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ABSTRACT

Introduction: We present a comprehensive evaluation of three different dosimeters in 6 MV flattening filter-
free beam (FFF) under charged particle dis-equilibrium conditions.

Material and Methods: Diamond detector, Gafchromic film, and Un-shielded diode detector were used in
this study. The total scatters factor of Jaw-shaped fields was measured starting from (10x10 cm?) down to
(0.5x0.5 cm?) using True Beam Linear Accelerator (Varian) and solid water phantom.

Results: The diamond detector presented more accurate results at an ultra-small field size (0.5x0.5 cm?) with
a 14.1% deviation of the diode results. On the other hand, all the measurements ranged within 5% for large
field sizes “i.e. Larger than 4.0x4.0 cm?”. The relative output factor (ROF) was introduced as a total scatter
Detectors factor measured by a given dosimeter (x) to total scatter factor measured by diamond
Gafchromic Film detector (OF,/OF 3amona), the relative output factor values were 0.859 and 0.104 for both Diode/Diamond
Film Dosimetry (ROFgiode Y and Film/Diamond(ROF/™ ), combinations, respectively.

e : - Diamond
Radiation Dosimetries Conclusion: We found that the diamond detector is the most appropriate detector for the small field
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Introduction

Recently, radiation therapy requirements play an
important role in the development of therapeutic
devices and treatment strategies. High-energy photon
linacs can be distinguished into three subtypes: spiral
linacs, robotic linacs, and normal linacs. While the
conventional linac, which normally includes a
flattening filter (FF) to produce a consistent dose at
specific depths, might be used without one, the first
two are not [1].

Different techniques used the flattening filter free
(FFF) photon beams for radiotherapy treatment,
especially for Stereotactic Radiation Surgery (SRS),
Stereotactic Body Radiation Therapy (SBRT), Intensity
Modulated Radiation Therapy (IMRT), and Volumetric
Modulated Arc Therapy (VMAT) [1-5]. The major
advantages of FFF generation are increased dose rate
and reduced head scatter, which allows for shorter
delivery times with reduced dose in the field. For
IMRT and VMAT techniques, they are based on
providing a non-uniform fluence distribution.
Therefore, flattened beams are not required [1, 5-7].
Generally, these advanced techniques are used for
delivery of small fields or segments under non-
equilibrium conditions. A simple definition for small
fields is still unknown. Since the field dimensions are
usually smaller than the lateral range of the charged
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particles [1, 5, 8, 9]. In other words, compared to the
field size, the lateral range of the electrons, rather than
the forward range, is the critical parameter to the
Charged Particle Equilibrium (CPE). Dosimetry of
small beams suffers from the lack of lateral charged
particle equilibrium (CPE) [5, 8, 10-12]. As such, they
are easily affected by a) the size of the collimator
aperture (r), b) the detector size (Volume), c) the
beam energy, and d) the characteristic of tissue
(Homogeneous or Heterogeneous tissue). For small
field sizes, the total scatters factor value will be
underestimated. Hence the dose will be overestimated
"i.e. overdose".

Das et al defined the small field dosimetry, the
problem of charged particle dis-equilibrium, and the
total scatters factor corrections [8]. IAEA-AAPM
Technical Reports Series (TRS) no.483 provided
extensive data for the small field dosimetry using
different kinds of ion chambers and detectors [5].
Charles et al. quantified the impact that a 1 mm error
in the field size of the detector position had on total
scatter factors and established tolerable uncertainties
on total scatter factor at 1% in order to define the
small field size. In order to study the precise effects of
lateral electronic disequilibrium, photon scattering in
the phantom, and source occlusion, the total scatters
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factor was divided into additional factors for a
theoretical definition of very small field size [9].
Masangetal et al, using different detectors under
charged particle non-equilibrium conditions, provided
a complete description of the total small-field
scattering coefficient in the 6 MV and 10 MV
flattening-filter-free photon beams and reached the
same conclusion; The smaller the detector, the better
(more accurate) the reading of the total scattering
coefficient [1]. Lechner et al [13] discussed the
difference in detector response when irradiated with
FF beams and with FFF beams. Recently, Dwivedi et al
[14] showed small-field dosimetry of a 6 MV photon
beam without a flattening filter (FFF) using various
detectors. The output factor, depth dose, and beam
profile of small fields with dimensions ranging from
0.6x0.6 cm? to 6.0x6.0 cm? were measured using the 6
MV FFF photon beam. The five detectors, SNC125c,
PinPoint, EDGE, EBT3, and TLD-100, were utilized.
None of the previous studies described the total
scatter factor measurements using Gafchromic
Film/Diamond combinations under charged particles
dis-equilibrium conditions for FFF-beam. Along this
side, in this paper, we present a comprehensive
evaluation of the performance of various dosimeters
such as Gafchromic (EBT3) film, diode detector, and
diamond detector in the small field size by 6 MV FFF-
beam of the ordinary linac. In this work, the total
scatters factor readings for the small field size (< 1.5
cm?) of the diode/diamond detectors combination
show a small deviation, emphasizing that the smaller
the detector the better (more accurate) the total
scatter factor readings are. On the other hand, the
Gafchromic film method shows less precise for the
FFF-beam measurement, especially for the ultra-small
field (0.5x0.5 cm?). Meanwhile, the deviation for the
large field sizes (> 4 cm?) among three different
measurement detectors was within an acceptable
range.

Table 2. Characteristic of Gafchromic film used in this study

Materials and Methods
Materials
Linear accelerator and detectors

A True Beam Linear Accelerator (Varian) with 6
MV FFF/FFB capability, designed to deliver intensity-
modulated radiation therapy, combined with solid water
phantom (30x30x20 cm?®) was used for dose calibration

and the total scatter factor measurements. All
measurements ~ were  accomplished by three
extraordinary detectors, see table 1.
Table 1. Characteristics of detectors used in this study.
Detectors Detector Sensitive  Volume Volume
Type (mm)
PTW 30010 .
wellhofer gas filled radius 3.05 (mm) 0'653
E length 23 (mm) (cm?)
armer
PTW 60023 Un-shielded  radius 0.75 (mm) 0.03
Diode diode length 0.018 (mm) (mm?®)
PTW 60019 . radius 1.10 (mm) 0.004
Diamond Diamond length 0.001(mm) (mm?)

Gafchromic film

In the present paper, seven pieces of Gafchromic
films with (2x7 cm?) and one piece with (10x10 cm?) for
film calibration were prepared and eight pieces of
Gafchromic films starting from (10x10 cm?) down to
(0.5x0.5 cm?) for total scatter factor measurement. For
films analysis, the Automatic Film Scanner (AFS) and
image analysis software program (ImagelJ) was used,
Table 2 shows the Gafchromic film specifications.

Solid water phantom

The solid water phantom is a tool developed for
photon and electron beam calibration. No need to pull,
set up or fill water tanks and can calibrate to within 1%
of actual dosage. Furthermore, solid water has no charge
build-up problem and scatters and attenuates X-rays in
the radiation therapy field in the same way as water. In
this study, it was employed for photon beam
calibrations, dose measurements, and absolute
calibrations with no requirement for correction and
scaling factors. Table 3 shows solid water phantom
specifications.

Property

Property GAFChromic™ EBT3 Film

Configuration

Active layer (28 um) sandwiched between 125 pum matte-surface polyester substrates

Size 8” x 10”, other sizes available upon request

Dynamic Dose Range 0.1t020G

Energy dependency

Dose fractionation response ST
P doses at 30 min. intervals

Dose rate response Gy/min

Stability in light
Stability in dark
(pre-exposure stability)

<5% difference in net optical density when exposed at 100 keV and 18 MeV
<5% difference in net optical density for a single 25 Gy dose and five cumulative 5 Gy

<5% difference in net optical density for 10 Gy exposures at rates of 3.4 Gy/min. and 0.034

<5x10-3 change in optical density per 1000 lux-day
<5x10-4 optical density change/day at 23 °C and <2x10-4 density change/day refrigerated
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Table 3. Characteristics of solid water phantom used in this study

Depth lonization Relative-to-water Electron Density Ratio

Solid Water HE / Water: 1.000

Photon: 1.000 +/- 0.005 +/- 0.005

Electron: 1.000 +/- 0.005
Mass density (g/cm®): 1.032 +/-
.005

Electron Density (e-/cm® NA):
0.557 +/- 0.001

Methods
Dose calibration, Dosimeter calibration

In the case of detector calibration, the solid water
phantom was placed on the table top of linac such that
the distance from the source to the surface (SSD)
was100 cm, and the detector was set up within the
phantoms such that its axis should always be
perpendicular to the central beam axis (CAX), see figure
1. The center of the detector was located at the depth of
maximum dose (dmax) and the absolute dose
measurement at dmax Was accomplished via calibrated
ion chamber (Farmer ion chamber) first and then by a
diamond detector [5]. Figure 1 shows the detector
calibration setup.

SSD =100 cm

\ d oy = 1.5 cm

Solid Water Phantom|

Figure 1. Schematic diagram for detector calibration setup.

Gafchromic (EBT3) film calibration

In the terms of the Gafchromic film calibration, the
solid water phantom was used also and placed on the
table top of linac such that the source to surface distance
(SSD) was 100 cm. Seven pieces of Gafchromic films
(2x7 cm?) and one-piece with (10x10 cm?) were used in
sequence for film calibration (see Figure 2). The center
of the film was located at dmax Of the solid water
phantom. The film pieces were irradiated starting from 1
Gy up to 5 Gy steps by 1 Gy of 6 MV FFF-beam (see
Figure 3); finally, the irradiated films were stored for
24h in the dark box before the scan and analysis process.

Figure 2. The film calibration setup, the Gafchromic film (EBT3)
sample (2x7 cm?) positioned on the top of solid water phantom with
the source to the surface distance (SSD) 100 cm, 10 x10 cm? field size,
and 6 MV FFF-beam.

Figure 3. Calibration series of Gafchromic films (1-5 Gy).

Total scatter factor measurement
Dosimetry

The total scatter factor, a ratio of the absorbed dose
at the reference depth for a given field size, to the dose
at the same depth for the reference field size, was
measured at the reference depth, which for this work
was 10 cm in depth. The total scatters factor can be
written as:

Fetinf Pl

— clinJmsr _ 2clin

Sc'p - chliansr = pfmsr ¢ (1)
W.Qmsr

Where D{VCS"_ and D]f,mgr are the absorbed dose to
. woetin © emst. -
water in the clinical field fuin with beam quality Qcin and
absorbed dose to water in the machine specific reference
field fmsr with beam quality Qms, respectively [5, 15].
Figure 4 shows the measurement setup of the total
scatter factor.

Reference field size Given field size

SDD=110cm

Figure 4. Schematic diagram for the total scatter factor measurement
setup.
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Where 1, and SDD are the reference field size or
let's say "machine specific reference field" and the
source to detector distance, respectively. Finally, the
total scatters factor was measured and recorded for Jaw-
shaped beams (open beam) using calibrated detector
"diamond detector" and Gafchromic (EBT3) Film, eight
pieces of Gafchromic films were used starting from
(10x10 cm?) down to (0.5x0.5 cm?). All measured data
were evaluated and analyzed.

Results
Physical properties of the film

We found that the irradiated film had shown good
stability behavior at 4 Gy. The temporal evaluation of the
films revealed that the relative difference between the
measured and the calculated doses decreased after the first
couple of hours and increased again after a few days of
irradiation using distinctive film analysis software program
(ImageJ).

Figure 5 shows the relative difference (%) as a function
of time (h) for ImageJ film analysis software program. The
ImageJ software shows the lower fluctuation value within
the 2h-72h period as well as the highest fluctuation after
72h period. The comprehensive evaluation confirmed that
the optimal time interval for the scanning and analysis of
the films should be within 24h to 48h after irradiation.
Within this interval, the mean relative difference (%) was
calculated and the relative difference was (-0.44 = 0.14),
(see Figure 5).

2

Relative Differences (%)

10 100
Time (h)

Figure 5. The mean relative differences (%) versus time (h) for ImageJ film
analysis software program.

Total scatter factor measurements

Figure 6 shows the total scatter factors for the diamond
detector, diode detector, and Gafchromic films as a
function of field size. In the charged particle equilibrium
region (CPE) when the field size is larger than 4.0 cm?, the
total scatter factors were roughly the same at the point of
measurement, especially for diamond and diode detectors.
On the other hand, in the charged particle dis-equilibrium
region (dis-CPE) when the field size is less than 4.0 cm?,
the total scatters factor readings were lower than the actual
readings near the point of measurement owing to the
fluence perturbation of charged particles [16, 17]. Figure 6
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shows the total scatter factors for the diamond detector,
diode detector, and Gafchromic films.
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Figure 6. The total scatter factor, S, for three different dosimeters as a
function of field size. Red circles: Diamond detector. Green triangles:
Diode detector. Blue crosses: Gafchromic film. The lines through the
measured data are the results of the best fit ‘Exponential curve’ to guide the
eyes.

Last but not the least, the relative output factor concept
is introduced to evaluate the performance of the detector
with no field size, media density, or beam quality
influences. The relative output factor can be written as:

. diode
ROFpDiode — _OF < 1, High Resolution  (2)

iamond ~ ypdiamond

Where ROF, OF4°de and QF®iamond gre the relative
output factor, the output factor measured by diode detector,
and the output factor measured by diamond detector,
respectively. Figure 7 shows the relative output factors

(ROF) for Diode/Diamond (ROFgade and
Film/Diamond (ROFJ;'™ ) combinations of 6 MV FFF

photon beams with a dose rate of 800 MU/min.
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Figure 7. The Relative Output Factor (ROF) as a function of field size. Red
circles: the ROF of the Diode/Diamond combination. Green triangles: the
ROF of Film/Diamond combination. The lines through the measured data
are the results of the best fit ‘Exponential curve’ to guide the eyes.

Discussion

The purpose of this study was to evaluate the
performance of various dosimeters and also to determine
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which dosimeter is the most suitable for the total scatter
factor (S.,) measurement at the small fields in 6 MV
FFF-beam. Three different dosimeters, the ordinary ion
chamber, Gafchromic (EBT3) film, and the
semiconductor detectors, were used.

At a small field size, less than 1.5 cm?, the total
scatter factors readings of the diamond detector
significantly differed by 14.1% and 89.6% of both diode
detector and Gafchromic film readings, respectively. For
the diode-diamond detectors, the total scatter factor
deviation can be explained by two mechanisms 1) the
detector size (volume averaging effect) and 2) the wall
material of the detector. Nonetheless, the diamond
detector shows more accurate total scatter factor
readings at the small field size, emphases that the
smaller the detector the better (more accurate) the total
scatter factor readings are "i.e. high resolution”. On the
contrary, in the case of Gafchromic film, the total
scatters factor at the same field size shows the highest
deviation of both diamond and diode detectors. For the
field sizes ranging between 1.5 cm? to 4.0 cm?, the
maximum deviation of the total scatter factors was 1.5%
and 12.5% for both diode and film, respectively. In the
case of large field sizes (> 4.0 cm?), when the field is
large enough to sustain equilibrium, i.e. maximum
electronic range is less than the field size, in this region,
one can see that the total scatter factor for various
chamber types is the roughly the same with maximum
deviation is around 2% and 5% between diode-diamond
detectors and Gafchromic film-diamond detector,
respectively. In conclusion, the film response, for small
field sizes less than 4.0 cm? showed a worse-case
scenario than other detectors, which demonstrates that
the Gafchromic film is not suitable for dose
measurement under the charged particle dis-equilibrium
(dis-CPE) conditions and the FFF-beam. The
exponential fit was used for the total scatter factor due
to the fact that 1) the exponential attenuation nature of
photons in the media, 2) beam hardening, the low-
energy photons "scatter photons" are removed from the
beam, and only primary photons remain” i.e. approaches
to the pencil beam”, and 3) the interaction probability,
the linear attenuation coefficient, 4, has a logarithmic
nature and is inversely proportional to the incident
photon energy, see Figure 6.

For more justification, the relative output factor,
ROF, came to use. As an alternative method to
overcome the field size, beam energy, and media density
effect and to evaluate the actual performance of

different detectors. The ROFRiode . and ROF[I™ .
readings were within 3.5% and 4.7%, respectively,
emphasizing the fact that the diode/diamond detectors
show better performance and give more accurate
readings than Gafchromic film under the same

circumstance. On the other hand, the average deviation
for both ROFRiode —and ROF!!"™ readings was

o Diamo Diamond !
within 0.9% and 13.7% at the large field sizes, larger
than 4.0 cm?, see Figure 7. For ultra-small field size

(0.5x0.5 cm?), the ROF for the previous combinations

significantly differed with the maximum deviations of
14.1% and 89.6%, respectively. Similarly, the ROF was
also fitted by exponential fitting due to the exponential
attenuation nature of photons in the media, beam
hardening, besides the logarithmic nature of the linear
attenuation coefficient, u.

Several studies have been associated with small field
dosimetry [5, 8, 9, 11, 12, 15, 18-24], using different
detectors under charged particle dis-equilibrium
conditions and the flatting filter beam (FFB) to provide
the same conclusion; the smaller the detector the better
(more accurate) the total scatter factor readings are. In
this study, the same behavior has been recognized for
various detectors under the charged particle dis-
equilibrium and FFF-beam, the smaller the detector the
more accurate total scatter factor readings are,
demonstrating that the detector behavior is flatting filter-
independent.

The limitation of this study was the use of solid
water phantom without any consideration for the media
density effect. For more accurate results, it is
recommended to evaluate the total scatter factor for
different density media. Moreover, the current study was
only carried out on the one linear accelerator (Varian
True beam). Therefore, the evaluations on various linacs
would be useful for more comprehensive results.

Conclusion

We presented a comprehensive study to evaluate the
diamond detector, diode detector, and Gafchromic films
performance under charged particle dis-equilibrium
conditions and FFF-beam. We demonstrated that the
diamond detector was the more accurate detector,
especially for ultra-small field size (0.5x0.5 cm?). For
the large field sizes, larger than 4.0 cm?, the deviation of
the total scatter factors among three different detectors
was less than 5%. In addition, we presented the relative
output factor (ROF) as the total scatter factor measured
by a specific dosimeter (x) to that measured by a
diamond detector (OF,/OF jiamona)- The relative output
factor readings for the small field size (< 1.5 cm?) of 6
MV  FFF-beam using the combination of the
diode/diamond detector were the most appropriate
combination with a 14.1% deviation. In contrast, the
Gafchromic film/diamond combination was less precise
for the FFF-beam measurement, especially for the ultra-
small field. In conclusion, any further investigation is
highly recommended to be accomplished by the
diamond detector.
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