilities at the National University Hospital
(Copenhagen, Denmark) (Aznar et al., 2004). When used in
RL and post-irradiation OSL mode the probes generally show a
linear response for both dose and dose rate over several orders
of magnitude, and the reproducibility when exposed to 50kV
X-rays has been found to be 0.2% (1 SD) (Andersen et al.,
2002).

4.5.1. Depth and lateral dose distributions

It is important from a clinical point-of-view to evaluate the
ability of a new dosimeter to resolve depth-dose distributions
and lateral profiles. RL/OSL data have been compared with
those obtained using commercially available p-doped Si-diode
detectors (Aznar et al., 2004). Fig. 37 shows depth-dose dis-
tributions in water obtained with 6 and 18 MV beams, respec-
tively, using a 10 x 10 cm? field from a Varian Clinac 2300EX
set at 300 MU/min, corresponding to 3 Gy/min at the depth-
dose maximum. All data have been normalized to the depth-
dose maximum.

In Fig. 38, it can be observed that the largest discrepancy
between diode and RL/OSL data occurs at shallow depths. This

a

Residuals
o N BN
| | |
@)

T

100 =

S
QG
/
I

Percent depth dose
(0]
o
!

3
.
©
T

/

T T
0 50 100 150

| | | |
2 6 . -
©
33] O ;
4 .
14 O_____%__('W Q _Q___
| | | |
100 d@\o =
[}
n
S 90 / L
£ @)
Q
g 80 ©, =
=
S 70 \ B
& O
60 T T T T "
0 50 100 150

Depth [cm]

Fig. 37. Depth-dose distributions normalized to the maximum absorbed dose.
OSL and RL results are plotted versus diode data (solid lines) for 6 MV
(a) and 18 MV photons (b). Residual graphs show the difference between
luminescence data and diode data. Hollow symbols: OSL, solid symbols: RL
(from Aznar et al., 2004).

is explained partly by the positioning uncertainty in a high-dose
gradient as well as by the well-known under-response of diodes
at shallow depth (Heydarian et al., 1996). Beyond the build-
up region, the agreement between diode and RL/OSL data is
better than 1% (1SD).

These results show that the spatial resolution of the RL/OSL
detector system makes it suitable for measurements of depth
and lateral dose distributions in clinical photon beams.

4.5.2. In vivo measurements in radiotherapy: IMRT head and
neck

The RL/OSL dosimetry system has been used to determine
the dose delivered to patients during the first fraction of an
IMRT head and neck treatment (Aznar et al., 2004). A catheter
containing two small (¢ 0.48 mm x 2mm) RL/OSL optical
fibers was inserted through the patient’s nose, and positioned
down the esophagus (see Fig. 38). Lead markers were posi-
tioned at the distal end of the catheter to aid the localization
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Fig. 38. Optical fiber Al,O3:C dosimeter used with a head and neck cancer
patient in radiotherapy (from Aznar et al., 2004).

of the detector crystals. The plan was to deliver an absorbed
dose of 2.00Gy to the target volume, using a 6 MV beam of
a Varian Clinac 2300EX equipped with a dynamic MLC. Cal-
ibration of the RL/OSL system was performed directly before
and after the treatment by delivering four different absorbed
doses to the two detectors using fixed fields and a solid water
phantom. In a typical case, the absorbed dose for the patient
treatment was determined to be 1.76 £ 0.05 Gy, where the in-
dicated uncertainty is estimated from the calibration measure-
ments and positioning relative to the point of dose evaluation in
the treatment planning system (TPS). In comparison the dose
delivered to the position of the detectors according to the TPS
was calculated to be 1.85 Gy. The observed difference between
measured dose in vivo and TPS is then 0.09 £ 0.05 Gy.

4.5.3. In vivo measurements in mammography

The small size OSL dosimeter probes have also been used in
RL mode for real-time determinations of dose rates and doses
to women’s breasts during mammography examinations. Due
to their small size and characteristic shape, these probes can be
placed on the body surface or in the field of view during the

exam, without compromising the reading of the resulting mam-
mogram. The time resolution of such a system can be set as
high as 10 ms, which means that the RL feature of the dosime-
ter can be used to visualize variations of the dose rate deliv-
ered by a mammography unit within one single exposure. The
sensitivity of the probe is high, and doses below 100 pGy can
be measured. This indicates a potential use for the measure-
ment of both entrance and exit doses (e.g. by using two probes
simultaneously). The typical reproducibility of measurements
in mammography is within 3% (1 SD) for both RL and OSL
data for X-ray energies ranging from 23 to 35kV.

5. Summary and conclusions

OSL technique already became a successful tool in per-
sonal radiation dosimetry, geological and archeological dat-
ing, and in radiation diagnostic imaging. Significant advances
were made recently in the theoretical study of OSL that ex-
plain the behavior of radiation sensitive materials with several
types of dosimetry traps, recombination centers and competing
deep traps. Progress in material, detector and instrumentation
engineering allowed for new promising developments of OSL
application in the medical field.

The results described in this paper show that the new RL/OSL
dosimetry system has high potential to be used for in vivo
dosimetry in both radiation therapy and diagnostic mammog-
raphy. The reproducibility is suitable for in vivo applications
and the RL/OSL probes have good features for photon radia-
tion therapy in terms of sensitivity, dose rate dependence and
energy dependence.

RL/OSL measurements have a potential interest in situations
where entrance dose measurements are not desirable, such as
intra-cavity treatments (e.g. prostate or gynecological sites). In
these situations, RL/OSL would have practical advantages: the
optical fiber system enables an on-line read-out, low doses (e.g.
to radiosensitive organs) can be detected, and small probes can
be used to minimize the interference with the patient treat-
ment. At present, due to the high sensitivity of Al,03:C to
ionizing radiation, the crystal can be made very small without
compromising the accuracy of the absorbed dose determina-
tions: present technology can provide Al,O3:C with diameters
as small as 300 pm, which should still have suitable sensitivity
for radiotherapy applications. The energy dependence of the
detector was found to be 0.6% (1 SD) for the relevant energy
range in radiotherapy.
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