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Purpose: A new type of in vivo dosimeter, an optically stimulated luminescent dosimeter �OSLD�,
has now become commercially available for clinical use. The OSLD is a plastic disk infused with
aluminum oxide doped with carbon �Al2O3:C�. Crystals of Al2O3: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 luminescence depends on the dose absorbed by
the OSLD and the intensity of the stimulation light. The effects of accumulated dose on OSLD
response were investigated.
Methods: The OSLDs used in this work were nanodot dosimeters, which were read with a Mi-
croStar reader �Landauer, Inc., Glenwood, IL�. Dose to the OSLDs was delivered by 6 MV x rays
and gamma rays from Co-60 and Ir-192. The signal on the OSLDs after irradiation is removed by
optical annealing with a 150 W tungsten-halogen lamp or a 14 W compact fluorescent lamp was
investigated.
Results: It was found that OSLD response to dose was supralinear and this response was altered
with the amount of accumulated dose to the OSLD. The OSLD response can be modeled by a
quadratic and an exponential equation. For accumulated doses up to 60 Gy, the OSLD sensitivity
�counts/dose� decreases and the extent of supralinear increases. Above 60 Gy of accumulated dose
the sensitivity increases and the extent of supralinearity decreases or reaches a plateau, depending
on how the OSLDs were optically annealed. With preirradiation of OSLDs with greater than 1 kGy,
it is found that the sensitivity reaches a plateau 2.5 folds greater than that of an OSLD with no
accumulated dose and the supralinearity disappears. A regeneration of the luminescence signal in
the dark after full optical annealing occurs with a half time of about two days. The extent of this
regeneration signal depends on the amount of accumulated dose.
Conclusions: For in vivo dosimetric measurements, a precision of �0.5% can be achieved if the
sensitivity and extent of supralinearity is established for each OSLD and use. Methods are pre-
sented for accomplishing this task. © 2010 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3267489�
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dosimeters, diodes
I. INTRODUCTION

Cancer patients that undergo radiation treatments require the
delivery of high dose, usually 180 cGy or more per day, for
30–40 consecutive daily treatments. In vivo dosimetry is de-
sired for cancer patients to ensure that the patient is not over-
exposed or that the exposure occurs in the desired region.1,2

To make in vivo measurements one needs devices that are
small in size and robust. A wide variety of devices have been
used to accomplish this task such as thermoluminescent
dosimeters3 �TLDs�, PN junction type diodes,4,5 or MOSFET
detectors.5

In the past 20 years, synthetic materials have been devel-
oped that have the property of thermally and optically stimu-
lated luminescence.6,7 Man made sapphire, Al2O3:C, had fa-
vorable characteristics: 30–60 times the sensitivity to
radiation as LiF:Mg,Ti TLDs,8 low levels of signal

9–13 8
fading, and a relatively low atomic number of 11.28. It
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was quickly realized that optical discharging gave rise to
OSL that was proportional to the dose of ionizing radiation
absorbed by the Al2O3:C crystal.7,14–18

Optically stimulated luminescent dosimeters14 �OSLDs�
made of Al2O3:C can be stimulated with a broad spectrum
of light from 400 to 700 nm with a peak at 475 nm.17,18 The
emission occurs in a broad band of wavelengths with a peak
centered at 410–420 nm.14,17 The OSLD can be read out with
light in continuous wave �cw� mode12,13,19,20 or with the light
in pulsed mode.16,18,21,22 In the cw mode, the stimulation
light and the detector are on continually and narrow band
optical filters are used to discriminate between the stimula-
tion and emission light. In the pulsed mode, the stimulation
light and detector are only active for short periods of time
that are asynchronous, so separation of light signals is ac-
complished temporally.

A number of papers have been published recently that
describe the use of OSLDs in radiation oncology clinical

11–13,23,24
measurements. In these works there are two mea-
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surement techniques that have been invoked. The first mea-
surement mode, integrating mode,25 is to expose the OSL
dosimeter in a radiation field and at a later time readout the
OSL signal that is proportional to the absorbed dose.26–30

The second measurement mode, real-time mode,28 is readout
of the luminescence signal, which is called radiolumines-
cence, during the radiation delivery.20,27–29,31 The first
method, the integrating mode, is used in this work.

It was observed in earlier works12,13 that the characteris-
tics of OSLDs changed with accumulated dose. This report is
a detailed study of the effect of accumulated dose on re-
sponse to dose of OSLDs.

II. OSLD THEORETICAL DESCRIPTION

A large number of charge transfer reactions take place in
an OSLD crystal. A generalized model for the energy struc-
ture and charge movement in �-Al2O3:C crystals has been
previously presented,25,32–35 and is shown in Fig. 1. The re-
actions are shown schematically in Fig. 1.

OSLD crystals →
ionizing radiation

h+ + e− reaction 1,

DHT + h+ → DHT+ →
550 °C

DHT + h+ reactions 3,5,

DHT+ + e− → DHT + heat reaction 12,

F + h+ → F+ reactions 3,7,

F+ →
e−�os�

F� → F

+ light�luminescence� reactions 13,14,15,

− −
dark

−

FIG. 1. A diagram of the energy levels of a crystalline material that sustains
thermoluminescence or optical luminescence. The numbers in the diagram
represent charge flow reactions that are described in the text. SET, IET, and
DET are electron traps of progressively deeper depth. DHT and F are hole
��� traps with F+ being a luminescence center, which received energy from
the recombination of the electron ��� and hole.
SET + e → SET → SET + e reactions 2,10,11,
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IET + e− → IET− →
light or 190 °C

IET

+ e−�os� reactions 4,13,

DET + e− → DET− →
900 °C

DET + e− reactions 8,9,

where h+ is a free hole, e− is a free electron, DHT is a deep
hole trap, F is the luminescent center, F� is an excited state
of F, e−�os� is an optically stimulated electron, and SET, IET,
and DET are shallow, intermediate, and deep electron traps,
respectively.

The following charge flow reactions are occurring as
shown in Fig. 1. 1 is the absorption of radiation and subse-
quent charge separation; 2 is the migration and trapping of an
electron after charge separation; 3 is the migration and trap-
ping of a hole after charge separation; 4 is electron capture
by an IET; 5 is a hole capture by a DHT; 6 is a hole release,
which only occurs at 550 °C; 7 is the capture of a hole by a
F center; 8 is electron capture by a DET; 9 is an electron
release, which only occurs at 900 °C; 10 is electron capture
by an SET; 11 is an electron release, which occurs at room
temperature in the dark and is the transient signal with a 0.8
min half-life;12 12 is the capture of an electron by a DHT+,
which results in heat not luminescence; 13 is the ejection of
an electron out of an IET− by absorption of heat, thermolu-
minescence, or light �optical luminescence�; 14 is the capture
of an electron by a F+ center, which results in recombination
of an electron and hole and luminescence �reaction 15�.

The characteristics of charge traps in crystals of
�-Al2O3:C have been studied32,36 by measurements of opti-
cal absorption and phototransferred thermoluminescence and
their response to heat annealing from 450 to 1350 °C. Three
main charge traps are found to exist: �1� The main dosimetric
electron trap, IET above, which has a delocalization tempera-
ture of 190 °C, also can be ionized by light, and is associ-
ated with intense luminescence when its electron recombines
at an F+ center; �2� a DHT, which has a delocalization tem-
perature of 550 °C and is not luminescent; and �3� a DET,
which has a delocalization temperature of 900 °C and can-
not be photoionized. While the electron traps associated with
optically stimulated luminescence are shown as three energy
levels in Fig. 1, this is not the case. There is a large distri-
bution of trap energies from which optically stimulated lu-
minescence originates. The evidence for this is a broad exci-
tation spectrum that starts in the UV and ends at about 700
nm.17,18,37

Increased dose causes deep electron traps to fill, which
means shallower traps have a higher probability of getting
filled and the decay curve becomes faster.38,39 Also, TL peaks
are shifted to a lower temperature40,41 due to less competition
for electrons because DET are filled. The fast portion of the
decay, which is measured here, is from shallow IETs and is
known to show enhanced supralinearity.38

Very high x ray dose causes all of the DHT to be
filled.32,36,42 The luminescence is diminished because DHT+,
which are not luminescent, compete with F+, which are lu-

minescent, for electrons liberated from the main dosimetric
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trap. This work shows how high dose and optical annealing
cause additional changes to the charge equilibrium in the
charge traps.

III. MATERIALS AND METHODS

The x-ray beams used in this work had a nominal energy
of 6 MV. The percent depth dose of x rays at depth 10 cm,
%dd �10�x, was 66.6, which was measured at source-to-
surface distance of 100 cm, according to the AAPM TG-51
protocol.43 The x-ray beams were generated by a Varian Tril-
ogy �Varian Medical Systems, Milpitas, CA� linear accelera-
tor.

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 �Madison, WI�. All doses
delivered by the accelerators were compared against ion
chamber measurements that were traceable to AAPM TG-51
�Ref. 43� calibrations.

The OSLDs used were InLight/OSL nanodot dosimeters
�Landauer, Inc., Glenwood, IL�. The OSLDs are 5 mm diam-
eter, 0.2 mm thick plastic disks infused with aluminum oxide
doped with carbon �Al2O3:C� �synthetic sapphire�. These
disks are encased in a 10�10�2 mm3 light-tight plastic
holder. The plastic has a mass density of 1.03 g /cm3 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 cover-
ing of the OSLD disk of 0.037 g /cm2. Including repetition
of experiments, about 60–70 different nanodots were used in
the measurements done in this paper.

OSLDs were read with an InLight MicroStar reader �Lan-
dauer, Inc., Glenwood, IL�. For reliable reading of nanodot
OSLDs, the optical port of the reader was machined by the
author to a larger diameter of 4.8 mm �3/16 in.�. 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 light emitting diodes �LED� beam for preirra-
diation and postirradiation measurements. The readout light
is provided by a model NSPG500S LED �Nichia, Inc. To-
kyo�. The LED light passes through a color glass band-pass
filter OG515 �Melles Griot, Rochester, NY�. This LED filter
combination has a peak emission at 540 nm. The OSLD
signal was read directly by a photomultiplier filtered with a
color glass band-pass filter B370 �Hoya, San Jose, CA�. This
photomultiplier filter combination has peak sensitivity at 420
nm.

The reader has low-intensity and high-intensity LED
modes. The high-intensity LED mode was not used because
it was found that the light signal from a nanodot irradiated
with greater than 200 cGy saturated the optical detector cir-
cuits. The optical detector circuits were found to begin to
saturate whenever the counts exceeded about 1.6�106. In
the low-intensity LED mode nanodots could be exposed to
approximately 15 Gy before reader saturation occurred. To
accommodate an even larger dose range or OSLDs with
greater sensitivity, the reader was modified by adding a filter

to the optical path. A neutral density filter with a transmis-
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sion of 0.0816 was fabricated from radiographic film that
had been exposed to a low dose and developed. The pro-
cessed film was cut into a small disk that could be easily and
quickly mounted in front of the photomultiplier tube in the
reader. With this modified reader, the OSLD range of dose
was extended by approximately 1 /0.0816=12.2 fold to a
maximum dose of 180 Gy.

After irradiation OSLDs have a transient signal that de-
cays with a half-life of 0.8 min.12 To avoid this transient
signal, OSLDs were kept in the dark for approximately 8 min
before they were read. All OSLDs were read prior to irradia-
tion and reported signals were the difference between the
postirradiation and preirradiation signal reported in photo-
multiplier counts.

Irradiations of the nanodots were done orthogonal to the
front surface with a source-to-detector distance of 100 cm. A
0.5 cm thick piece of Superflab was placed immediately over
the detector, which conformed to the irregular shapes of the
detector without large air gaps. An 8 cm thick block of solid
water was placed behind the detectors to provide back scatter
of radiation.

Some OSLDs were irradiated to an accumulated dose
above 1 kGy. This was done with a Co-60 machine or with a
HDR, Ir-192 source. For the HDR source, the dose rate at the
detector position was calculated using the AAPM TG-43
protocol.44 The air kerma strength of the source was mea-
sured with a model HDR100Plus well chamber �Standard
Imaging, Middleton, WI� that had been calibrated at a Uni-
versity of Wisconsin Dosimetry Calibration Laboratory. Fig-
ure 2 is a photograph of the apparatus used for the irradiation
with Ir-192. The spacer holds up to four nanodots centered,
at a distance of 5 mm, over the dwell position in the catheter.
A 3 cm thick wrap of Superflab is made over the OSLDs to
provide backscatter. With 5 mm spacing the dose gradient is
very high and the precise dose at the position of the OSLDs
cannot be known. However, high precision in this irradiation
of greater than 1 kGy is not required since it is used for the
purpose of preirradiation not dosimeter calibration.

Two different light sources were used to bleach �optically

FIG. 2. Apparatus used to hold nanodots for irradiation with Ir-192. The
spacer, 1�1�4 cm3, is constructed from slabs of cardboard that are glued
together. A hole is bored in the center of the cardboard block to hold the
HDR catheter. The nanodots are fastened in position as shown with double-
sided adhesive tape.
anneal� the irradiated OSLDs after they had been read. The
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first type of light was an endoscopic illuminator, model
481C, miniature cold light fountain �Karl Storz, Los Angeles,
CA� was used. This illuminator had a 150 W tungsten-
halogen lamp �THL� model EJA �Osram Sylvania, Danvers,
MA� focused onto an optical port. This THL has a color
temperature of 3400 K. A 4 mm diameter, 30 cm long light
guide was attached to the optical port. The light guide fo-
cused the light and acted as a heat shield to avoid melting the
plastic housing of the OSLD. A plastic fitting was machined
that firmly held the OSLD with its case opened at the end of
the light guide. The second type of light was a bright white,
14 W compact fluorescent lamp �CFL� model 5M814435K
�n:vision, Atlanta, GA�, which was mounted in a reflective
housing. This CFL has a color temperature of 3500 K.
OSLDs were bleached for various lengths of time. After
bleaching the OSLD signal was measured to determine what
level of residual signal remained.

IV. RESULTS

As previously shown,12 OSLDs can be repeatedly used if
they are optically annealed between uses. Two different nan-
odots were irradiated with 180 cGy of 6 MV x rays and were
kept in the dark for 10 min before reading. The OSLDs were
then illuminated with two different light sources 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. As
can be seen in Fig. 3, the THL anneals the OSLD about ten
times more rapidly than the CFL. Also, 99% of the signal is
removed in 1 min with the THL and in 10 min with the CFL.
To remove the remaining 1% of the signal requires a 60 fold
greater amount of time. Regardless of which annealing light
is used, a plateau in the extent of annealing is reached at a
signal size of approximately 50 counts, which is a ratio of
3�10−4 for the data in Fig. 3 and equivalent to 0.05 cGy. A
new, never irradiated nanodot has a signal of five to ten
counts, which is equivalent to 0.005 cGy. So, optical anneal-
ing is unable to completely remove the signal generated by

FIG. 3. Measurements of an OSLD signal after various times of optical
annealing. For an irradiation of 180 cGy the signal size before annealing
was approximately 170 000 counts. The OSLDs were irradiated and then
optically annealed for the indicated times with a THL or CFL.
irradiation.
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The OSLD response to absorbed dose is shown in Fig. 4.
As can be seen, the OSLDs behave like TLDs3 and exhibit
supralinear response to dose above 300 cGy. The OSLD su-
pralinear response has been reported previously.12,32,38,42 A
new phenomenon is observed in Fig. 4; the extent of supra-
linearity is enhanced when the OSLD has a greater amount
of accumulated dose.

To emphasize the supralinear behavior, counts/dose is
plotted in Fig. 5. Obviously the OSLD response to dose is
not linear but it is found to be well described by the follow-
ing exponential equation:

Counts = A � dose � �1 + B � �1 − exp�− C � dose��� ,

�1�

where A, B, and C are determined parameters. The measured
data are fit using the solver function in Microsoft Excel,
which is a nonlinear regression, steepest descent method. For

FIG. 4. OSLD response versus absorbed dose. For each dose point the nan-
odot is irradiated, kept in the dark for 8 min, and then read. The solid line
shows linear dependence on dose based on the response of the OSLD up to
20 cGy.

FIG. 5. OSLD response versus absorbed dose. For each dose point the nan-
odot is irradiated, kept in the dark for 8 min, and then read. The solid line is
calculated based on Eq. �1�, using the following parameters:
A=1024 counts /cGy, B=0.113, and C=1.79�10−3 cGy−1. The broken line

�linear response� is based on the response of the OSLD at 20 cGy.
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the data in Fig. 5, eight dose points were used in the regres-
sion fit. As few as three well-separated dose points could be
used with a drop in the precision of the fitted parameters. The
parenthetical expression in Eq. �1� is a description of the
magnitude of supralinearity, which is approximately equal to
1 at low dose and to �1+B� at high dose.

Equation �1� is a useful characterization of the response of
OSLDs to dose. Unfortunately, Eq. �1� is transcendental and
cannot be solved for dose in closed form. However, when a
nanodot is exposed to radiation, the signal is read, and
through the use of Eq. �1� the dose can be calculated with
Excel solver45 if the variables A, B, and C are known.

Besides the exponential model of Eq. �1�, dose can also be
calculated with the following quadratic equation:12

Dose = a � counts + b � counts2, �2�

where a and b are determined parameters. Solving Eq. �2� for
two doses, D1 and D2, the following equations are obtained:

a =

D1 − D2 � �CNTD1

CNTD2
�2

�CNTD1 −
CNTD12

CNTD2
� , �3�

b =
D1 − a � CNTD1

�CNTD12�
, �4�

where CNTD1 and CNTD2 are the counts that are read on
the OSLD when exposed to doses D1 and D2, respectively.
When doing this type of two-dose characterization, doses of
20 and 200 cGy are found to be convenient for making mea-
surements in the 0–400 cGy range.

Figure 6 shows the results of the exponential and qua-
dratic models applied to the same nanodot. The exponential

FIG. 6. Percent difference between the calculated dose and the dose deliv-
ered to a nanodot; percent difference=100� �cal-del� /del. The dose was
calculated with the exponential model �Eq. �1�� and the quadratic model �Eq.
�2��. For the exponential model: A=1024 counts /cGy, B=0.113, and C
=0.001 79 cGy−1. For the quadratic model: With D2=200 cGy, a=9.755
�10−4 counts−1, b=−1.325�10−10; with D2=600 cGy, a=9.749
�10−4 counts−1, b=−1.025�10−10; with D2=1000 cGy, a=9.743
�10−4 counts−1, b=−7.091�10−11.
model parameters were determined from three dose points:
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20, 600, and 1000 cGy. The quadratic model parameters
were determined from two dose points: D1=20 cGy and
D2=200, 600, or 1000 cGy. After these irradiations for the
characterization of the nanodot, the device was optically an-
nealed with the CFL for 3 h. The nanodot was then irradiated
with eight doses from 20 to 1000 cGy, the signal counts were
read, and the dose calculated by both models. As can be seen
in Fig. 6, the exponential model was accurate to within 0.4%
from 0 to 1000 cGy of delivered dose. The quadratic model
both over and under estimated the delivered dose when be-
low and above the D2 value. The quadratic model is quite
useful over a range of dose near the D2 calibration dose. The
exponential model is significantly better than the quadratic
model when a large range of dose is received by the OSLD.

It is of interest to know how variable the characteristics of
OSLDs are if they have no accumulated dose. Seventeen
new nanodots were chosen at random from a batch obtained
from the manufacturer. These devices were not preselected in
any way. These nanodots were characterized using the non-
linear regression method described for Fig. 5 and statistics of
their characterization parameters are shown in Table I. Using
these parameters in Eq. �1� and a typical signal of 200 000
counts, the average dose is calculated to be 202.9 cGy with a
range of 179.7–218.3, which is 202.9 cGy+11% to �8%.
Clearly, without any preselection, one must characterize nan-
odots before they are used for dosimetry.

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 nanodots were characterized using the nonlinear re-
gression method described for Fig. 5. Figures 7–10 show
how the parameters of Eq. �1� change with the accumulated
dose to the OSLD when it passes through many cycles of
irradiation, read, and optical bleach. The A parameter �Fig.
7�, which is the OSLD sensitivity before supralinearity oc-
curs, decreases up to an accumulated dose of 60 Gy. Note
that for the OSLD annealed with the THL, the decrease in A
begins at 20 Gy, a behavior that was reported previously.12

Also, at an accumulated dose of zero, the two OSLDs have
different values for A, which is variability between the de-
vices. Above 60 Gy, A rapidly increases if the CFL is used
for annealing and slowly increase if the THL is used.

The B parameter �Fig. 8�, which is the magnitude of the

TABLE I. Characteristics of 17 nanodots that were randomly chosen from a
new batch of devices. The dosimeters were all irradiated with 6 MV x rays.
Parameters are for Eq. �1�.

Parameter
A

�counts/cGy�
B C

�cGy−1�

Minimum 908 0.051 0.000 89
Maximum 1054 0.204 0.0018
Average 958.5 0.111 0.0015
Coefficient of variation 5.1% 27.7% 30.5%
supralinearity, increases up to an accumulated dose of 60 Gy.
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Above 60 Gy, B decreases if the CFL is used for annealing
and continues to increase if the THL is used.

The C parameter �Fig. 9�, which is the dose dependence
of the supralinearity, within experimental uncertainty re-
mains invariant at an average value of 1.5�10−3 cGy−1.

The expression A · �1+B� �Fig. 10�, which is the high dose
limit of Eq. �1�, increases with accumulated dose. The in-
crease is more pronounced for OSLDs annealed with the
CFL than with the THL.

The data in Figs. 7–10 show that the OSLD characteristics
change with accumulated dose. For the data in Fig. 5 and
Table I, parameters A, B, and C were solved based on eight
different doses between 20 and 1000 cGy. A more practical
approach with multiple uses of an OSLD is to solve for A
and B in Eq. �1�, with C being held constant at its initial

FIG. 7. The change in parameter A of Eq. �1� as a function of the accumu-
lated dose to the nanodot. For each dose point the nanodot is irradiated, kept
in the dark for 8 min, and then read. After 1000 cGy was delivered the
nanodot was optical annealed to the plateau value shown in Fig. 3. Two
different nanodots were used. One was optically annealed with the THL and
the other with the CFL.

FIG. 8. The change in parameter B of Eq. �1� as a function of the accumu-
lated dose to the nanodot. Other experimental details are the same as in the

legend of Fig. 7.
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value since it does not change with accumulated dose as
shown in Fig. 9. Solving Eq. �1� for two doses D1 and D2,
the following equations are obtained:

B =
R − 1

�1 − R + R � exp�− C � D1� − exp�− C � D2��
,

where R =
�CNTD2/D2�
�CNTD1/D1�

, �5�

A =
�CNTD1/D1�

�1 + B � �1 − exp�− C � D1���
, �6�

where CNTD1 and CNTD2 are the counts that are read on
the OSLD when exposed to doses D1 and D2, respectively.
In doing this type of two-dose characterization, doses of 20
and 200 cGy are found to be convenient.

In the next set of measurements the nanodot was exposed
to increasing amounts of dose and read without being opti-
cally annealed between irradiations. These nanodots were

FIG. 9. The change in parameter C of Eq. �1� as a function of the accumu-
lated dose to the nanodot. Other experimental details are the same as in the
legend of Fig. 7.

FIG. 10. The change in high dose limit value A · �1+B� of Eq. �1� as a
function of the accumulated dose to the nanodot. Other experimental details

are the same as in the legend of Fig. 7.
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read with the film-modified reader. As can be seen in Fig. 11,
the OSLD sensitivity �supralinearity� increases up to a dose
of 60 Gy and then remains constant.

Based on the data shown in Figs. 7, 8, and 10, the char-
acteristics of OSLDs vary up to a 180 Gy of accumulated
dose. It was of interest to determine if the nanodots stabilized
with much higher dose. To test this, nanodots were exposed
to 1 and 5 kGy of dose with a Co-60 machine and 2 kGy
with a HDR Ir-192 source. The response to dose of a nanodot
that had been irradiated to 1 and 2 kGy is shown in Fig. 12.
Compared to a nanodot with no previous irradiation in Fig.
5, there are two significant changes in the 1 and 2 kGy preir-
radiated nanodot: �1� The sensitivity, counts/cGy, increased
by about 2.5 fold and �2� the supralinear behavior has be-
come insignificant. Characteristics of nanodots preirradiated
with high dose are given in Table II.

FIG. 11. OSLD response versus absorbed dose. For each dose point the
nanodot is irradiated, kept in the dark for 8 min, and then read. The irradia-
tion sequence was then repeated multiple times to give the total dose as
indicated. The nanodot was not optically annealed between irradiations.

FIG. 12. OSLD response versus absorbed dose. The nanodot was irradiated
with 1 kGy from Co-60 and 2 kGy from Ir-192 and then optically annealed
to the plateau value shown in Fig. 3 with the CFL. For each dose point the
nanodot is irradiated, kept in the dark for 8 min, and then read. The broken

line, linear response, is based on the response of the OSLD at 20 cGy.
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Preirradiated OSLDs can be optically annealed with a re-
sponse similar to that shown in Fig. 3. However, it is found
that a regeneration of the luminescence occurs in the dark
after full annealing as shown in Fig. 13. This dark regener-
ated luminescence signal is equivalent to less than 22 cGy
and has a half time of approximately two days.

V. DISCUSSION

The dose response of OSLDs made from Al2O3:C is
found to be quite complex and is altered with accumulated
dose. An understanding and control of these phenomena are
essential for use of OSLDs for accurate dosimetric measure-
ments. The phenomena measured in this work can be ex-
plained within the framework of the energy level diagram in
Fig. 1 and reactions 1–15.

Optical annealing is a depletion of IET− by photoioniza-
tion and charge recombination �reactions 13 and 14�. The
inability to fully eliminate the luminescence by optical an-
nealing as shown in Fig. 3 is because in the dark after optical
annealing is ended, before reading the OSLD, electrons from

TABLE II. Characteristics of nanodots that were irradiated with 1, 2, and 5
kGy. The 1 and 5 kGy were delivered with Co-60 and the 2 kGy was
delivered with Ir-192. Parameters are for Eq. �1�. Experimental details are
given in the text and the legend of Fig. 13.

Nanodot
Preirradiation

�kGy�
A

�counts/cGy� B
C

�cGy−1�

219401 0 966 0.066 0.001 46
290419 0 920 0.128 0.001 53
08120G 0 912 0.075 0.001 65
151653 0 930 0.104 0.001 59
219401 1 2299 �0 �0
290419 1 2283 �0 �0
08120G 5 2179 �0 �0
151653 5 2223 �0 �0
24102F 2 2624 �0 �0
19832V 2 2517 �0 �0

FIG. 13. Measurements of an OSLD signal after various times in the dark
following optical annealing to the plateau value shown in Fig. 3 with
the CFL. The various nanodots were irradiated with 30 to 180 Gy with 6

MV x rays and to 5 kGy with Co-60.
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traps slightly deeper17,18,37 than IET slowly lose their elec-
trons. This regeneration of IET− in the dark is easily seen in
Fig. 13 and becomes more prominent with larger amounts of
accumulated dose, which fills deep electron traps. The rise in
counts in Fig. 13 corresponds to the regeneration of low
concentrations of IET−.

The use of a CFL for optical annealing is appealing since
the apparatus is very inexpensive, there is little heat gener-
ated so melting of the plastic case of the OSLD is not a
concern, large numbers of OSLDs can be annealed at the
same time, and annealing overnight is adequate and requires
no careful timing and intervention by a physicist. The THL
anneals ten times more rapidly but the apparatus is more
expensive and the method suffers from the disadvantages
mentioned above.

The complex change in OSLD sensitivity and supralinear-
ity shown in Figs. 4 and 7–10 are explained as a balance
between DHT+ and DET−, which are stable at room tempera-
ture and cannot be photooxidized.32,36 Supralinearity occurs
because the concentrations of DET− and deeper levels of
IET− increase with accumulated dose12,32,36,38,42 and do not
compete with IETs for radiation generated electrons �reac-
tions 4 and 8�. The magnitude of supralinearity, which can be
gauged by the value of B, can increase and decrease with
shifts in the equilibrium of deeper levels of IET− concentra-
tion as seen in Fig. 8.

The decrease in OSLD sensitivity �counts/dose� with ac-
cumulated dose, shown in Fig. 7, has been reported
previously.12,13 This is due to the build up of DHT+ �reaction
12�, which competes with F+ �reaction 14� for the optically
stimulated electrons �reaction 13�. The eventual increase in
OSLD sensitivity above 60 Gy of accumulated dose, as seen
in Figs. 7 and 10 is due to saturation of DHT+ and continued
increase in DET− concentration. Extreme values of accumu-
lated dose, greater than 1 kGy, result in high OSLD sensitiv-
ity and loss of supralinearity. In this condition, DHT+ and
DET− concentrations have been saturated and optical anneal-
ing and irradiation are shifting the equilibrium of charges as
follows:

F + IET ↔
optical annealing

irradiation

F+ + IET− →
reading

F + IET

+ luminescence,

where the reading only depletes the IET− concentration by
0.05%.12

For the OSLDs with accumulated dose of greater than 1
kGy, the device response to dose becomes linear �Fig. 12�.
These devices are very easy to use. They are annealed im-
mediately before use to remove any buildup of signal that
occurs during storage in dark �Fig. 13�. A calibration dose
�Dcal� is delivered and after an 8 min wait, the signal �CNT-
cal� is read. The device is then placed on the patient, irradi-
ated, and after an 8 min wait, the signal �CNTmeas� is read.
The dose at the measurement position �Dmeas� on the patient

is calculated as follows:
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Dmeas =
Dcal

CNTcal
· CNTmeas - Dcal.

It is found that Dcal of 20 cGy is convenient for most clini-
cal measurements.

The data in Table I indicate that new nanodots, when cho-
sen at random from a batch obtained from the manufacturer,
have quite different dose sensitivities as well as supralinear
behavior. Based on these results, it is recommended that each
OSLD be characterized even if they are from the same batch.
The use of batch parameters, as suggested by Yukihara et
al.,23 is not supported by these data.

When an OSLD is given high dose without annealing
�Fig. 11�, the sensitivity increases with a plateau at about 40
Gy. In this case, DHT+, deep levels of IET−, and DET− con-
centrations increase simultaneously. The sensitivity increase
occurs because the DET− and deeper levels of IET− do not
compete with IETs for radiation generated electrons �reac-
tions 4 and 8�.

VI. CONCLUSIONS

The use of OSLDs to make measurements with �0.5%
precision is possible if the complications described in this
work are considered and controlled. The following guide-
lines should be followed:

1. OSLDs can be implemented in single-use protocol but
they must be individually characterized.

2. OSLDs can be implemented in a multiple-use protocol
but they must be characterized after each optical anneal-
ing since the OSLD characteristic change with accumu-
lated dose.

3. OSLDs can be characterized by a quadratic equation
model, which is useful over a range of 300 cGy.

4. OSLDs can be characterized by an exponential equation
model, which is useful over a range of 1000 cGy.

5. OSLDs with an accumulated dose of greater than 1 kGy
have a linear response to dose and in the dark have a
regeneration of the luminescence signal with the half-
life of approximately two days.
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