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Purpose: The purpose of this investigation was to assess the angular dependence of a commercial
optically stimulated luminescence dosimeter (OSLD) dosimetry system in MV x-ray beams at depths
beyond dpax and to find ways to mitigate this dependence for measurements in phantoms.

Methods: Two special holders were designed which allow a dosimeter to be rotated around the center
of its sensitive volume. The dosimeter’s sensitive volume is a disk, 5 mm in diameter and 0.2 mm
thick. The first holder rotates the disk in the traditional way. It positions the disk perpendicular to the
beam (gantry pointing to the floor) in the initial position (0°). When the holder is rotated the angle of
the disk towards the beam increases until the disk is parallel with the beam (“edge on,” 90°). This is
referred to as Setup 1. The second holder offers a new, alternative measurement position. It positions
the disk parallel to the beam for all angles while rotating around its center (Setup 2). Measurements
with five to ten dosimeters per point were carried out for 6 MV at 3 and 10 cm depth. Monte Carlo
simulations using GEANT4 were performed to simulate the response of the active detector material
for several angles. Detector and housing were simulated in detail based on microCT data and com-
munications with the manufacturer. Various material compositions and an all-water geometry were
considered.

Results: For the traditional Setup 1 the response of the OSLD dropped on average by 1.4% =+ 0.7%
(measurement) and 2.1% + 0.3% (Monte Carlo simulation) for the 90° orientation compared to 0°.
Monte Carlo simulations also showed a strong dependence of the effect on the composition of the
sensitive layer. Assuming the layer to completely consist of the active material (Al,O3) results in a
7% drop in response for 90° compared to 0°. Assuming the layer to be completely water, results in a
flat response within the simulation uncertainty of about 1%. For the new Setup 2, measurements and
Monte Carlo simulations found the angular dependence of the dosimeter to be below 1% and within
the measurement uncertainty.

Conclusions: The dosimeter system exhibits a small angular dependence of approximately 2% which
needs to be considered for measurements involving other than normal incident beams angles. This
applies in particular to clinical in vivo measurements where the orientation of the dosimeter is dictated
by clinical circumstances and cannot be optimized as otherwise suggested here. When measuring in
a phantom, the proposed new setup should be considered. It changes the orientation of the dosimeter
so that a coplanar beam arrangement always hits the disk shaped detector material from the thin side
and thereby reduces the angular dependence of the response to within the measurement uncertainty
of about 1%. This improvement makes the dosimeter more attractive for clinical measurements with
multiple coplanar beams in phantoms, as the overall measurement uncertainty is reduced. Similarly,
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phantom based postal audits can transition from the traditional TLD to the more accurate and conve-
nient OSLD. © 2014 Author(s). All article content, except where otherwise noted, is licensed under
a Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1118/1.4875698]
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1. INTRODUCTION

This work addresses the angular dependence of the response
of the nanoDot™ dosimetry system (Landauer Inc., Glen-
wood, IL) for the application in phantoms at a depth beyond
dmax With MV x rays. The system uses optically stimulated
luminescence dosimeter (OSLD) in a small plastic casing
(nanoDOT). Principles and details of OSLD have been re-
ported in Refs. 1-5.

OSLDs have a variety of applications in Medical
Physics.5'* They are used in phantom measurements per-
formed when implementing new techniques into clinical prac-
tice and for individual patient quality assurance (QA) proce-
dures. Often, the dosimeters are located inside a phantom and
can receive radiation from multiple fields and directions, mak-
ing angular dependence of their response important.

For many clinical audits, passive detectors such as OSLD
nanoDots, are also placed inside plastic phantoms. For higher
level audits, in particular for Level III end-to-end tests, the
dosimeters are located in the body of an anthropomorphic
phantom to be irradiated from multiple directions,'> again
making angular dependence of their response important. In
Level I audits'® (machine output check) the beam is directed
normal to the OSLD, making their angular response less sig-
nificant here.

Angular dependence for measurements at depth is also im-
portant for clinical in vivo measurements. For in vivo clinical
measurements in external beam radiation therapy, the dosime-
ters are generally placed on the patient’s skin. Often bolus
material is attached over the dosimeter to establish a more
favorable electron equilibrium condition at the location of
the detector material. Clinical measurements are performed
for single electron fields and for single and multibeam pho-
ton treatments. In the case of single field measurements, the
direction of the beam is often not normal to the surface of
the detector. It is therefore of interest to what magnitude this
deviation from a normal angle impacts the response of the de-
tector, which is calibrated with a normal beam. In multibeam
arrangements, similar non-normal irradiation is inevitable,
raising the same angular dependency issues.

The dosimeter manufacturer states that the dosimeters fea-
ture “minimal angular dependence.”!” Jursinic reported from
his detailed experiments that the dosimeters show “no angular
dependence within the measurement uncertainty.”! In a pa-
per that covered many properties of OSLD, Jursinic investi-
gated responses for 24 incident angles (15° steps). Using a
6 MV beam (field size 10 x 10 cm?), he performed compre-
hensive measurements in water equivalent custom phantoms
with the dosimeter positioned at approximately 1.8 cm depth.
The data in Fig. 7 of his paper' show angular responses for
OSLD which differ up to 2% from unity in both directions,
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relative to the response for the beam angle normal to the front
surface of the dosimeter. Jursinic reported a measurement un-
certainty of 0.9% (one standard deviation).

Recently, Kerns et al.'® demonstrated through experiment
and Monte Carlo simulation that nanoDots do exhibit an an-
gular dependence. Their study showed a 4% drop in signal for
6 MV photon beams at approximately 10 cm depth (3% for
18 MV) for nanoDot orientations of 90° (edge on to beam)
compared with nanoDot irradiated straight on.

Kim et al."® investigated angular dependence of the re-
sponse of the nanoDot OSLD for angles up to 75° with mea-
surements at depth and at the surface of a phantom. For the
setup at depth, where the detector was at the center of a
30 cm diameter cylindrical phantom, the group found a drop
in signal of 2.4% for 75° vs 0° for 6 MV photon beams. In
their second setup, Kim et al. placed the dosimeters on the
surface of a stack of solid water, simulating a dosimeter on
the patient’s skin (without any bolus). Here, the results for
the 6 MV photon beam showed an increase in dosimeter re-
sponse of 70% for 75° vs 0°. For 6 MeV electrons the in-
crease was 9% for 50° and 5.1% for 75° compared to the
0° angle.

Based on the above cited studies and the nonspecific
statement of the manufacturer, the angular response of the
nanoDOT OSL dosimeter is not well known. While there is
data indicating an increased response of up to 4% for the
edge on orientation (90°) compared to the straight on ori-
entation (0°) other work states that there is no dependence.
As a variation in the response of a dosimeter in a mag-
nitude of up to 4% can make an important difference in
dosimetry for clinical QA, in vivo dosimetry, and audit mea-
surements this study was designed. Its purpose was to care-
fully examine the angular dependence of the response of the
nanoDot OSL dosimeter in photon beams at depth and to de-
velop methods to mitigate any dependence. The study em-
ployed measurements in MV photon beams with newly de-
signed custom phantom inserts and comprehensive Monte
Carlo simulations.

2. MATERIAL AND METHODS
2.A. Experimental methods
2.A.1. Design of dosimeter holder

The measurements in this study were performed using an
anthropomorphic phantom with removable, cylindrical rods
(IMRT Phantom Model 002LFC CIRS, Norfolk, VA). Two
special holders (rods) were designed and built from Plastic
Water™ (CIRS Inc., Norfolk, VA), the same material as the
rod in the phantom they were replacing for the measurements.
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FIG. 1. Custom CIRS Plastic Water™ rod machined to hold a nanoDOT
OSLD with the center of the detector material at the rod’s center of rotation
in longitudinal direction for “Setup 1.” In this, the traditional setup, the beam
direction is normal to the largest detector surface (bar code side facing the
beam) at angle = 0°. Marks on the outside of the rod correspond with the ori-
entation of the detector. (a) A drawing of the custom rod that was used in the
computer aided design process, illustrating cavities and dosimeter position;
(b) and (c) photographs of the finished device without and with a dosimeter in
place, respectively. See Fig. 2 for a schematic illustration of beam direction
and dosimeter rotation.

The holders have been machined to hold one nanoDot OSLD
in a way that it can be rotated while the center of the OSLD
detector material is at the center of rotation of the rod in
longitudinal direction.

The first holder rotates the disk in the traditional way. It
positions the disk perpendicular to the beam (gantry point-
ing to the floor) in the initial position (0° per chosen nomen-
clature). In other words, the detector faces the beam at angle
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= 0° orientation when the beam direction is normal to the
largest detector surface with the bar code side of the dosime-
ter facing the beam. When the holder is rotated the angle of
the detector disk towards the beam increases until the disk is
parallel with the beam (“edge on,” 90°). Marks on the out-
side of the rod correspond with the orientation of the de-
tector direction (Fig. 1). For each measurement the rod was
aligned to the corresponding angle using an angular scale
marked on the phantom body. This arrangement is hence-
forth referred to as “Setup 1.” Figure 2(a) illustrates the posi-
tion of the detector with respect to the beam and the axis of
rotation.

With the goal to mitigate angular dependence, the study
also investigated the angular dependence of the response of
the dosimeter when the detector is positioned parallel to the
axial patient plane and thereby for each beam angle oriented
with an edge towards the beam. While a reduced response was
expected compared to an enface irradiated dosimeter, the aim
was to see whether the response was consistent through all
angles. This new dosimeter orientation could be implemented
for commissioning, clinical patient specific QA, and in au-
dit situations, when the dosimeter is placed inside a plastic
phantom. It would not be feasible for most clinical in vivo
measurements.

A second dosimeter holder was machined to place the
nanoDOT in axial direction (Fig. 3). When the holder is
placed in the phantom, the beam strikes the dosimeter on its
side for each angle. Again, the center of the detector material
is at the center of rotation in longitudinal direction. This, new
positioning of the detector is referred to as “Setup 2.”

2.A.2. Measurements on linear accelerator

Measurements were performed with an Elekta Synergy lin-
ear accelerator (Elekta AB, Stockholm, Sweden). Dosimeters
were exposed in the phantom (Fig. 4) in a 100 cm SSD setup
with 100 MU per exposure using a 10 x 10 cm? field at
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FIG. 2. Schematic of position and angles of rotation of the detector with respect to the beam for (a) Setup 1 and (b) Setup 2.
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FIG. 3. Custom CIRS Plastic Water™ rod machined to hold a nanoDOT
OSLD in axial direction. The center of the detector material is located at the
rod’s center of rotation in longitudinal direction for “Setup 2.” In this new
approach the beam is always perpendicular to the largest detector surface.
Marks on the outside of the rod corresponded with the orientation of the de-
tector. See Fig. 2 for a schematic illustration of beam direction and dosime-
ter rotation. (a) A drawing of the custom rod that was used in the computer
aided design process illustrating cavities and dosimeter position; (b) and (c)
photographs of the finished device without and with a dosimeter in place,
respectively.

gantry and collimator angles set to 0°. The phantom was posi-
tioned laterally in the A-B axis with inserts open to the A side.
Using marks on the outside of the custom rod, each dosime-
ter was brought into the desired angular position with respect
to the beam. For Setup 1, measurements were performed at
two depths: 3 and 10 cm (center of OSLD detector mate-
rial). The depth of 3 cm was chosen as a shallow depth, where

E U 9 !
Angle setl'ing‘
Wekt. beam

(LAR 440

onization chamber

FI1G. 4. CIRS Phantom Model 002LFC with custom rod (top) at the 3 cm
depth position. Using marks on the outside of the rod, the dosimeter was
brought into the desired angular position with respect to the beam. A Farmer
chamber with a suitable insert (bottom, middle) was used to monitor machine
output. Other measurements were performed with the OSLD at 10 cm depth,
two positions down from the shown position.
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conceptually the photons of the incoming beam are less scat-
tered and any angular dependence of the detector response
should be expressed more strongly. The depth of 10 cm was
chosen for comparison with some of the published data. For
both depths, measurements were performed for three orienta-
tions (—90°, 180°, 90°) following the nomenclature described
above. Ten dosimeters were exposed at every measurement
point.

All dosimeter readings were corrected with previously de-
termined element correction factors, describing the response
of a dosimeter relative to the batch average.’ The average
readings of the dosimeters for each angle were used to find
the mean and standard deviation of the relative response for
that angle. Ton chamber measurements with a Farmer cham-
ber were used to monitor the linac output.

For Setup 2, measurements were performed at a depth of
3 cm (center of OSLD detector material). For this setup five
orientations were investigated (—90°, —45°, 0°, 45°, 90°),
covering the potential impact of the nonsymmetric internal
structure of the dosimeter. Five dosimeters were used per ori-
entation. The same readout and analysis procedures were per-
formed as for Setup 1.

2.B. Geant4 Monte Carlo simulations

Monte Carlo simulations using Geant4 (Ref. 20) were per-
formed to simulate the response of the active detector ma-
terial. The Geant4 simulation geometry consisted of a simu-
lated nanoDot dosimeter in a 30 x 30 x 30 cm® block of wa-
ter. Simulations were performed for both orientations of the
dosimeter (perpendicular—Setup 1 and parallel—Setup 2) at
depths 3 and 10 cm. The rotation of the dosimeter was about
the center of the detector material simulating the experimental
setups.

The geometry and materials of the dosimeter, its hous-
ing and air gaps were considered in detail, based on ear-
lier experience of Charles et al. ! correspondence with the
manufacturer and studies of micro-CT images of the dosime-
ter. Ten nanoDOT dosimeters were imaged with a micro-
CT (SCANCO Medical AG, Basserdorf, Switzerland, nom-
inal x-ray energy: 55 kVp, tube current: 145 pA, 20 um
isotropic resolution). The dimensions and densities of the im-
aged dosimeters were analyzed and formed the basis for the
dosimeter details used in the simulations, as described be-
low. Figure 5 shows selected views of a dosimeter from the
micro-CT scans.

Figure 6 shows the simulation geometry. The outer casing
of the dosimeter was modeled as a rectilinear polygon of wa-
ter equivalent material with a density override to 1.03 g/cm?
and dimensions of 10 x 10 x 2 mm?. Inside the outer case
four air gaps are modeled mimicking the actual air gaps as
seen in the micro-CT. The sensitive volume of the dosimeter
is a disk of 5 mm diameter and a thickness of 0.2 mm. It is po-
sitioned offset by 1 mm relative to the center of the housing
in both of the long dimensions. The detector disk consists of a
mixture of aluminium oxide (Al,O3:C) and a polyester-binder
sandwiched in-between a polyester substrate (0.2 mm thick)
and polyester film coating (0.05 mm thick). The composition
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FI1G. 5. Micro-CT images of the internal structure of a nanoDOT OSLD used as basis for the details of the simulation geometry (SCANCO Medical AG,
Basserdorf, Switzerland, nominal x-ray energy: 55 kVp, tube current: 145 A, 20 pum isotropic resolution). (a), (b), and (c) Axial slices showing the housing,
an internal part without detector material, and a central part with detector material (brighter due to its higher density), respectively. (d) A coronal slice at larger

scale.

of the detector disk has been modeled as 78.4% Al,O3; (p
= 3.96 g/cm®) and 21.6% polyester (p = 1.18 g/cm?). The
sensitive material also contains a very small amount (0.01%—
0.5%) of carbon doping,?> which has not been considered
in the simulations. The effective density of the detector disk
is 1.41 g/cm®. Compositions and dimensions were obtained
through communications with Landauer (Private communica-
tion with Professor Mark Akselrod), analysis of the micro-CT
data and weight measurements of the detector disk. To iden-
tify the separate contributions from detector disk composition
and dosimeter geometry to the angular dependency of the re-
sponse, further simulations were performed with the compo-
sition of the detector disk set to pure Al,O3 and water as well
as with all elements of the simulation geometry set to water.

Air gaps

Outer case: Plastic,
10x10x2 mm3

In all simulations, a 10 x 10 cm? 6 MV photon beam
was simulated incident at the surface of the water phantom.
The energy spectrum of the simulated photon beam was de-
rived from a previous MC model of the Elekta Synergy linear
accelerator used in the experimental portion of this work.?
The class “G4PSDoseDeposit” was used to score the dose de-
posited in the sensitive layer. Range cuts of 1 mm and 50 um
were set for photons and electrons, respectively. The physics
list “emstandard_option3” was activated. Relative responses
for the dosimeter were calculated for each orientation as ra-
tios of the collected dose at that orientation relative to the dose
at normal incidence.

Simulations were performed on the Victorian Partnership
for Advanced Computing (VPAC) “Trifid” cluster. The Trifid

Mylar substrate, 5 mm
diameter, 0.150 mm thick
p=1.18 g/cm?

Sensitive element: Al203 +
Polyester binder mixture, 5
mm diameter, 0.2 mm
thick, p = 1.41 g/cm?

Mylar thin film coating: 5
mm diameter, 0.05 mm thick,
p=1.18 g/cm?

Dosimeter mounting:
Plastic, 1 mm wide x 0.4
mm thick, p = 1.18 g/cm3

FIG. 6. Details of the geometry used for Monte Carlo simulations (export from GEANT4): wireframe (lower left) and exploded view. The exploded view shows

the components of the dosimeter with dimensions, materials, and densities.
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cluster is a large Intel system.?* Trifid has 180 compute nodes,
with a total of 2880 cores and HPL (High Performance Lin-
pack) rating of 45.9 TFLOPS. For each angle and both se-
tups (rotation perpendicular and parallel), 10'° initial photon
histories were simulated using 200 nodes or 5 x 108 histo-
ries per simulation per angle. Simulations took approximately
40 h to complete and yielded a standard uncertainty of less
than 0.5% on average.

3. RESULTS
3.A. Angular dependence of dosimeter

Figure 7 shows the results for both the measurements and
the Monte Carlo simulations with the detector oriented as in
Setup 1 at depth of 3 cm and normalized to the response at
180° (normal to beam direction).

In the Monte Carlo simulations for Setup 1 at 3 cm depth,
the largest differences in response can be seen to occur for
the 90° and 270° angles. A drop of 1.8% =+ 0.3% and 2.0%
£ 0.2% was found for 90° and 270°, respectively. The mea-
surement results demonstrated a reduction in response of
1.1% 4 0.7% and 1.3% =+ 0.6% at these angles. Differences
between the Monte Carlo simulations and measurements were
0.7% for both, 90° and 270°.

Figure 8 shows the results for the measurements and Monte
Carlo simulations for Setup 1 at a depth of 10 cm. The largest
reduction in response was again found for angles 90° and
270°, with reductions of 2.2% = 0.3% for both angles. Corre-
spondingly, the measurement results showed a drop of 2.1%
£ 0.9% and 1.1% = 0.5% for 90° and 270°, respectively. Dif-
ferences between the Monte Carlo simulation and experimen-
tal results were 0.3% and 1.1% for 90° and 270°, respectively.
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FI1G. 7. Relative response of the detector for Setup 1 at 3 cm depth. Mea-
surement results are shown as diamonds and Monte Carlo results are shown
as circles. Data are normalized to 180°. Error bars show the standard un-
certainty for measurement and Monte Carlo simulations, respectively. In ad-
dition to the shown statistical uncertainty, a systematic uncertainty of up
to 0.7% can be estimated for the Monte Carlo simulations as discussed in
Sec. 3.B. The schematic in the bottom left hand corner indicates the orien-
tation and axis of rotation of the dosimeter with respect to the beam. Data
shown in all figures are displayed with the error bars representing the statis-
tical standard uncertainty. For all diagrams the same scale on the y axis was
used for better comparison.
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FI1G. 8. Relative response of the detector for Setup 1 at 10 cm depth. Mea-
surement results are shown as diamonds and Monte Carlo results are shown
as circles. Data are normalized to 180°. Error bars show the standard uncer-
tainty for experimental and Monte Carlo simulations, respectively. In addition
to the shown statistical uncertainty, a systematic uncertainty of up to 0.7% can
be estimated for the Monte Carlo simulations as discussed in Sec. 3.B. The
schematic in the bottom left hand corner indicates the orientation and axis of
rotation of the dosimeter with respect to the beam.

Overall, the average response for a 90° deviation from the
“regular,” perpendicular beam angle was found to be 1.4%
+ 0.7% through measurement and 2.1% =+ 0.3% through
Monte Carlo simulation. The uncertainties represent one stan-
dard deviation of the measured and simulated values, respec-
tively. Figure 9 shows the angular response of the dosime-
ter in Setup 2. Results from measurements and Monte Carlo
simulations both show a reduced angular response compared
to Setup 1. The detector response is within 1% for all an-
gles. The largest variation found was 0.55% =+ 0.4% (45°)
and 0.90% = 0.3% (90°) for the simulation and measurement
results, respectively. Both these variations were at 3 cm depth.
Figure 10 shows the response of the dosimeter for Setup 2 nor-
malized to the response at optimal exposure conditions, i.e.,

1.08

¥ + Measurement - 3 cm depth, Setup 2
1.06 @ Monte Carlo - 3 cm depth, Setup 2

[ @ Monte Carlo- 5 cm depth, Setup 2
1.04 O Monte Carlo - 10 cm depth, Setup 2

Normalised Response

Angle [deg.]

FIG. 9. Relative response of the detector for Setup 2. Measurement results
at 3 cm depth are shown as crosses and Monte Carlo simulation results at 3,
5, and 10 are shown as circles, diamonds, and squares, respectively. Data are
normalized to 0°. The dashed error bars correspond to the standard uncer-
tainty of the averaged measurements. Uncapped error bars show the standard
uncertainty in the Monte Carlo simulations. The schematic in the bottom left
hand corner indicates the orientation and axis of rotation of the dosimeter
with respect to the beam.
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FI1G. 10. Response of dosimeters aligned as in Setup 2 normalized to the
response at optimal exposure conditions, i.e., plane of dosimeter enface to
beam (Setup 1). Measurement results at 3 cm depth are shown as crosses and
Monte Carlo simulation results at 3 and 10 are shown as circles and squares,
respectively. The dashed error bars correspond to the standard uncertainty of
the averaged measurements. Uncapped error bars show the standard uncer-
tainty in the Monte Carlo simulations. The schematic in the bottom left hand
corner indicates the orientation and axis of rotation of the dosimeter with
respect to the beam.

plane of dosimeter enface to beam, Setup 1 (0° or 180°). Mea-
surement results at 3 cm depth and results from simulations at
3 and 10 cm depth are displayed.

3.B. Analysis of geometrical and
compositional contributions

The angular response of the dosimeter is critically sensi-
tive to the exact composition of the detector disk. Results of
the investigation of the impact of this composition are shown
in Fig. 11 for Setup 1 and a 3 cm depth of the dosimeter. As
a starting point, all materials have been simulated as water. In
the next step, the dosimeter was simulated in realistic detail.
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4o @® Realistic dosimeter, detector = 78.4% Al,0,, 21.6% Polyester
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FIG. 11. Monte Carlo simulated angular response of the dosimeter for dif-
ferent compositions (Setup 1 at 3 cm depth). Results are shown for an all-
water geometry (diamonds) and for three geometries with realistic simula-
tion of all dosimeter details but different materials for the detector disk: water
(squares), 78.4% Al,O3 21.6% polyester (as assumed to be the real composi-
tion, circles), 100% Al,O3 (crosses). Data are normalized to 180°. Error bars
have been removed for improved clarity. Standard statistical uncertainty for
the Monte Carlo simulations is about 0.3%-0.4%.
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The material of the detector disk was simulated with differ-
ent materials, while all other components were kept constant.
Results are shown for water, a composite of 78.4% Al,0O3 and
21.6% polyester (which is assumed to be the real composition,
as described earlier), and 100% Al,Os;. For clarity error bars
have been omitted. All data points have a standard statistical
uncertainty of 0.3%—-0.4%.

Responses for the all water geometry and detector disk
set to water are flat within the uncertainties of the simula-
tion. Simulating the detector disk comprised solely of Al,O3
(0 = 3.96 g/cm?) the dosimeter under responds for up to 7%
(90°) relative to 180°. Using the assumed real composition
of the detector disk (78.4% Al,O3; and 21.6% polyester, p
= 1.41 g/cm®), the under response of the dosimeter is lim-
ited to 2.2%, for both 90° and 270°, as also reported in
Sec. 3.A.

The strong dependence of the angular response on the de-
tector composition adds a systematic uncertainty to the results
of the Monte Carlo simulations in Sec. 3.A. Based on our
investigations into detector material distribution and density
we estimate the uncertainty in the composition of the detector
material to be 3%. This leads to a systematic uncertainty of
0.7% in the max angular response. The uncertainty has been
noted in the relevant figure captions.

4. DISCUSSION

Understanding the variation of dosimeter response with
radiation incidence angle is valuable for any dosimeter. For
nanoDot dosimeters this understanding is important if the
dosimeter is placed in a phantom, for clinical QA or in an
audit situation, to assess dose of a multibeam treatment sce-
nario. Furthermore, for in vivo dosimetry during treatment,
placement of the dosimeter on the skin will almost never be
at complete normal incidence to the beam direction.

This study has found a 2% reduction in the response of
the nanoDot dosimeter at 90° and 270° compared to 0° for
6 MV photons. The results are supported by measurements
and Monte Carlo simulations at 3 and 10 cm depth. It should
be noted that all angular responses determined by measure-
ment were slightly smaller than the corresponding ones found
with Monte Carlo simulation. We attribute this to the system-
atic uncertainty in the Monte Carlo results due to the uncer-
tainty of the exact composition of the detector disk. The mea-
sured results are in our estimate the more reliable measure
of the angular response giving an overall response of 1.4%
=+ 0.7% for Setup 1.

The Monte Carlo simulations for Setup 1 at 3 cm depth
(Fig. 7) show some nonsymmetrical results between the 30°
and 120° angles, while above 180° the response appears to
be more symmetrical. The effect is small but could be real
as the deviations from symmetry are larger than the statisti-
cal standard uncertainty. These deviations are possibly due to
the asymmetry of the dosimeter geometry about the center of
the detector disk as best appreciated in Fig. 5(d). The effect
was not observed for the extreme case of the 100% Al,O5 de-
tector disk (Fig. 11). It was also absent for the simulations at
10 cm depths (Fig. 8). While the latter could be due to broader
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angular distribution of photons at depth, it is well possible
that the nonsymmetrical results between the 30° and 120° an-
gles for the Setup 1 simulations at 3 cm depth are caused by
simulation uncertainties. Either way, the effect will have very
limited if any practical impact, as the maximum deviation in
response, which was found at 90°, is the important number to
consider.

The angular response found in this work is smaller than
the one reported by Kerns et al.'® who also performed ex-
periments and Monte Carlo simulations and found that the
dosimeters under respond by up to 4% (6 MV photons at ap-
proximately 10 cm depth) for non-normal incidence of the
beam (90°) compared to normal beam incidence (0°). The
difference in the Monte Carlo simulation results of this work
compared to Kerns et al. can be explained by the material
composition of the sensitive layer of the detector used in the
simulations. Kerns er al. assumed a detector consisting of
100% Al,Os. As discussed above the detector actually con-
sists of 78.4% Al,O3 and 21.6% polyester, which was used
in this model of this study. When changing the composition
of the detector to 100% Al,O3 the response increases signifi-
cantly as shown in Fig. 11. An additional consideration when
comparing both Monte Carlo studies are the statistical uncer-
tainties. Uncertainties for Kerns’ Monte Carlo study were of
the order of 2% (6 MV MC “with air” model).'® The statisti-
cal uncertainty in this study is lower due to the large number
of histories (10'%) simulated. It amounts to 0.2%—0.3% for the
6 MV “Setup 1” simulations at 3 and 10 cm depth.

The difference in the measurement results of this work
compared to Kerns et al. can be explained by the design of the
dosimeter holder. Kerns et al. did not actually place the cen-
ter of the detector at the center of rotation for their measure-
ments. They used an average of two dosimeters which were
equal distances away from the axis of rotation of their phan-
tom, as can be seen in Fig. 3 of their paper. The first author,
James Kern, acknowledges problems with the measurement
setup in his thesis and concludes that “more studies should be
performed to solidify the results, with careful consideration
of the setup and uncontrolled variables to isolate the angular
dependence.”? Such study has been presented here.

In a study covering several aspects of OSLD, Kim et al.®
report an angular dependence of the response of the dosime-
ter as a drop in signal of 2.4% for 75° incident angle vs 0°
(straight on) for 6 MV photon beams at 15 cm depth. The
authors describe the placement of the OSLD with “at the cen-
ter of the cylindrical phantom, which was a 30 cm in diame-
ter virtual water phantom provided by TomoTherapy, Inc.”'”
No details were provided on how the dosimeters were placed
within this phantom. The current version of the TomoPhan-
tom, often referred to as Cheese Phantom (Accuray Inc, Sun-
nyvale, CA), does not accommodate for placement of nan-
oDots at its center without some custom additions. Given the
dependence of the measured angular response of the dosime-
ter on small details of the measurement setup, as described
above, it is difficult to evaluate the results of Kim er al.®
However, as their 75° data point (2.4% under response) has a
reported uncertainty of 5.7% (one standard deviation), it can
be considered to not contradict the findings of this study.
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Jursinic! performed comprehensive measurements in wa-
ter equivalent custom phantoms with the dosimeter positioned
at approximately 1.8 cm depth. He concluded that nanoDot
OSLDs exhibit no angular dependence within the measure-
ment uncertainty, which he specified with 0.9%. As described
in Sec. 1, the data for the angular response reported by
Jursinic actually deviate from unity by up to 2% in both direc-
tions over the 24 angles investigated. No specific relationship
between the response and the angle can be seen, and it is not
commented on why this deviation occurs. Jursinic performed
the study with a single OSLD and described in the caption of
the figure “The OSLD and TLD were zeroed, irradiated, and
read for each incident angle.”! It is not reported how many
repeats were done for each angle and how the provided mea-
surement uncertainty of 0.9% was determined. Jursinic stated
that he allowed 8—15 min wait after the end of an irradia-
tion before readout. As the OSLD signal still fades at that
time point,”> small inconsistencies in timing might have con-
tributed to the deviations. Either way, the overall uncertainty
of Jursinic’s angular response data can be estimated to be
2%-3%. Therefore, the angular dependence of the nanoDot
OLSD as determined in this work is within the uncertainty of
Jursinic’s data.

A novel method for mitigating the angular response of
the nanoDot dosimeter has been presented in this work. By
mounting the dosimeter as in Setup 2 with the plane of the
dosimeter parallel to the beam direction the angular response
of the dosimeter is reduced to within the measurement un-
certainty. This result has particular implications for mea-
surements at depth for multifield radiotherapy with coplanar
beams. One can negate the angular response and simply ap-
ply a single correction factor for the dosimeter which corrects
for the response at 90° relative to 0°, as illustrated in Fig. 10.
Alternatively one could calibrate the dosimeters in the 90°
position.

5. CONCLUSION

Precisely performed measurements of the nanoDOT
OSLD for 6 MV photons at 3 and 10 cm depth in a phantom
showed an angular dependence of the response of the dosime-
ter of up to 2% relative to the response with the plane of the
dosimeter normal to the beam direction. Monte Carlo simu-
lations using realistic density and composition of the active
material supported these findings and allowed for further in-
vestigation into the cause of the angular response.

This under response needs to be considered for measure-
ments involving other than normal incident beams angles.
This applies in particular to clinical in vivo measurements
where the orientation of the dosimeter is dictated by clini-
cal circumstances and cannot be optimized as otherwise sug-
gested here.

Changing the orientation of the dosimeter so that a copla-
nar beam arrangement always hits the disk shaped detector
material from the thin side (Setup 2) mitigates the angular
response of the dosimeter from the beam angle by always en-
suring the same path length through the sensitive layer irre-
spective of the angle of incidence. This reduces the angular
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dependence of the response to within the measurement un-
certainty of about 1%. This improvement makes the dosime-
ter more attractive for phantom based clinical measurements
with multiple coplanar beams in phantoms, as the overall
measurement uncertainty has been reduced. Similarly, phan-
tom based postal audits with multiple coplanar beams can
transition from the traditional TLD to the more accurate and
convenient OSLD.
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