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Optically stimulated luminescent dosimeters, OSLDs, are plastic disks infused with aluminum
oxide doped with carbon (Al,05:C). These disks are encased in a light-tight plastic holder. Crystals
of Al,O5:C when exposed to ionizing radiation store energy that is released as luminescence (420
nm) when the OSLD is illuminated with stimulation light (540 nm). The intensity of the lumines-
cence depends on the dose absorbed by the OSLD and the intensity of the stimulation light. OSLDs
used in this work were InLight/OSL Dot dosimeters, which were read with a MicroStar reader
(Landauer, Inc., Glenwood, IL). The following are dosimetric properties of the OSLD that were
determined: After a single irradiation, repeated readings cause the signal to decrease by 0.05% per
reading; the signal could be discharged by greater than 98% by illuminating them for more than 45
s with a 150 W tungsten-halogen light; after irradiation there was a transient signal that decayed
with a 0.8 min halftime; after the transient signal decay the signal was stable for days; repeated
irradiations and readings of an individual OSLD gave a signal with a coefficient of variation of
0.6%; the dose sensitivity of OSLDs from a batch of detectors has a coefficient of variation of
0.9%, response was linear with absorbed dose over a test range of 1-300 cGy; above 300 cGy a
small supra-linear behavior occurs; there was no dose-per-pulse dependence over a 388-fold range;
there was no dependence on radiation energy or mode for 6 and 15 MV x rays and 6-20 MeV
electrons; for Ir-192 gamma rays OSLD had 6% higher sensitivity; the dose sensitivity was un-
changed up to an accumulated dose of 20 Gy and thereafter decreased by 4% per 10 Gy of
additional accumulated dose; dose sensitivity was not dependent on the angle of incidence of
radiation; the OSLD in its light-tight case has an intrinsic buildup of 0.04 g/cm?; dose sensitivity
of the OSLD was not dependent on temperature at the time of irradiation in the range of 10—40 °C.
The clinical use of OSLDs for in vivo dosimetric measurements is shown to be feasible. © 2007
American Association of Physicists in Medicine. [DOI: 10.1118/1.2804555]
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I. INTRODUCTION

Radiation treatments of cancer patients require deliveries of
high dose, usually 180 cGy or more per day, for 30-40 con-
secutive daily treatments. In vivo dosimetry is desired for
cancer patients to ensure that the patient is not overexposed
or that the exposure occurred in the desired region.1 In vivo
dosimetry has traditionally been provided by thermolumines-
cent dosimeters,2 TLDs, PN-junction-type diodes,3 or metal-
organic semiconductor field-effect transistor (MOSFET)
detectors.”

The first use of optically stimulated luminescence, OSL,
as a dosimeter was to measure luminescence from quartz for
dating sediments and artifacts from archeological samplessf7
exposed to background radiation for thousands of years. The
use of synthetic materials for OSL (Ref. 8) has greatly im-
proved the sensitivity of the method; it has now been used
for about 10 years9 as a method for monitoring occupational
radiation dose. OSL dosimeters have been a replacement for
personnel dose monitoring with film badges. The OSL mate-
rial has now been fabricated into a dosimeter that can be
used for in vivo dosimetry of radiation therapy patients.
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The phenomenological description of the OSL, and ther-
moluminescence, TL, process are the same.>'* Pure crystal-
line dielectric materials either contain or have added trace
amounts of contaminants that form crystal-lattice imperfec-
tions. These imperfections act as traps for electrons or holes
and also can act as luminescence centers, which emit light
when electrons or holes recombine near them. This process is
shown schematically in Fig. 1, based on energy-band
schemes previously published.”f14 After irradiation, free
electrons and holes are generated that can be trapped. The
dosimetric trap, 4 in Fig. 1, is associated with a thermolumi-
nescent, TL, peak at 180 °C (Ref. 13) and can store elec-
trons at ambient temperature for over 100 days.15 The recom-
bination centers in Al,O5:C are mainly created by oxygen
vacancies and are called F centers® (5 and 11 in Fig. 1).
Radiation generated holes can be trapped at the recombina-
tion center, creating F* centers. When the crystal is heated or
optically stimulated, electrons can be ejected out of traps (9
in Fig. 1) and recombine with holes at the F+ center (11 in
Fig. 1). The recombination energy is transferred to a lumi-
nescence center where light is emitted; F*+electron— F
+420 nm light® (12 Fig. 1). If this recombination cascade is

© 2007 Am. Assoc. Phys. Med. 4594
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FI1G. 1. A schematic diagram of the energy levels of a crystalline material
that sustains thermoluminescence or optical luminescence. The numbers in
the diagram represent the following: 1 is the absorption of radiation and
subsequent charge separation; 2 is the migration and trapping of an electron,
@, after charge separation; 3 is the migration and trapping of an hole, O,
after charge separation; 4 is a moderately deep electron trap; 5 is a moder-
ately deep hole trap; 6 is a very deep electron trap; 7 is a shallow electron
trap; 8 is the ejection of an electron out of a trap by absorption of heat,
thermoluminescence, or light, optical luminescence; 9 is the migration of the
untrapped electron; 10 is the recombination of an electron and hole at a hole
trap; 11 is the emission of light at a luminescence center, *:*, which re-
ceived energy from the recombination of the electron and hole.

initiated by heat then it is called thermoluminescence; if it is
initiated by light then it is called optically stimulated lumi-
nescence. Dosimetric traps are energetically deep enough to
hold charge at room temperature for long periods of time, but
are not so deep that the charge cannot be released by illumi-
nation with visible light.16 Besides dosimetric traps there are
shallow electron traps (7 in Fig. 1) which are unstable at
ambient temperature and hold charge for only a few seconds
or minutes even without optical stimulation. Deep electron
traps (6 in Fig. 1) also exist with a TL peak at 700-1000 °C
(Ref. 13) and will release trapped charge only at very high
temperatures or with optical stimulation with ultraviolet
light.'® There also are deep hole traps (8 in Fig. 1) that can
compete for separated charge.”’17 For an OSLD the intensity
of the luminescence depends on the dose absorbed, numbers
of luminescent traps that are filled, and the light intensity of
the stimulation light.

Originally Al,O5 crystals grown in the presence of carbon
were intended to be used as TLDs.'®'” However, Al,O5:C as
a TLD had the disadvantage of being discharged by exposure
to visible light. This “disadvantage” from the point of view
of a TLD was in fact a serendipitous advantage. It was
quickly realized that optical discharging gave rise to OSL
that was proportional to the dose of ionizing radiation ab-
sorbed by the Al,O5:C crystal.g’m’lgf22

OSLD made of Al,03:C can be stimulated with a broad
spectrum of light from 400 to 700 nm with a peak at 475
nm.'"?' The emission occurs in a broad band of wavelengths
with a peak centered at 410-420 nm.**! The OSLD can be
read out with light in continuous wave, cw, mode®>** or with
the light in pulsed mode.'****?° In the cw mode the stimu-
lation light and the detector are on continually and narrow-
band optical filters are used to discriminate between the
stimulation and emission light. In the pulsed mode the stimu-
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lation light and detector are only active for short periods of
time that are asynchronous, so separation of light signals is
accomplished temporally.

The OSL afterglow decay curve is composed of two dif-
ferent exponential decay functions. One decay function re-
ported to be both temperature independentm’25 and tempera-
ture dependent27 with a lifetime of 35 ms and arises from
excited F centers, *#:* in Fig. 1. The other decay is tempera-
ture dependent with a lifetime from hundreds of milliseconds
to seconds.'®*""* The temperature-dependent component
arises from shallow electron traps, 7 in Fig. 1.

There are two measurement modes that can be invoked
for use of OSL as a dosimeter in clinical applications. The
first measurement mode, integrating mode,?® is to expose the
OSL dosimeter in a radiation field and at a later time read out
the OSL signal that is proportional to the absorbed
dose.”*?*32 The second measurement mode, real-time
mode,” is readout of the luminescence signal, which is
called radioluminescence, during the radiation
delivery.24’29_3l’33 The first method, the integrating mode, is
characterized and reported in this work. This was the reading
method that was used in the commercially available equip-
ment that we had access to in our clinic.

Il. MATERIALS AND METHODS

The x-ray beams used in this work had nominal energies
of 6 and 15 MV. For these energies, respectively, the percent
depth dose of x rays at depth 10 cm, %dd(10),, was 66.6 and
77.8, which was measured at source-to-surface distance of
100 cm, according to the TG-51 protocol.34 The electrons
beams used had nominal energies of 6, 9, 12, 16, and 20
MeV, which had depths of 50% maximum dose, Rs,, of 2.34,
3.61, 5.02, 6.63, and 8.26 cm, respectively. These Rs, were
measured at source-to-surface distance of 100 cm, according
to the TG-51 protocol.34 The x-ray beams were generated by
a KD2 linear accelerator (Siemens Medical Systems,
Concord, CA) or a Varian Trilogy (Varian Medical Systems,
Milpitas, CA) linear accelerator.

Irradiations with Ir-192 were made with a high dose rate
(HDR) GammaMed source (Varian Medical Systems,
Milpitas, CA). The Ir-192 source and the detectors were
separated by 7.1 cm in a stack of solid water and Superflab
that was 30 cm’. Superflab is a flexible water equivalent
material (Civco, Orange City, TA). The use of Superflab
avoided the need for the slabs of solid water (Standard Im-
aging, Madison, WI) to be machined for the various detec-
tors. The Superflab and solid water were used for buildup
and backscatter material. The dose rate at the detector posi-
tion was calculated using the TG-43 protocol.35 The air-
kerma strength of the source was measured with a model
HDR100Plus well chamber (Standard Imaging, Middleton,
WI) that had been calibrated at an Accredited Dosimetry
Calibration Laboratory.

Absolute dose measurements were made with a cylindri-
cal ion chamber, model N30001 (PTW, Hicksville, NY),
which had been calibrated at the University of Wisconsin
Dosimetry Calibration Laboratory. All doses delivered by the
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accelerators were compared against ion chamber measure-
ments that were traceable to TG-51 (Ref. 34) calibrations.

Depth dose measurements were made with a parallel-plate
ion chamber, Markus N23343 (PTW, Freiburg, Germany).
For this ion chamber a 3 cm thick slab of solid water was
used that had been machined to fit the chamber with its top
surface flush with the top surface of the solid water block.

The diode used in these measurements was a P-type semi-
conductor, surface diode, model 1113000-0 (SunNuclear,
Melbourne, FL). This type of diode has an active volume of
1.6X 1.6 0.05 mm? that is encased in a thin, epoxy hous-
ing with an intrinsic buildup of 0.11 g/cm?. The diode out-
put was measured with a clinic-built amplifier that integrated
charge during radiation exposures.

The thermoluminescent dosimeters, TLDs, used in this
work were TLD-100 type LiF chips, model SNO 18835
(Thermo Electron Corporation, Santa Fe, NM). This type of
TLD is 3.2X3.2X0.9 mm?. The TLD was read with a
model 3500 digitally programmable reader (Harshaw/
Thermo Electron Corporation, Santa Fe, NM). The TLDs
were read with the following heating cycle: preheat for 10 s
at 100 °C, read for a 20 s ramp from 100 to 300 °C, and an
annealing step of 10 s at 300 °C. The preheat step depleted
all low-energy traps (7 in Fig. 1) before the reading of the
TLD. The annealing step reduced residual signals to less than
0.2%. This reading and heating cycle allowed TLDs to be
read repeatedly with a turnaround time of approximately 1
min. With careful calibration of each individual TLD, re-
peated readings can be made with a coefficient of variation
of 1.5%.

The OSLDs that were used were InLight/OSL Dot dosim-
eters (Landauer, Inc., Glenwood, IL). The OSLDs are 7 mm
diameter, 0.2 mm thick plastic disks infused with aluminum
oxide doped with carbon (Al,O5:C), synthetic sapphire.
These disks are encased in a 24X 12X2 mm?® light-tight
plastic holder. The plastic has a mass density of 1.03 g/cm?
and the plastic leaves that cover the front and back of the
OSLD disk are 0.36 mm thick. This gives an areal density of
the covering of the OSLD disk of 0.037 g/cm?.

OSLDs were read with an InLight microStar reader (Lan-
dauer, Inc., Glenwood, IL). This reader operates in cw mode
with a 1 s illumination-read period. The reader was operated
in its “Hardware Test”” modality, using the low-intensity LED
beam for pre- and post-irradiation measurements. The low-
intensity LED mode was used because the OSLD light signal
from 200 cGy was found to saturate the optical detector cir-
cuits when the high-intensity LED mode was used. The op-
tical detector circuits were found to begin to saturate when-
ever the counts exceeded about 1.6 X 10°. The readout light
is provided by a model NSPG500S LED (Nichia, Inc. To-
kyo). The LED passes through a color glass bandpass filter
0G515 (Melles Griot, Rochester, NY). This LED-filter com-
bination has a peak emission at 540 nm.

The OSLD signal was read directly by a photomultiplier
filtered with a color glass bandpass filter B370 (Hoya, San
Jose, CA). This photomultiplier-filter combination has peak
sensitivity at 420 nm. All OSLDs were read before irradia-
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TaBLE I. Geometric parameters for various modes and energies of the linear
accelerator operation that correspond to 1 ¢cGy/MU calibrated according to
TG-51 (Ref. 34). The detector was placed at the depth of maximum dose.
The depth of the detector was provided by a combination of a 0.5 cm thick
piece of Superflab and various pieces of solid water.

Radiation mode  Energy  Field size  Detector depth, cm SSD, cm
X-ray 6 MV  10X10 cm 1.6 98.4
X-ray I5MV  10X10 cm 3.0 97.0

Electrons 6 MeV 10 cm cone 1.2 100
Electrons 9 MeV 10 cm cone 2.0 100
Electrons 12 MeV 10 cm cone 2.9 100
Electrons 16 MeV 10 cm cone 3.5 100
Electrons 20 MeV 10 cm cone 2.7 100

tion and reported signals were the difference between the
post-irradiation and pre-irradiation signal reported in photo-
multiplier counts.

The number of pulses produced by the linear accelerator
in an irradiation was determined by the pulse counter of a
Profiler, a diode linear-array detector (Sun Nuclear, Mel-
bourne, FL). The period of the pulses was determined by
dividing the irradiation time by the number of pulses
counted. The pulse width was determined by measuring the
time duration of the target current with an oscilloscope,
model 2247A (Tektronics, Beaverton, OR).

Irradiations of the detectors that were done orthogonal to
the front surface had a source-to-detector distance of 100 cm.
A 0.5 cm thick piece of Superflab was placed immediately
over the detectors, which conformed to the irregular shapes
of the detectors without large air gaps. Geometric parameters
are given in Table I that correspond to 1 cGy/MU for various
modes and energies calibrated according to TG-5 1> An 8
cm thick block of solid water was placed behind the detec-
tors to provide backscatter of radiation.

For measurements of angular dependence, cylindrical
phantoms with 3.6 cm diameter and 5 cm length were fabri-
cated to provide buildup that was homogeneous in all direc-
tions. The phantoms were cast from well-stirred, molten ma-
terial, M 3,36’37 which is water equivalent. The cylinders were
sawed in half and each hemi-cylinder was carved out at the
geometric center to fit an OSLD in its light-tight case, a
surface diode, or a TLD. The hemi-cylinders were then reas-
sembled into cylinders and held together with tape. The cy-
lindrical phantom was then mounted on a 20 cm tall block of
high-density Styrofoam, which had been marked off in de-
grees of rotation. The Styrofoam block provided an easy way
to set the angular position of the detectors in the cylindrical
phantom and to avoid inadvertent scatter from the treatment
couch. For these measurements the accelerator gantry was
stationary and was set at 90° so that the beam axis was
parallel to the floor. A 10X 10 cm? field size was used. The
long axis of the cylindrical phantom was the axis of rotation
and it was vertical, which was perpendicular to central axis
of the accelerator beam. Zero degrees of rotation corre-
sponded to the front surface of the various detectors.
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A bright light source was used to bleach or optically an-
neal the irradiated OSLDs after they had been read. An en-
doscopic illuminator, model 481C, miniature cold light foun-
tain (Karl Storz, Los Angeles, CA) was used. This
illuminator had a 150 W tungsten-halogen lamp focused onto
an optical port. A 4 mm diameter, 30 cm long light guide was
attached to the optical port. The light guide focused the light
and acted as a heat shield to avoid melting the plastic hous-
ing of the OSLD. The optical spectrum of this bleaching
light is not known. A plastic fitting was machined that firmly
held the OSLD with its case opened at the end of the light
guide. OSLDs were bleached a few minutes before irradia-
tion. Also, after bleaching the OSLD signal was measured to
determine what level of residual signal remained.

The dose sensitivity of OSLDs and the diode was tested
for different temperatures during irradiation. The experimen-
tal setup was 4 cm of solid water, a 1 cm thick Styrofoam
slab for thermal insulation, the detectors, and a thin plastic
water bath whose bottom was in thermal contact with the
detectors. The accelerator beam was aimed through the slab
of solid water. The temperature of the water bath was ad-
justed by adding ice or warm water until the desired tem-
perature was attained. Thermal equilibrium with the detec-
tors was established by allowing 5 min at a particular
temperature before an irradiation was made.

In these temperature measurements the diode served two
functions: a radiation detector and a temperature detector.
The temperature of the OSLD and the diode was measured
by operating the diode as a thermistor.”®* The diode was
forward biased with 440 mV of a digital volt-ohm meter
operated in the resistance-measurement mode. The resistance
of the forward-biased diode was measured with a digital
volt-ohm meter, model 77 (Fluke, Everett, WA). The
resistance-versus-temperature dependence was measured by
letting the diode equilibrate for 5 min to various tempera-
tures in a water bath whose temperature was measured with a
laboratory thermometer. After the temperature reading, the
diode was connected to the amplifier and used in its second
function as a radiation detector.

lll. RESULTS

Each reading of an OSLD partially discharges the trapped
charges and reduces the OSLD signal. Figure 2 shows the
OSLD signal for repeated readings. A linear regression on
these data gives an intercept of 0.998, a slope of —0.000 65,
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FiG. 2. The depletion of an OSLD optical signal when given sequential
readings. The OSLD was exposed to 100 cGy of 6 MV x rays and then kept
in the dark for 10 min. After the dark period, the OSLD was read 25 times.
The OSLD signals were normalized to value of the first reading. The solid
line is a calculation based on Eq. (1) with f=0.9993.

and a standard deviation of the residuals of 0.2%. A math-
ematical model for the signal decrease is the following:

S(n)=S(n=0)-f", (1)

where S(n) is the signal on reading n, S(n=0) is the putative
signal before any reading depletion, and f is the fraction by
which the signal is depleted per reading. Equation (1) can be
made linear as follows:

a=1-f,

ff=(1-a)"=1-n-a when a<l.
Substituting into Eq. (1),
Sn)=S(n=0)-1-a-n)=Sn=0)-S(n=0)-a-n,
(2)

which is a linear equation with an intercept, S(n=0), and a
slope, —S(n=0)-a. The measurements shown in Fig. 2 were
repeated for two other OSLDs and the analyzed results are
presented in Table II. The fraction of decrease in the signal
on each reading is different for each OSLD but is approxi-
mately 0.9995. Each reading decreases the OSLD signal by
0.05%. The standard error indicates that when reading an

TaBLE II. Analysis of the reading depletion for three OSLDs. These OSLDs were irradiated with 100 cGy of 6
MV x rays and were read 25 times sequentially with the low-intensity LED beam. The reading data were
analyzed with linear regression, according to Egs. (1) and (2).

OSLD #342301

OSLD #34470T OSLD #34484K

Intercept 0.998+0.0009 0.994+0.0015 1.0033+0.0013
Slope —6.5X107#£6.2X 107 -55X107#£1.0X10™* —2.7X10*+9.0X 107
Standard deviation of the residuals 0.0022 0.0036 0.0032
a [Eq. (2)] 6.5%X107* 5.5x107* 2.7X107*
f[Egs. (1) and (2)] 0.9993 0.9994 0.9997

Medical Physics, Vol. 34, No. 12, December 2007
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FiG. 3. Repeated measurements of an OSLD vs the time after irradiation.
These repeated measurements were corrected for the signal depletion by
measurement, using Eq. (1) with £=0.9995. OSLDs irradiated with 100 cGy
were normalized to the first signal measured. The solid lines are calculations
based on Eq. (3) with parameters shown in Table III.

OSLD after a single irradiation an uncertainty of 0.3% is
found. This standard error is consistent with the counting
statistics of 1/y/100 000 for 100 000 counts. Equation (1) can
be used to correct for signal depletion when multiple sequen-
tial readings of an OSLD are carried out.

TLDs have low-temperature traps that are unstable at
room temperature and decay away in the dark in a few
minutes.” It was important to determine if the OSLDs also
have unstable traps that might contribute to a transient signal
immediately after irradiation. For these measurements the
OSLD was irradiated and readings were begun within 45 s
after the end of the irradiation. An OSLD was irradiated with
100 cGy and the measured signal is plotted in Fig. 3. Clearly,
there is a transient signal, which decays away in a few min-
utes after irradiation of the OSLD. A mathematical model for
the decrease in signal is the following:

S(t)=A+B-e™, (3)

where S(7) is the OSLD signal at time, ¢, after the irradiation,
A and B are constants, and k is the decay constant. The
measured data are fit with a nonlinear regression, steepest-
descent method. The analysis of the measurements shown in
Fig. 3 is presented in Table III. Also shown in Table III is the
analysis of the decay of two other OSLDs. The decay param-
eters are different for each OSLD. However, a wait time in
the dark of ten halftimes, approximately 8 min after irradia-
tion, is adequate to avoid this transient signal in all of the
OSLDs. There is also a very slow decay of the OSLD signal
of about 2% from 10 to 3600 min (2.5 days) after irradiation.
For the remaining measurements presented in this work, an
8—15 min wait after the end of an irradiation was allowed
before the OSLD signal was read.

OSLDs are normally kept in the dark in their light-tight
cases after irradiation. However, it was of interest to deter-
mine how the OSLD might be bleached or optically annealed

Medical Physics, Vol. 34, No. 12, December 2007

TaBLE III. Analysis of the decay of the OSLD signal after irradiation for
three OSLDs. These OSLDs were irradiated with 6 MV x rays and were
read beginning at 45 s after the end of irradiation. Equation (1) was used to
correct for signal depletion with these multiple sequential readings of the
OSLDs. The reading data were analyzed by nonlinear regression, according
to Eq. (3).

A B ko 1,,=0.693/k
min~! min
OSLD 34161Y, 100 cGy 0.620 0.664 0.753 0.92
OSLD 342301, 100 cGy 0.642 0.978 1.473 0.47
OSLD 34322W, 100 cGy 0.623 1.016 1.457 0.48

and at what light levels they might be handled when not in
their light-tight case. OSLDs were irradiated and then ex-
posed to various light levels for different amounts of time,
followed by 3 min of dark before they were read. The dark
interval after illumination was needed to avoid interference
from phosphorescence of the OSLD. Figure 4 shows the re-
sults of these measurements. Illumination with the tungsten-
halogen lamp discharges the OSLD by greater than 98% in
45 s, bright room light takes 2 h to discharge the OSLD by
about 93%, and in dim room light only 15% of the signal is
dissipated in 2 h. In order to optically anneal an OSLD an
exposure of 1 min to the tungsten-halogen lamp will be ad-
equate.

OSLDs can be used with the following procedure: opti-
cally bleached, irradiated, and read. This cycle can be re-
peated many times. This type of repeated measurement was
carried out and the sensitivity of the OSLD was measured.
These data are shown in Fig. 5 for two different OSLDs. The
sensitivity of the OSLDs is unchanged within the reading
uncertainty of 0.6% until about 20 Gy of dose is accumu-
lated. Above 20 Gy, the OSLD sensitivity begins to drop by
about 4% per 10 Gy of additional accumulated dose.
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FiG. 4. Measurements of an OSLD signal after various times of optical
illumination. The OSLDs were irradiated with 100 cGy of 6 MV x rays and
were kept in the dark for 30 min before reading. The OSLDs were then
illuminated for the indicated times with a 150 W tungsten-halogen lamp,
bright room light that was typical of an office environment, and dim room
light that was typical of a linear accelerator environment.
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FiG. 5. Sensitivity of OSLDs vs accumulated dose. Two different OSLDs
were exposed to different amounts of accumulated dose. The sensitivity of
the OSLD was then tested by bleaching, irradiating with 100 cGy of 6 MV
x rays, and then reading the OSLD signal after an 8 min wait. The error bars
indicate the measurement uncertainty of 0.6% observed for these OSLD
measurements.

The stability of OSLD sensitivity for a single detector was
tested. A single OSLD was irradiated with 100 cGy of 6 MV
x rays, read, and zeroed repeatedly. These data are shown in
Table IV and found to have a coefficient of variation of
0.63%.

Another method of use is to obtain OSLDs from a batch
of detectors with similar sensitivity. In this case the OSLDs
are irradiated, read, and then discarded. To test this method
OSLDs were used which had never been irradiated. These
dosimeters were not pre-selected but were randomly selected
from a batch of dosimeters. The OSLDs were irradiated one
time to various doses of 6 MV x rays and these data are
shown in Fig. 6. As can be seen, the OSLDs behave like
TLDs and exhibit supra-linear response to dose above 300
cGy. The OSLD response is modeled by the following equa-
tion:

TaBLE IV. Exposure data and statistical analysis for one OSLD, 34636H,
repeatedly exposed to 100 cGy, read, and then optically annealed. These
data for OSLD 34636H are the first six data points in Fig. 5. Data are also
shown for six different OSLDs randomly chosen from a batch of detectors.

OSLD 34636H

Trial Net counts OSLD Net counts

1 127 667 34 742M 132 632

2 128 773 34 413T 130 315

3 129 799 34 342U 131 809

4 129 428 34 4428 129 265

5 129 281 34 285M 131 859

6 129 757 34 756D 130 851

Average 129 109 131 121
Standard deviation 807 1222
Coefficient of variation 0.63% 0.93%
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FiG. 6. OSLD response vs absorbed dose. Each dose point is a different
OSLD randomly chosen from a batch of OSLDs. The points are measured
values with error bars indicating the measurement uncertainty of 0.9% ob-
served for these OSLD measurements. The broken line corresponds to val-
ues calculated with Eq. (4). The solid line shows linear dependence on dose
based on the response of OSLD data up to 100 cGy.

dose(cGy) = 7.525 X 107 X counts — 2.541
X 107" counts?, 4)

which is shown as the broken line in Fig. 6. This batch of
OSLDs had a coefficient of variation of 0.9% for 100 cGy
irradiation. The coefficient of variation is based on six dif-
ferent OSLDs shown in Table IV.

The angular dependence of the detectors was determined
by irradiating them with 50 ¢cGy of 6 MV x rays collimated
into a 10X 10 cm? field. Figure 7 shows these data for the
OSLD, TLD, and surface diode. The OSLD and TLD show
no angular dependence within the measurement uncertainty,
which is 0.9% for the OSLD and 1.9% for the TLD. The
diode has a complicated dependence on the incident angle of
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FiG. 7. The radiation sensitivity of an OSLD, a TLD, and a surface diode as
a function of the angle of incidence of radiation. The OSLD and TLD were
zeroed, irradiated, and read for each incident angle. All signals were nor-
malized to the sensitivity measured at 0°, which was the incident angle of
the central axis of the beam when it was perpendicular to the front surface of
the detector. The error bars are one standard deviation of measurement error
for the OSLD.
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FiG. 8. The depth dose of a 15 MV x-ray beam measured with a parallel-
plate ion chamber, an OSLD in its light-tight case, and a surface diode. The
source-to-surface distance for these measurements was kept constant at 100
cm. The depth was adjusted by adding pieces of solid water and a 5 mm
piece of Superflab directly over the OSLD and the surface diode. All data
are normalized to the maximum values at a depth of 3 cm. The broken line
is a linear fit to the parallel-plate ion chamber data for depths 0, 1, 2, and 3
mm. The error bars indicate the measurement error of 0.9% observed for
these OSLD measurements.

the radiation with a 21% drop in sensitivity at 120° and 17%
drop at 180°. Repeated measurements with the diode at any
angle have an uncertainty of 0.3%.

The light-tight case of the OSLD has an areal density of
0.037 g/cm?. This should make the OSLD an ideal surface
detector. To test this hypothesis, an OSLD and a surface
diode were compared to the depth-dose response of a
parallel-plate ion chamber. These data are shown in Fig. 8.
All of the detectors had a maximum response at a depth of 3
cm, which is expected for a 15 MV beam.”’ The OSLD and
the diode had small amounts of intrinsic buildup compared to
the parallel-plate ion chamber. This is seen as y-axis inter-
cepts above that of the parallel-plate ion chamber. The linear
portion of the ion chamber depth-dose curve was used to
estimate this intrinsic buildup. For the OSLD this was
0.04 g/cm?, which is very close to what is expected from
the areal density of the light-tight case. For the diode the
intrinsic buildup was 0.07 g/cm?, which is less than the
0.11 g/cm? stated in the characteristics published by the di-
ode manufacturer.

The energy dependence of the OSLD was determined for
the common modes and energies of a linear accelerator used
in the clinic as shown in Table I and for a HDR brachy-
therapy Ir-192 source. The OSLD and the surface diode were
placed at the depth of maximum dose for each mode and
energy of the linear accelerator and irradiated with 100 cGy.
The Ir-192 source and the detectors were separated by 7.1
cm in a stack of solid water and Superflab that was 30
X 30X 30 cm. These data are shown in Fig. 9. Within mea-
surement uncertainty the OSLD sensitivity was unchanged
for typical radiation from a linear accelerator; 6 MV x rays to
20 MeV electrons. Similar results have been reported for the
real-time method of measurement.*® The diode sensitivity is
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FiG. 9. OSLD and diode sensitivity for various modes and energies of ra-
diation used in the clinic. The detector was positioned at the depth of maxi-
mum dose as described in Table I for the linear accelerator irradiation. The
Ir-192 source was positioned 7.1 cm away from the detectors. The delivered
dose was 100 cGy for all modes and energies. The detector sensitivities were
normalized to their response to 6 MV x rays. The OSLD was bleached
between each irradiation. The error bars correspond to one standard devia-
tion of measurement uncertainty.

lower by about 6% for the higher energy radiation. For irra-
diation with Ir-192, average gamma-ray energy of 0.38 MeV,
the OSLD sensitivity is elevated by 6% and the diode sensi-
tivity is elevated by 18%. An increased response of Al,O5:C
material for photons of less than 300 KeV energy has been
previously reported.18

The linear accelerator delivers dose by giving square
pulses of the electron beam at a frequency of a few kilohertz.
The dose rate of the accelerator is altered by changing the
frequency of the pulses, not the amplitude or the duration of
the pulses of the electron beam. For 6 MV x rays on the
Siemens KD linear accelerator, the beam current pulse dura-
tion was measured to be 2.6 us. A dose of 1 Gy at source-
to-axis distance of 100 cm was found to be delivered with
7200 pulses. This is dose-per-pulse, an instantaneous dose
rate, of 1.39 X 10 Gy/pulse or 53.4 Gy/s during the pulse.
The sensitivity of diodes has been shown®® ™ (o change
when the dose-per-pulse is of this magnitude. This has been
found to be a more significant problem for N-type
diodes. 4142

The response of the OSLD and the surface diode at dif-
ferent dose-per-pulse values are shown in Fig. 10. The value
of dose-per-pulse was varied by making measurements at
different distances from the source, with the addition of 1.5
cm thick plates of cerrobend, and placing the detector under
the solid collimator jaw of the accelerator. The dose-per-
pulse value itself was measured with an ion chamber with
sufficient bias voltage to avoid charge-recombination errors.
The data in Fig. 10 indicate that the OSLD does not have a
change in sensitivity within measurement uncertainty for a
dose-per-pulse change of 388-fold. The diode has about a
2.5% increase in sensitivity going from the lowest to highest
dose-per-pulse value. No significant difference is seen in the
results if the dose-per-pulse was changed by distance or by
adding attenuators.
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Fi1G. 10. Dose response of an OSLD and the surface diode as a function of
dose-per-pulse of a 6 MV x-ray beam. Exposures were made with a 10
X 10 cm field measured at 100 cm from the radiation source of a linear
accelerator. The dose-per-pulse value was varied from 1.00 to 0.0043 by
adding attenuators. The dose-per-pulse value of 0.0043 was obtained by
irradiating the detector with it positioned under a solid-collimator jaw. The
dose-per-pulse value was varied from 1.79 to 0.156 by changing the distance
to the detector from 75 to 250 cm. The dose-per-pulse values were normal-
ized to the value at a detector-to-source distance of 100 cm without attenu-
ators. The corresponding dose-per-pulse value was 1.39X 10 Gy/pulse,
53.4 Gy/s, 3208 Gy/min. The error bars correspond to one standard devia-
tion of measurement uncertainty.

Since the intent is to use OSLDs for in vivo dosimetry, it
was of interest to determine if their sensitivity to dose
changes with temperature at the time of irradiation. Figure 11
shows how sensitivity to dose of OSLDs and a surface diode
depend on the temperature during irradiation. Within experi-
mental uncertainty the OSLD has no temperature depen-
dence. The diode increases in sensitivity by approximately
0.3%/°C.
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Fic. 11. Sensitivity to dose as a function of the temperature at the time of
irradiation. The detectors were irradiated by 100 cGy of 15 MV x rays. Each
temperature point was accomplished by adjusting the water bath and allow-
ing 5 min for thermal equilibrium. The temperature of the detectors was
established by measuring the forward-bias resistance of the diode immedi-
ately before the irradiation. The dose sensitivity of the detectors is normal-
ized to the values measured at 20 °C. The solid line is a calculated tempera-
ture sensitivity of 0.3%/°C. The error bars correspond to one standard
deviation of measurement uncertainty.
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Using the diode as a thermistor, it was taped to the skin
surface of a volunteer (the author) to determine what tem-
perature increases might be experienced. A 9.2, 8.6, and
8.3 °C temperature increase was observed for the forearm,
cheek, and thigh, respectively. An average temperature in-
crease of 8.5 °C occurs with respect to the ambient tempera-
ture at which calibration of detectors would occur. This in-
crease in temperature would result in no change in the OSLD
sensitivity to dose but a 2.5% increase for this diode.

IV. DISCUSSION

One of the interesting properties of OSLDs is that they
can be read repeatedly with only a 0.05% decrease in signal
per reading, as shown in Fig. 2. The OSLD does not have to
be totally discharged to obtain significant signals. If the num-
ber of reading cycles is recorded, then Eq. (1) can be used to
decipher the original signal. This gives one the choice of
reading the OSLD and retaining it for future analysis or as a
permanent record of the measured dose. The data in Fig. 3
show that after the transient signal decays the signal is stable
within 2% for 2.5 days, and it has been reported15 as stable
for 100 days.

The OSLD has a transient signal (Fig. 3) that is a conse-
quence of the filling of low-energy electron traps (7 in Fig. 1)
during irradiation and the subsequent spontaneous emptying
of these traps in the dark. An 8 min wait after irradiation is
the method used in this work to deplete these low-energy
traps. A transient signal has been reported14 that had a decay
half-life of 2.5 min, which is longer than the 0.5-0.9 min
decay half-time reported in Table III. This difference may be
due to different sources of Al,O5:C crystals, with different
annealing history, which might open electron traps with dif-
ferent energy levels and consequent decay times. Many of
the reported OSLD results begin measurements a few
milliseconds® after the radiation ends or during the
radiation.”’ These OSL measurements will include the tran-
sient signal of Fig. 3 and may reflect the properties of the
low-energy electron traps and the dosimetry trap (4 and 9 in
Fig. 1). It is expected that future designs of OSLD readers
could incorporate a low-intensity, red light pre-read cycle
that could optically empty the low-level traps and not deplete
the higher energy dosimetric traps. This would avoid the wait
time that is now required before reading the OSLD.

Based on the data shown in Fig. 4, exposure of an OSLD
to visible light can be useful. OSLDs can be used repeatedly
if they are zeroed, optically annealed, between exposures to
radiation. The optical annealing can be accomplished by a 1
min exposure to a tungsten-halogen lamp or many hours in
bright room light. If desired, OSLDs can be handled in dim
room light, such as found in an accelerator vault, for a few
tens of seconds without a significant discharge of their signal
as shown in Fig. 6. For in vivo measurements of very delicate
areas, such as near the eye, it may be preferable to use the
OSLD disk out of its light-tight case. The use of dim room
light would accommodate this procedure. Alternately, the
OSLD disk can be removed from its holder and placed in a
light-tight envelope. The author has done this using black
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paper from a discarded radiographic-film package. Under
dim light the OSLD disk was returned to its plastic reading
holder.

A useful modification of the OSLD would be to replace
the disk with a 1 X 1 mm? piece of OSL material. The read-
out holder would have to be altered to accommodate this
small OSLD chip. A small OSLD chip would be suitable for
measuring very small IMRT segments or stereotactic fields.
The OSLD signal is 130 000 counts for 100 cGy for the
present disk, which has a 19.6 mm? illuminated area. The
signal for a 1 X 1 mm? OSLD chip would be approximately
130 000/19.6=6633 counts if the low-intensity LED beam
was used. The reader also has a high-intensity LED beam
with 8.7-fold greater intensity, which would give a signal of
6633 X 8.7=57 704 counts. This size signal will be adequate
for quantitative work.

Dose rate dependence has been reported to be a problem
for N-type silicon diodes®®*'** but not for pre-radiated
P-type detectors.**** It has since been shown** that P-type
silicon diodes do show a dependence on dose-per-pulse,
which occurs at much higher accumulated irradiation dose
than for N-type diodes. Improved N-type diodes are now
available™*® that show dose-per-pulse dependence that is
quite similar to what is normally found for P-type diodes.
The OSLD does not have a change in sensitivity with dose-
per-pulse within measurement uncertainty. This means that
OSLDs can give accurate dose measurements for a wide
range of dose-per-pulse values. These could occur at ex-
tended distances for whole body irradiations or total skin
electrons, under blocks, under wedges, or under MLC leaves
in IMRT beams.

OSLDs can be irradiated, read, and then zeroed many
times. The OSLD sensitivity is constant until a dose of about
20 Gy accumulates. Above this dose, the OSLD sensitivity
drops about 4% per additional 10 Gy of accumulated dose. It
is hypothesized that the OSLD undergoes radiation damage
such as that which occurs in diodes™***7*® with the genera-
tion of new traps in the crystal structure. In diodes the
change in sensitivity with accumulated dose is much less
severe. It has been shown’*® that N- and P-type diodes have
a drop in sensitivity of 1.5-2.2% per 1000 Gy of absorbed
dose. The average patient treatment delivers about 2.0 Gy
per fraction. If one allows a 2% drop in detector sensitivity
before a new sensitivity calibration is done, then the fre-
quency of calibration would be every 12 measurements for
OSLDs or every 500 measurements for diodes.

The OSLDs responses to absorbed dose are shown in Fig.
6. As can be seen, the OSLDs behave like TLDs (Ref. 2) and
exhibit supra-linear response to dose above 300 cGy. It has
also been reported that response to dose is linear up to 350
cGy (Ref. 32) and up to 100 Gy.*' It is not clear why at such
high doses” the OSL response was not superlinear. The
OSLD  supra-linear response has been reported
previouisly;“’l“’17 the relationship of dose to net OSLD sig-
nal counts is given by Eq. (4) for detectors used in this work.
The explanation given for the supra-linear response“‘m’17 is
that at low dose few deep electron traps (6 in Fig. 1) are
filled and they compete with luminescence centers (4 and 9

Medical Physics, Vol. 34, No. 12, December 2007

in Fig. 1) for electrons generated during charge separation.
This results in lower amounts of optically stimulated lumi-
nescence (processes 9, 11, and 12 in Fig. 1). At higher dose
the deep electron traps become filled and more electrons are
trapped in the luminescence trap and consequently enhance
the optically stimulated luminescence signal.

One method to avoid the radiation damage problem is to
use an OSLD once and then discard it. This requires calibra-
tion of detectors in a batch versus individually. This method
was tested in this work (Table IV) and found to have a mea-
surement uncertainty of 0.9%, which is very close to earlier
reported results®” of 1%. The uncertainty of the multiple use
method (Table IV) was found to be 0.6%, which is very close
to earlier reported results®® of 0.7%. The one-use method is
convenient and avoids potential radiation damage at normal
clinical doses as shown in Fig. 5, but incurs a loss of preci-
sion and the extra cost of throwing away detectors after one
use.

A very attractive use of OSLDs would be as surface-dose
detectors. This can be very helpful when irradiating lesions
near the skin surface with electron beams with or without
bolus. The intrinsic buildup of the OSLD was found to be
0.04 g/cm?, which is consistent with its light-tight packag-
ing. Other important characteristics of a surface detector are
no dependence on the energy or the angle of incidence of the
radiation. This work shows that the OSLD has no angular
dependence and no energy dependence in the range of 6 MV
x rays to 20 MeV electrons. The OSLD is comparable to
TLD chips for measurements of surface dose, but is superior
to the surface diode that was tested. The diode had a small
dependence on energy (Fig. 9) and a large dependence on the
incident angle of the radiation (Fig. 7). Earlier work®
showed that OSLDs and diodes agreed very closely in mea-
surements of depth dose but no estimates of intrinsic buildup
were made.

Within experimental uncertainty the OSLD used here
have no dependence on the temperature at the time of irra-
diation, as shown in Fig. 11. Earlier work"? reported for tem-
perature at the time of irradiation a temperature coefficient of
0.13%/°C for Al,O5:C crystals designated as CZ#60 and
0.02%/°C for crystals designated as TLD-500. It is very
likely that these temperature coefficients correspond to the
transient decay component of the OSLD decay. In this work
this transient decay component has been avoided by the 8
min wait before reading the OSLD. The reading protocol is
not specified in this earlier report.13 Since no mention is
made of avoiding a rapid decay transient component, it is
presumed that this component has been included in the mea-
sured signals.13 This rapid decay transient component is be-
lieved to come from low-energy electron traps (7 in Fig. 1),
which will show a positive temperature coefficient in the 10—
40 °C range.

The merits of TLDs and OSLDs have been debated in the
literature.” TLDs have the disadvantage of requiring care-
fully controlled temperature changes to read the device and
complicated recipes for thermally annealing TLDs before
subsequent irradiations. OSLDs are read optically which is
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simpler to precisely control, and as shown here they can be
easily optically annealed. TLDs have an advantage of de-
cades of proven use for radiation measurements, especially
in vivo dosimetry. OSLDs must be kept in light-tight condi-
tions prior to reading, while TLDS must be handled carefully
so that they do not incur surface contamination. Both types
of devices can be carefully calibrated and reproducibility of
1.5% can be achieved with TLDs and as shown here better
than 1% for OSLDs. The devices themselves are inexpen-
sive, a few dollars each, and they can be reused. The sim-
plicity of the OSLDs reader is reflected in a cost of approxi-
mately half that of a TLD reader. Both devices can be used
effectively for in vivo dosimetry.

V. CONCLUSIONS

OSLDs exhibit high precision and accuracy in measuring
dose, are small in size, have no energy dependence, have no
dependence on irradiation angle, and can be read long after
irradiation. OSLD can substitute for TLD and diodes for in
vivo dosimetry and routine clinical dose measurements. Be-
cause of their very low intrinsic buildup OSLDs are ideal for
measuring surface dose. With proper handling OSLDs can be
a permanent record of measured dose, they are reusable, the
readout process is less than 1 min, and the readout is by
optical stimulation versus high temperature so the dosimeter
can be made out of inexpensive plastic.
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