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Abstract

Accurate dosimetry in small photon fields is essential for advanced radiother-
apy techniques such as stereotactic radiosurgery (SRS) and volumetric modu-
lated arc therapy (VMAT). However, small-field dosimetry possesses chal-
lenges due to lateral charged particle disequilibrium and detector volume av-
eraging effects. This study experimentally determines the field output correc-
tion factor (FOCEF) for the Semiflex 3D ion chamber, offering valuable data for
emerging detectors in clinical applications. Additionally, it compares the per-
formance of various detectors in measuring small photon field output factors.
The evaluation includes five different detectors: a microDiamond detector,
three PTW ionization chambers (Semiflex 3D, Pinpoint, and Pinpoint 3D),
and Gafchromic EBT3 film. Measurements were conducted on an Elekta
Versa HD linear accelerator for photon energies (6 MV FF, 6 MV FFF, 10 MV
FF, and 10 MV FFF). A solid water phantom was used for film dosimetry,
while a PTW MP3 scanning water phantom was used for ionization chambers
and micro-Diamond measurements. Field output factors were measured for
different field sizes, and results were compared with literature values. The mi-
croDiamond detector and Gafchromic EBT3 film demonstrated superior ac-
curacy in small fields (<1 x 1 cm?), with deviations from literature data within
2% - 3%. Ionization chambers exhibited significant underestimation due to
volume averaging effects, particularly in fields below 2 x 2 cm?®. Field output
correction factors (FOCF) were determined for the PTW 31021 Semiflex 3D
detector, filling a gap in the IAEA TRS 483 guidelines. The microDiamond
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and Gafchromic EBT3 film provide reliable results, making them the preferred
choices for accurate dose measurement in small photon fields. The findings
provide insights into detector-specific correction factors that improve clinical
dosimetry protocols, particularly in advanced radiotherapy techniques such as
SRS and VMAT. This study contributes to refining dosimetric protocols and
improving clinical accuracy in radiotherapy.

Keywords

Small Field Dosimetry, Field Output Factor, Field Output Correction Factor,
Radiochromic Film, Elekta Versa HD, PTW Ionization, Solid-State Detectors

1. Introduction

Modern radiotherapy increasingly relies on small photon fields for advanced tech-
niques such as stereotactic radiosurgery (SRS), intensity-modulated radiation
therapy (IMRT), and volumetric modulated arc therapy (VMAT). While these ap-
proaches enable highly targeted treatments, their extensive use of small field sizes
less than 2 x 2 cm? during treatment delivery presents significant dosimetric in-
accuracies due to well-known challenges in measuring small fields. Accurate
measurement of field output factors (FOFs) in these small fields is critical for
treatment planning systems to deliver precise doses. However, achieving such ac-
curacy is complicated by factors like lateral charged particle disequilibrium and
detector volume averaging effects. Therefore, in recent years, small photon field
dosimetry has become a significant concern in the medical physics community
(1]-[4].

This study focuses on accurately measuring output factors in small photon
fields, which are critical for advanced radiotherapy techniques like SRS, IMRT,
and VMAT. Challenges such as lateral charged particle disequilibrium and de-
tector volume averaging create significant dosimetric inaccuracies. These are
addressed by exploring the performance of various detectors, including emerg-
ing detectors like Semiflex, microDiamond and Gafchromic EBT3 film, under
clinically relevant conditions for ultra-small fields (<1 x 1 cm?). The experi-
mentally determined field output correction factors (FOCF) for the Semiflex
3D detector aim to enhance clinical accuracy and fill gaps in the IAEA TRS 483
guidelines.

Small field output factor measurements, in particular, pose a challenging task
in radiotherapy. The treatment planning software utilizes the measured field out-
put factor data to compute the doses administered to patients. Incorrectly meas-
ured field output factors result in a significant overdose in patients [5]. This is due
to the increasing awareness of ionizing radiation overexposure in patients under-
going radiotherapy treatment. However, the recently published IAEA dosimetry
protocol [5] seeks to address these challenges by describing procedures to perform

both absolute and relative dosimetry in small fields. The protocol solves dosimet-
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ric limitations in small field sizes below 2 x 2 cm? using FOCF [5]. The ratio of
relative doses is corrected by applying the FOCF. The use of different detectors
for accurate and reliable results is recommended [5].

However, the protocol suggests correction factors for field output factors. Still,
it does not provide these factors for recently developed detectors like the Semiflex
3D or comprehensive guidelines for novel detectors like the microDiamond or
Gafchromic EBT3 film. Additionally, the TRS 483 does not account for all detec-
tor-specific perturbation effects or energy dependencies in these emerging tech-
nologies. Therefore, all four various small sensitive volume detectors and EBT3
films available at Charlotte Maxeke Johannesburg Academic Hospital (CMJAH)
and radiochromic film (RCF) were used in this study.

When volumetric detectors are used, the volume averaging effect is considered
in small field sizes. This phenomenon occurs in detectors with larger volumes rel-
ative to the size of the beam. Only a fraction of the chamber’s sensitive volume is
exposed to radiation. Nevertheless, the signal is averaged across the complete sen-
sitive volume of the detector [6] [7]. Film is tissue equivalent with little energy
dependence in megavoltage (MV) beams and has been shown to offer high spatial
resolution in two dimensions (2-D).

Although the two-dimensional detector (film) has been shown to have insignif-
icant volume averaging effect, energy, and dose rate dependent with a high spatial
resolution, the scanning process results in a spatial inhomogeneity problem [8]-
[10]. Meanwhile, the PTW 60019 micro-Diamond detector has a high response
due to its small cavity volume compared to the ionization chambers; a greater
cavity volume density than water results in the perturbation effect [6] [11]. There-
fore, the microDiamond detector was selected for its ultra-small sensitive volume
(0.004 mm?®), high spatial resolution, and negligible energy dependence. It is ideal
for small field measurements where volume averaging is critical. The Gafchromic
EBTS3 film was also chosen for its tissue-equivalent composition, high spatial res-
olution, and minimal energy dependence in megavoltage beams. It also avoids
perturbation effects common with volumetric detectors.

Small field dosimetry is complicated by lateral charged particle disequilibrium,
detector volume averaging, and field size determination inaccuracies. These prob-
lems can lead to significant dosimetric uncertainties, adversely affecting treatment
outcomes. This was presented in the latest code of practice report (TRS 483) in
2017, which stated that considerable radiation doses are received by patients un-
dergoing radiotherapy [5]. This study aims to validate and extend the applicability
of TRS 483 recommendations to modern clinical scenarios by comparing the per-
formance of various detectors, including emerging options like the microDia-
mond and Gafchromic EBT3 film, under clinically relevant conditions using an

Elekta Versa HD linear accelerator.

2. Materials and Methods

This study used radiochromic film, specifically Gafchromic EBT3 (Ashland Inc.,
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Wayne, NJ, USA), as an alternative detector in small field measurements at Char-
lotte Maxeke Johannesburg Academic Hospital (CMJAH). The film was selected
as an alternative dosimeter owing to its superior spatial resolution compared to
ionization detectors, minimal energy dependence in megavoltage beams, and
nearly tissue-equivalent composition with negligible perturbation effect. Studies
have demonstrated that radiochromic film exhibits low energy dependence within
the megavoltage range, with no changes in response to increasing energy [8] [9].
Thus, the energy dependence is not accounted for in the radiation dose measured
by the film.

The presence of the detector material can cause perturbations in the beam, po-
tentially resulting in inaccuracies in the measured signal. When radiochromic film
is used for measurements, there is no need to account for the perturbation effect
[10]-[12]. These key characteristics allow the film to accurately measure small
photon field output factors.

The study evaluated the dosimetric performance of the Gafchromic EBT3 film
against three PTW ionization chambers: PinPoint (PP) 3D 0.016 cm?®, PinPoint
0.030 cm?, and Semiflex (SF) 3D 0.07 cm® and the PTW micro-diamond detector
(mD) 0.004 mm’. Measurements were performed using Elekta Versa HD linear
accelerator delivering four-photon energies: 6 MV FF, 6 MV FFF, 10 MV FF, and
10 MV FFF. As the sensitivity of a film depends on its orientation, films were cut
into rectangular shapes to ensure consistency with the scanning orientation. In-
consistent scanning conditions can lead to errors in the measured signal [13]-[15].
Rectangular shapes are often preferred for ease of handling the films. Throughout
the irradiation process, each film piece was positioned at a depth of 10 cm with a
source-to-surface distance of 90 cm within a solid water phantom. Films were ir-
radiated to a predetermined range of doses to establish the calibration curves for
each photon energy. This was done in preparation for the field output factor meas-
urements. Each piece of film was exposed to a sufficient 500-monitor unit (MU)
[8].

Figure 1(a) and Figure 1(b) illustrate the setup for film calibration and field
output factor measurements. The Gafchromic EBT3 films were scanned 24 hours
post-irradiation using an Epson 11000 XL flatbed scanner at a resolution of 72
DPI in color mode. The choice of this resolution ensures an optimal balance be-
tween scan quality and file size. The waiting period of 24 hrs before scanning al-
lowed for the stabilization of optical density changes, as recommended in prior
studies [16] [17].

Measurement uncertainties related to Gafchromic EBT3 films and flatbed scan-
ners are commonly referred to as optical density (OD) artifacts. Variations in the
observed OD of uniformly irradiated films, resulting from lateral scanner re-
sponse and film orientation, have been the subject of previous investigations [18].
During the film scanning process, a glass compression plate must be employed to
maintain the flatness of the film, minimizing artifacts from uneven surfaces.

Lateral response artifacts can arise when the film is positioned off-center on a

DOI: 10.4236/ijmpcero.2025.142004

47  Int.J. Medical Physics, Clinical Engineering and Radiation Oncology


https://doi.org/10.4236/ijmpcero.2025.142004

T. Mabhengu et al.

(a)

(b)

Figure 1. Depicts the setup for film calibration and exposure during output factor measurements. A 10 cm buildup was placed over

both the calibration films and the films used for output factor measurements, ensuring irradiation at a depth of 10 cm with a source-

to-surface distance (SSD) of 90 cm in the isocentric setup.

flatbed scanner. To ensure accurate measurements, the scanner’s response at any
lateral position must be referenced to its central response [19]. In this study, films
were consistently positioned at the center of the scanner using a glass compression
plate. Figure 2 presents the EPSON 11000XL flatbed scanner with a Gafchromic
EBTS3 film centrally positioned and secured using a glass compression plate. This
methodology was applied throughout both the film calibration process and output
factor measurements to maintain film flatness and reduce artifacts from surface

irregularities.

Figure 2. EPSON 11000 XL flatbed scanner with a Gafchromic EBT3 film centrally posi-
tioned and secured using a glass compression plate.

The FilmQA Pro software (Ashland, USA) was employed to convert the optical
density of each film into a dose, utilizing the three-color method and a single scan
protocol. These methods reduced uncertainties arising from inter-scan variations

and enhanced measurement consistency [16] [17]. The use of FilmQA Pro soft-
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ware for fitting calibration curves helps minimize scanner-related inconsistencies,
while the implementation of triple-channel analysis further improves dose accu-
racy by linearizing the dose-response across multiple sessions [16].

A region of 0.2 cm x 0.2 cm was chosen for averaging dose values, as it provided
an optimal balance between minimizing noise and preserving spatial resolution.
This region, smaller than the smallest field size of 0.5 cm, was deemed suitable for
maintaining measurement accuracy. Selecting a smaller area could have amplified
signal fluctuations and noise, while a more extensive area might have reduced spa-
tial accuracy by including non-uniform dose regions. This choice ensured precise
dose determination, particularly in the steep dose gradients typical of small fields.
To calculate the output factor of the film for each field size, the average value was
derived from five different film pieces exposed to the same beam size.

In contrast to film measurements acquired in a solid water phantom, air-filled
ionization chambers and micro-Diamond detector measurements were con-
ducted using PTW MP3 scanning water tank from Freiburg, Germany, with an
isocentric set-up at 90 cm SSD and a 10 cm depth. Figure 3 shows the PTW 3D
water tank which was used for both beam profile and output factor measurements.
The gantry and collimator angles were zeroed, with all the detectors aligned per-
pendicular to the beam’s central axis (CAX) except for the microDiamond detec-
tor. Aligning the microDiamond detector parallel to the beam exposed the entire

active volume to the radiation beam, improving the signal collection efficiency.

Figure 3. PTW 3D water tank employed for measuring beam profiles and field output fac-
tors.

To mitigate alignment uncertainties, each detector was carefully centered using
a 10 x 10 cm? reference field profile at 10 cm depth prior to small field measure-
ments. The new PTW software and PTW 3D water phantom includes the detector

alignment option to enable submillimeter precision. This procedure was con-
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ducted to confirm the detector’s placement at the central point of the radiation
field. A 1 mm error in field size or detector positioning can significantly affect
output factor measurements in small fields. Small misalignments during beam
centering noticeably impact TMR, output factors, and dose distribution in high-
gradient regions, heavily influencing TPS modeling and patient quality assurance
(QA) for treatments like SRS/SBRT [20]. In small field measurements, ensuring
reproducible movement and accurate detector alignment is critical. All detector
alignments, dose profile analyses, and output factor measurements for the ioniza-
tion chambers and the microDiamond detector were conducted using PTW’s pro-
prietary software. Therefore, PTW 3D water tanks enable highly reliable and re-
producible small-field dosimetry. However, challenges in aligning detectors and
reconciling field size definitions demand advanced QA techniques and sub-milli-
metric precision, particularly for steep-gradient small fields.

The deviation between the dosimetric field size and the nominal field size
should not exceed 1 mm. As a result, field output factors for small fields must be
reported based on the dosimetric field size. Dosimetric field sizes were determined
by analyzing the in-plane and cross-plane dose profiles measured at a depth of 10
cm in a PTW MP3 scanning water phantom. Profiles were acquired using a step
size of 0.5 mm to ensure sufficient resolution for small fields. The FWHM was
calculated from the dose profiles as the distance between the points on the curve
corresponding to 50% of the maximum dose [21].

The geometric field size was then adjusted to reflect the dosimetric field size by
incorporating the influence of lateral charged particle disequilibrium and scatter
effects. This approach ensures an accurate representation of the actual irradiated
field dimensions. The geometric field size in large beams matches the dosimetric
field size defined by the 50% isodose line on the beam profile. However, in small
fields, the radiation field size surpasses the geometric field size due to the partial
occlusion of the photon source and the disruption of lateral charged particle equi-
librium (LCPE) along the beam axis [5].

This study presents a comparative analysis of output factors measured using a
solid-state detector, three PTW ionization chambers, and a two-dimensional de-
tector (radiochromic film), adhering to the guidelines for small field dosimetry
outlined in international protocols such as IAEA TRS-483. The physical proper-
ties of all the detectors mentioned above, excluding the radiochromic film, are
presented in Table 1. The results of this study are compared with discrete field
output factor values calculated using the analytical function proposed by Sauer
and Wilbert to determine the optimal detector for measuring small photon fields

in our clinic [10] [22].

3. Results

The lateral charged particle equilibrium (LCPE) range for each photon beam was
determined for all four selected PTW detectors. For any given field size (F/S), the

detector must satisfy the following conditions [5].
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Table 1. Physical dimensions and characteristics of PTW Freiburg detectors used for small
field output factor measurements. These properties, including active volume and wall
thickness, directly influence the detector performance in small fields.

Detector Type Volume Length Radius Density

(cm?) (mm) (mm) (g/cm?)
microDiamond 60019 4x10° 2.2 1.10 0.100
PinPoint 3D 31022 0.016 2.9 1.45 0.084
PinPoint 31015 0.030 5.0 1.45 0.085
Semiflex 3D 31021 0.070 4.8 2.40 0.084
FWHM >2*r .. +d (1)

where drefers to the physical dimensions of the detector’s active volume, precisely
the dimension of the chamber’s outer layer, the active volume’s length and diam-
eter. The size of the detector relative to the field size determines its spatial resolu-
tion. A smaller d enables the detector to resolve steep dose gradients more accu-
rately, minimizing the volume averaging effect. Larger detectors average the dose
across their entire sensitive volume, which leads to underestimation in small
fields, especially near the edges where dose gradients are steep. Thus, d must be
small enough to ensure the detector does not distort the measured dose, particu-
larly in fields below 2 x 2 cm?.

The lateral Charged Particle Equilibrium Range (r, ... ) represents the dis-
tance over which secondary charged particles (electrons) scatter laterally within
the medium (typically water) before reaching equilibrium. In small fields, the
lateral scatter of charged particles may extend beyond the geometric boundaries
of the field, causing a loss of lateral charged particle equilibrium. This results in
lower measured doses compared to the actual dose delivered. Therefore, for ac-
curate dosimetry, the field size must be large enough to fully encompass the
lateral scatter range so that charged particles equilibrate within the field bound-
aries. The relationship between the physical dimensions of the detector’s active
volume and the lateral charged particle equilibrium (CPE) range becomes more
pronounced in small fields due to the steep dose gradients, lateral disequilib-
rium, and partial irradiation of the detector’s active volume. Therefore, the di-
mensions of a detector’s active volume must be carefully considered relative to
the lateral CPE range in small fields [23]. The r ., in-water is determined by
the following equation [5]:

Mcpe = 8.369*TPR,, ;) —4.382 2)

where 7PRy,1 serves as the beam quality indicator for each photon energy, also
known as tissue phantom ratio, determined at depths 20 cm and 10 cm in water
for a reference field size of 10 x 10 cm?, it is a beam quality index that characterizes
the penetrating ability of a photon beam in a medium. 7PRy 1 directly influences

the r .. asshownin Equation (2). Larger 7PRy, 10 produces secondary electrons
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with longer ranges, leading to a greater r, ..

Equation (1) determines the minimum field size (FWHM) recommended for
each detector under small field size conditions. All particles within this radius
must fulfill the LCPE. Table 2 shows the beam radius required for each detector
to achieve lateral charged particle equilibrium in water. The incorporation of lat-
eral charged particle equilibrium (LCPE) calculations in this study was to validate
detector suitability for ultra-small field sizes below 1 x 1 cm?®

TRS 483 provides correction factors for field output across various detectors
except for the relatively new PTW 31021 Semiflex 3D 0.07 cc. The FOCF for this
detector for each beam size was determined experimentally based on the field out-

put factor measured with the reference detector, Gafchromic EBT3 film [15] [16]:

FOF
FOCF = e 3)
M clin(SFBD)/M ref (SF3D)
where sin(sm3D) is the measured signal using a Semiflex 3D detector in a clinical

field, and is the measured signal in a reference field of 10 x 10 cm?.

ref (SF3D)

Table 2. Minimum full-width-at-half-maximum (FWHM) values required for lateral
charged particle equilibrium (LCPE) in water for each detector and photon beam energy.
Results demonstrate the limitations of ion chambers in small field conditions, highlighting
the superior performance of the micro-diamond detector.

TPR20,10 F/Smp F/Spp3p F/Spp F/Ssrsp
0.674 (6 MV FF) 27.17 28.27 30.68 30.88
0.676 (6 MV FFF) 27.15 28.25 30.66 30.86
0.722 (10 MV FF) 37.05 37.75 40.56 40.76
0.733 (10 MV FFF) 37.38 38.48 40.89 41.08

The beam quality index, TPRy,10, calculates the radius of each detector of inter-
est’s lateral charged particle equilibrium (LCPE). Due to its larger dimensions, the
Semiflex 3D 0.07 cm?® chamber is unsuitable for beam sizes smaller than 3.5 x 3.5
cm? when working with lower photon energies such as 6 MV FFF and 6 MV FF.
For higher photon energies, like 10 MV FFF and 10 MV, a significant decrease in
LCPE is observed, particularly with more extensive field sizes of 4.5 x 4.5 cm?, as
shown by the calculated full width at half-maximum (FWHM) in millimeters
(mm) in Table 2 above. As a result, this detector is suitable for measuring field
sizes as small as 3 x 3 cm? in 6 MV photon beams, whereas, for higher photon
energy beams, it can accurately measure field sizes down to 4 x 4 cm?.

Figure 4(a) and Figure 4(b) show how the dosimetric field size correlates
with the nominal field size for all four-photon energies used in this study. No-
table deviations below 2 x 2 cm? are observed, highlighting the challenges of
maintaining lateral charged particle equilibrium in small fields, particularly for
ion chambers. Both graphs show a slight offset for small nominal field sizes be-

low 2 x 2 cm?® This deviation from linearity can be observed on a logarithmic
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scale. The penumbra for small fields becomes larger and overlaps with the pri-
mary fluence. Therefore, this more significant penumbra results in a larger ra-
diation field size (FWHM) than the actual field size set on the collimator. Ioni-
zation chambers face challenges in steep dose gradients within small fields, re-
sulting in broader penumbral measurements and decreased FWHM accuracy
due to the volume averaging effect [22].

The PTW microDiamond detector provides high accuracy for beam profiling,
with excellent tissue equivalence and stability in small fields, though accurate po-
sitioning is essential for optimal results [24] [25]. Conversely, Gafchromic EBT3
films offer exceptional precision and spatial resolution for FWHM measurements
but are limited by complex calibration requirements and susceptibility to noise
[26] [27]. Therefore, strong correlations in the measured dosimetric field sizes are
observed across all photon beam energies when using the microDiamond detector
and Gafchromic EBT?3 film. There is a noticeable difference in the radiation field
size between flattened beams (6 MV FF and 10 MV FF) and unflattened beams (6
MYV FFF and 10 MV FFF) in small photon fields (below 1 cm). These differences
stem from variations in beam profiles, including penumbral widths. Flattened
beams are shaped by a flattening filter, which adjusts the dose distribution to en-
sure uniformity across the field. This process broadens the field edges and penum-
bral widths due to additional scatter introduced by the filter. The increased lateral
scatter can also slightly increase the measured full width at half-maximum
(FWHM) for specific detectors. In contrast, unflattened beams lack the flattening
filter, resulting in a non-uniform dose profile characterized by higher central and
lower edge doses. This leads to sharper dose gradients at the field edges compared
to flattened beams and narrower penumbral widths due to reduced scatter [25].
Consequently, FWHM and apparent field size measurements are generally smaller
in FFF beams.

The percentage differences in dosimetric field sizes between flattened and un-
flattened 6 MV beams, based on the mean values obtained from various detectors,
were 3.3%, 2.44%, and 1.92% for nominal field sizes of 0.5 cm, 0.8 cm, and 1.0
cm, respectively, as shown in Figure 4(a). Similarly, for 10 MV beams, the differ-
ences were 4.81%, 2.27%, and 1.89% for the exact nominal field sizes, as illustrated
in Figure 4(b). According to the updated code of practice (TRS 483), it is advisable
to incorporate the FOCF to address LCPE loss, volume averaging effect, and
partial occlusion effect in small photon fields [5]. Correction factors are required
in small photon fields due to the density of the sensitive volume, volume averaging
effect, and the perturbation effect of the detector cavity in a narrow field compared
to a broad beam [6]. Figure 5(a) and Figure 5(b) illustrate a comparison of
experimentally determined output correction factors for the Semiflex 3D detector
across four photon energies: 6 MV FF, 6 MV FFF, 10 MV FF, and 10 MV FFF. In
both graphs, the calculated FOCF values for field sizes smaller than 3 x 3 cm?
deviate from unity, with a notable increase in correction factor values as the field

size decreases to 0.5 x 0.5 cm?® This deviation highlights the strong dependence

DOI: 10.4236/ijmpcero.2025.142004

53 Int.J. Medical Physics, Clinical Engineering and Radiation Oncology


https://doi.org/10.4236/ijmpcero.2025.142004

T. Mabhengu et al.

124 1.2 b
|6MV FF & 6MV FFF (a) 10MV FF & 10MV FFF ®)
1.0 - 1.0 .
T o8 — E 084 _—
§ - g os .
(0] ]
N 0.6 —=— 60019 mD FF N 0.6 = 60019 mD FF
- e EBT3FF 2 o EBT3FF
T 044 431016 PP 3D FF o 044 A 31016 PP 3D FF
© v 31021 SF 3D FF e v 31021 SF 3D FF
= 431015 PP FF £ + 31015PP FF
© 0.2 60019 mD FFF o 0.24 60019 mD FFF
% > EBT3 FFF % »—EBT3 FFF
8 0.0+ e 31016 PP 3D FFF S 004 31016 PP 3D FFF
—%— 31021 SF 3D FFF = * 31021 SF 3D FFF
/ —e— 31015 PP FFF
024 ® 31015 PP FFF o2 i/
-0.4 T T T T T 1 -0.4 T T T T T 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Nominal field size (cm) Nominal field size (cm)

Figure 4. Represent the actual field size (dosimetric field size) determined from the measured beam profiles for 6 MV flattened
beam and 6 MV unflattened beam and for 10 MV beams with and without a flattening filter.
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Figure 5. Comparison of field output correction factors experimentally determined for the Semiflex 3D detector across four photon
energies: 6 MV FF, 6 MV FFF, 10 MV FF, and 10 MV FFF. For 10 MV beams, the results are also compared with values obtained

using the Monte Carlo method [26].

of the FOCF on the detector’s sensitive volume, with significant volume averaging
effects observed in smaller fields. According to the TRS 483 code of practice, de-
tectors exhibiting a FOCF deviation greater than 5% are not recommended. Con-
sequently, the Semiflex 3D detector is unsuitable for measuring field sizes below
3 x 3 cm? This limitation aligns with the calculated full width at half maximum
(FWHM) values provided in Table 2 for the Semiflex 3D and other detectors an-
alyzed in this study. Additionally, no Monte Carlo simulation results were availa-
ble for 6 MV photon beams [28], so Figure 5(a) does not include a comparison
for this energy.

Figure 6(a) and Figure 6(b) demonstrate the relationship between field size

and field output factors for various detectors in small photon energy beams, spe-
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cifically 6 MV FF and 6 MV FFF. A rapid decrease in the measured field output
factor values for field sizes below 2 cm is observed in all five detectors. In fields
smaller than 2 x 2 cm?, the lateral range of secondary charged particles exceeds
the physical dimensions of the field, resulting in a loss of lateral charged particle
equilibrium (LCPE) [23].

Consequently, the measured dose is lower than the actual dose, causing a rapid
decline in the field output factor, as depicted in Figure 6(a) and Figure 6(b). Ion
chambers such as Semiflex 3D, Pinpoint 3D, and Pinpoint significantly underes-
timate the field output factors. In contrast, Gafchromic EBT3 film and the micro-
Diamond detector provide accurate measurements compared to values reported
in the literature. The three PTW ion chambers demonstrate a pronounced vol-
ume-averaging effect due to their much larger active volumes than the micro-Di-
amond detector. For field sizes below 2 cm, the active volumes of these detectors
become more significant than the field dimensions, as indicated by the calculated
full width at half maximum (FWHM) in Table 2. This volume-averaging effect
leads to an under-response, as the detectors cannot fully resolve the steep dose
gradients at the field edges [22].
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Figure 6. Changes in field output factors with beam size for (a) 6 MV flattened beams and (b) 6 MV flattening filter-free (FFF)
beams. The data demonstrate a significant decrease in field output factors for field sizes smaller than 2 X 2 cm?

Four different PTW detectors and Grafchromic film are evaluated against data
reported in the literature. The percentage deviations between the findings of Casar
et al. (2018), the solid-state detector, and the ionization chambers are illustrated
in Table 3 for both flattened and unflatten 6 MV photon beams. This table sum-
marizes a comparative analysis of detectors and their performance in small pho-
ton fields for 6 MV FF and 6 MV FFF beams in the smallest field size of 0.5 x 0.5
cm?. Deviation of measured field output factors from literature values increases
with all the detectors except the micro-diamond detector and Gafchromic EBT3
film. The dose responses of the microDiamond detector and EBT3 film for FF
beams showed agreement within 2%, as illustrated in the table. The percentage
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difference between these two detectors and values reported in the literature for
un-flattened beams was within 3% for the smallest field size of 0.5 cm. However,
for the Semiflex 3D detector with a relatively larger active volume, the deviation
almost reached 10% for the smallest field size in flattened and unflatten 6 MV
photon beams. The highest deviation, 9.39%, was observed between literature val-
ues and the Semiflex 3D 0.07 cc detector for the smallest field size of 0.5 x 0.5 cm?
The Semiflex 3D detector requires a correction factor exceeding 5% for field sizes
smaller than 2 x 2 cm* Consequently, the Semiflex 3D detector underestimates
the true field output factors for field sizes below 1.5 cm?, as demonstrated by the
Table 3 below for both 6 MV FF and 6 MV FFF photon beams.

Gafchromic EBT3 film is a suitable detector for measuring small photon field
sizes due to its excellent spatial resolution, energy independence, and near-water-
equivalent composition. However, the findings from this study indicate that the
microDiamond detector also provides reliable measurements. When comparing
the microDiamond, EBT3 film, and output factor values from the literature, the
microdiamond detector consistently produced reliable results comparable to
those of the three PTW ionization chambers available in the clinic. For both 6MV
flattened and unflatten beams, the microDiamond detector measurements of field
output factors (FOFs) closely matched EBT3 film values for field sizes below 2 x
2 cm?, as shown by the percentage deviations in Table 3.

Table 3. Performance comparison of various detectors in a small field size of 0.5 x 0.5 cm?
for 6 MV FFF and 6 MV FF photon beams. Average values of both 6MV beams are com-
pared with the literature data.

Detector Field size (cm?) Deviation (%) LCPE  Vol. Ave. Effect
microDiamond 0.5%x0.5 1.06 Yes Minimal
Gafchromic EBT3 0.5x 0.5 1.52 Yes Minimal
PinPoint 3D 0.5x0.5 3.33 No Significant
PinPoint 0.5x0.5 6.03 No Significant
Semiflex 3D 0.5x0.5 9.39 No Significant

The smallest difference of 1.06 % between the 60019 Diamond 0.004 mm? and
Casar et al (2018) in the smallest field size of 0.5 x 0.5 cm? for a 6MV photon
beam was observed. No significant differences of more than 2 % between these
two detectors, Gafchromic EBT3 film and microdiamond, were observed in the
smallest beam size. As a result, the microDiamond detector and EBT3 film accu-
rately measure the smallest field dimensions of 0.5 x 0.5 cm* within 2 %, compared
to the literature for both 6 MV FFF and 6 MV FF beams. A relatively more signif-
icant percentage deviation in Table 3 shows the under-response of all three ioni-
zation chambers. The CPE is not achieved, and the volume averaging effect is sub-
stantial in the smallest field size of 0.5 x 0.5 cm™

Field output factors for 10 MV FFF and 10 MV beams are shown in Figure 7(a)
and Figure 7(b). The graphical depiction in Figure 7 illustrates the response
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Figure 7. Comparison of field output factors across different detectors for (a) 10 MV flattened beams and (b) 10 MV flattening
filter-free (FFF) beams. The data highlight the enhanced performance of micro-Diamond and Gafchromic EBT3 film in small fields

(<1 x 1 cm?).

of different detectors at the higher photon energy of 10 MV FF and 10 MV FFF.
For a 10 MV beam, the higher photon energy produces secondary electrons with
longer ranges than a 6 MV beam. The detector records a lower dose response for
10 MV beams in small fields because a greater fraction of the secondary electron
escapes the field. This leads to a reduction in the measured field output factors in
small fields [22].

Consequently, a decrease in field output factors with increasing photon beam
energy, measured using identical detectors, is evident in Figure 7(a) and Figure
7(b). The 60019 micro-diamond detector exhibits a slightly higher dose response
than the response of the EBT3 film at field sizes below 1 x 1 cm? for both 10 MV
FF and 10 MV FFF beams. The over-response of a micro-Diamond detector at 10
MYV beams suggests that the measured FOF by this dosimeter depends on the pho-
ton beam energy [9]. A strong consistency is observed between EBT3 film and
microDiamond detector across the spectrum of the field sizes. The under-re-
sponse of all the air-filled ionization chambers compared to the microDiamond
detector and EBT3 film was observed in small beam sizes below 2 x 2 cm? The
field output factors are underestimated more significantly by the three PTW ion
chambers in small fields below 1 cm for both 10 MV beams. Table 4 shows per-
centage deviations between reported data in the literature, EBT3 film, and four
PTW detectors used in 10 MV FF and 10 MV FFF photon beams. As demon-
strated by the table, the response of the microDiamond detector compared to the
literature data was found to be 1.33%, well within 2% for field sizes 0.5 x 0.5 cm?
in 10 MV photon beams. The difference in dose-response between Gafchromic
EBT3, micro-Diamond detector, and Casar et a/. (2018) agreed within 2% over the
smallest field size of 0.5 x 0.5 cm?® for both the un-flattened and flattened higher

energy photon beams.
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Table 4. Percentage deviation between field output factor measured using PTW detectors:
Semiflex, PinPoint, micro-Diamond, and Gafchromic EBT3 film, compared to literature-
reported values for both 10 MV FF and 10 MV FFF photon beams. Results emphasize the

accuracy of micro-Diamond and Gafchromic EBT3 film for small field sizes below 2 x 2
2

cm?.
Detector Field Size (cm?) Deviation (%) LCPE  Vol. Ave. Effect
microDiamond 0.5%x0.5 1.33 Yes Minimal
Gafchromic EBT3 0.5 % 0.5 1.85 Yes Minimal
PinPoint 3D 0.5x0.5 3.52 No Significant
PinPoint 0.5x0.5 6.64 No Significant
Semiflex 3D 0.5x0.5 9.84 No Significant

4. Discussion

This study has several limitations that may impact the accuracy of its findings. In
small photon fields, even slight detector misalignments can introduce significant
errors, particularly when using ion chambers with larger sensitive volumes.
Achieving sub-millimeter precision in detector positioning is critical, as devia-
tions as small as 1 mm can lead to considerable variations in output factor meas-
urements, especially in regions with steep dose gradients. Although measures were
taken to reduce alignment errors, maintaining sub-millimeter accuracy remains a
challenge and necessitates the use of advanced quality assurance tools.

While the microDiamond detector demonstrated negligible energy depend-
ence, other detectors (e.g., ion chambers) were more susceptible to perturbation
effects, especially at higher photon energies. This might partially explain the ob-
served discrepancies in field output factors. The Gafchromic EBT3 film showed
high spatial resolution but required meticulous calibration to mitigate noise and
scanner artifacts. Inconsistent scanning conditions could introduce variability in
measured output factors, necessitating further standardization of film processing
techniques. Therefore, these systematic errors underline the importance of imple-
menting advanced quality assurance (QA) protocols and correction methodolo-
gies for small field dosimetry.

Our results align closely with those reported by Casar et al (2018), with the
microDiamond and EBT3 film showing deviations within 2% - 3% for the smallest
field sizes. These findings support the detectors’ accuracy and reinforce their suit-
ability for clinical small field dosimetry. Larger deviations observed in ion cham-
bers are consistent with previously documented volume averaging effects, further
validating our comparative analysis. However, differences between EBT3 film and
literature values could be attributed to variations in calibration protocols and
scanner settings. Significant underestimation of output factors by ion chambers
was observed for fields smaller than 2 x 2 cm?® This aligns with existing literature
highlighting the volume-averaging effect in larger detectors. For example, the

Semiflex 3D detector showed deviations approaching 10% in fields of 0.5 x 0.5
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cm?, underscoring its unsuitability for ultra-small fields. Future studies should ex-
plore standardizing measurement conditions and integrating correction factors
tailored to individual detectors to address these discrepancies.

The updated code of practice (TRS 483) recommends refraining from applying
the field output correction factor when its value exceeds 5% for a particular field
size [5]. As a result, notable discrepancies in field output factors were observed
among different detectors, particularly ion chambers, leading to significant per-
centage deviations compared to literature values. Future research should focus on
multi-institutional validation of field output factors using a range of detectors and
incorporate advanced computational approaches, such as Monte Carlo simula-
tions, to estimate field output factors with minimal reliance on experimental
measurements.

Based on these findings, the following recommendations were proposed for
clinical implementation at our Centre: the PTW microDiamond detector and Gaf-
chromic EBT3 film for measuring field sizes as small as 0.5 x 0.5 cm?. The PTW
microDiamond (60019) is well-suited for use across multiple beam energies due
to its energy independence, while the Gafchromic EBT3 film offers excellent spa-
tial resolution and tissue equivalence. These tools are recommended to help min-

imize dose delivery uncertainties in stereotactic and VMAT treatments.

5. Conclusions

This study evaluated the performance of the micro-diamond detector, Gaf-
chromic EBT3 film, and other PTW ionization chambers for small photon field
dosimetry. The findings demonstrated the superior accuracy and suitability of the
micro-Diamond detector and Gafchromic EBT3 film in ultra-small fields (<1 x 1
cm?), outperforming conventional ionization chambers due to minimal volume
averaging effects and excellent spatial resolution.

The broader clinical relevance of these findings lies in their potential to support
improved dose accuracy in advanced radiotherapy techniques, including stereo-
tactic radiosurgery and volumetric modulated arc therapy. By highlighting areas
not fully addressed in the IAEA TRS 483 guidelines, this study provides valuable
observations that could contribute to future updates of international protocols,
particularly in incorporating newer detectors such as the microDiamond and Gaf-
chromic EBT3 film for small field dosimetry.

However, this work is not without limitations. The calibration process for Gaf-
chromic EBT3 film and alignment of detectors in steep dose gradients remains
challenges that could introduce uncertainties. Additionally, the findings are based
on measurements from a single linear accelerator model, which may limit their
generalizability. Although the study was conducted using a single Elekta Versa
HD linear accelerator, the methodologies employed align with international do-
simetry protocols and are representative of standard clinical environments. The
Elekta Versa HD is commonly used in advanced radiotherapy, and findings ob-

tained here may be extended to similar systems with appropriate validation. Nev-
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ertheless, future multi-center studies involving different linear accelerator models,

e.g., Varian linear accelerators are essential to broaden the generalizability of these

results.
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