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Abstract
Previous studies describe the use of a large area parallel-plate chamber, the PTW Bragg Peak chamber, for measuring dose-
area product (DAP) and output factors in small megavoltage photon fields. However, in radiotherapy departments without 
protons, this detector would have to be purchased separately for this purpose. This work investigated the feasibility of alter-
natively using a large transmission ionisation chamber, the IBA round Stealth chamber (SC), for output factor measurements 
of stereotactic fields. This type of detector is more commonly found in radiotherapy departments as a reference chamber 
for water tank scanning of small fields, and hence DAP could be performed without an additional purchase. The SC’s large 
sensitive area (diameter of 94 mm) measures the integral dose, also known as DAP, over the whole two-dimensional (2D) 
dose distribution of the small field. The measurements were performed using a 6 MV beam from an Elekta Infinity linear 
accelerator. Conversion of DAP to central axis point dose was performed using 2D dose maps from Gafchromic EBT3 films. 
The field sizes measured ranged from side length of 5 mm to 50 mm (all square). The resultant output factors were compared 
against measurements with a stereotactic diode. The small field output factors measured using SC + film were in good agree-
ment with the stereotactic diode (within 2% for field sizes as small as 6 mm; 3% difference at 5 mm). The new proposed 
method showed that a transmission chamber like SC is a good alternative large-area parallel plate chamber to measure DAP 
and derive small field OFs. Furthermore, the feasibility of using 2D reconstructed dose maps from water tank profiles and 
hence filmless approach was investigated. Results showed that filmless conversion of DAP to central axis point dose is 
feasible using profiles. However, a large number of profiles are required (i.e. 15° increments (star pattern) are required for 
accurate 2D dose reconstruction), and hence the water tank scanning for this approach may be prohibitively time-consuming.
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Introduction

Special procedures such as stereotactic radiotherapy (SRT), 
stereotactic radiosurgery (SRS), intensity modulated radio-
therapy (IMRT), and volumetric modulated arc radiotherapy 
(VMAT), differ from conventional conformal radiotherapy 
such that small radiation fields (narrow or sub-centimeter) 
are used for treatment delivery. Hence, accuracy in small 
field dosimetry is important in order to achieve the clinical 
goal of radiotherapy, i.e. to deliver precise dose to the target 

volume and better sparing of normal tissue. This increases 
the demand for more precise and accurate small field meas-
urements [1, 2].

A small photon field is generally defined as the one hav-
ing dimensions smaller than the lateral range of the charged 
particles that contribute to the dose deposited at a point 
along the central axis of the beam [2, 3]. According to these 
criteria, field sizes of less than approximately 30 × 30 mm2 
are considered to be small for 6 MV photon beam [4]. The 
IPEM Report 103 classified field sizes less than 40 mm 
under the category of small photon fields [3]. Charles et al. 
proposed using the practical definition of very small field 
sizes to distinguish them from conventional small photon 
field to further improve the accuracy in measurements of 
dosimetric parameters (e.g. output factors). This study 
defined very small field to be ≤ 15 mm (for 6 MV photon 
beams) based on the impact of a 1 mm error in field size or 
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detector position on OFs at a 1% output factor uncertainty 
level [4].

Small field dosimetric measurement is challenging to 
characterise experimentally using commercial detectors due 
to lack of electronic equilibrium, volume averaging effects, 
and source occlusion. These difficulties associated with the 
use of small fields has been recognised and discussed in 
several publications (see for example references 1, 2, 5 and 
6 for a general overview). An output factor (OF) is a key 
parameter that can characterise small fields. An OF accounts 
for the dose difference between the conventional reference 
field (typically 10 × 10 cm2) and the field of interest. OFs are 
traditionally taken as the ratio of the point dose at the centre 
of a given field to that measured at the centre of a reference 
field. However, for small photon fields, the traditional output 
factor measurement has some issues due to detector resolu-
tion, volume effects, non-water equivalence of the detector, 
and the positioning accuracy on the narrow-beam axis [1, 
2, 5–7]. Often, the sensitivity of the detector is different in 
a small field than it is in the reference field and therefore 
a field size specific correction factor is required (see TRS 
483 for extensive details [6]). The detector selection is an 
important consideration and accurate detector positioning 
is significant. However, accurate measurements can be per-
formed with appropriate methodology [5]. Oliver et al. have 
recently published an interesting comparison of small field 
output factors performed by clinical departments using unin-
hibited methodology [8]. These results showed that close 
agreement between centres could be found if they followed 
a similar, reproducible methodology. Many of the centres 
used diodes. Due to the high spatial resolution and high sen-
sitivity of diodes, these detectors are widely used for small 
field output factor measurements [5, 7]. However, due to the 
diode’s overresponse at small field sizes, a field size specific 
correction factor needs to be applied which can be based on 
accurate Monte Carlo models [6, 9, 10].

Accurate detector positioning can be achieved by measur-
ing cross-axis (perpendicular to beam direction) radiation 
profiles at the same time as output factors for each field size 
setting [4, 11], but this can be time consuming. The very 
small field classification (field size ≤ 15 mm for 6 MV pho-
ton beam) can be set as a threshold at which this careful 
experimental methodology should be required to achieve 
better dosimetric accuracy [4]. Nonetheless, even with care-
ful detector set-up, a 1 mm error in detector position was still 
found to lead to > 1% error in measured OF for field sizes 
< 10 mm while a 1 mm error in field size can lead to > 1% 
error in measured OF for field sizes < 15 mm [4].

To address the difficulty of choosing the suitable detec-
tor for small field dosimetry, an alternative to central axis 
point dose is to measure integral dose or Dose-Area Product 
(DAP) using an ionisation chamber with area larger than the 
field under consideration. It has been suggested in previous 

works that DAP, which is the integral dose in a plane per-
pendicular to the beam direction, can be a useful dose metric 
for small fields [12, 13]. Using a detector with large sensitive 
volume compared to the field size has the advantage of being 
insensitive to its lateral alignment in the beam central axis.

Several publications describe the use of a large area par-
allel-plate chamber (LAC), the PTW Bragg Peak chamber 
type 34070-2.5 (PTW Freiburg, Germany), for measuring 
DAP in small megavoltage photon fields [12–14]. Djouguela 
et al. first proposed using LAC and showed that the cen-
tral axis point dose can be replaced by “dose-area product” 
or DAP [12]. They also replaced the usual “output factor” 
(for point doses) by the “modified output factor” MOF (for 
DAP). A similar study was performed by Sanchez-Doblado 
et al. where they used the combination of large area ionisa-
tion chamber (LAC) and relative film dosimetry for meas-
urement of output factors [13]. Due to the large sensitive 
area of the LAC, it integrates the dose over the whole 2D 
dose distribution of the small field, including scatter and 
transmission dose. Using film dosimetry, the integrated dose 
measured by LAC per unit area was converted to its cor-
responding absolute dose value delivered to a very small 
region. The results were compared to output factors meas-
ured using other detectors and Monte Carlo simulation. An 
excellent agreement was found between LAC + 3 films, dia-
mond detector, diode and Monte Carlo. Dufreneix et al. have 
extended the concept further, showing that it is possible to 
use DAP for absolute dosimetry [15]. The same authors also 
expand on this work, investigating the possibility of using 
profiles scanned with a 1D detector to convert DAP to point 
dose [16]. However, a single profile can only be used in a 
circular field, with assumed radial symmetry.

Whilst the above studies have shown it is feasible meas-
uring small field output factors with a Bragg Peak cham-
ber, its use may be limited. This is because the Bragg Peak 
chamber, designed for proton dosimetry, is not widely used 
and not readily available in all radiotherapy departments (as 
most do not have proton therapy). Purchasing a Bragg peak 
chamber for the sole purpose of small field dosimetry also 
may not be an attractive option from a financial point of 
view. An alternative LAC that may be more prevalent in 
standard radiotherapy departments is a large transmission 
reference chamber. The IBA Round Stealth chamber (IBA 
Dosimetry GmbH, Schwarzenbruck, Germany) is an exam-
ple of a large transmission ionisation chamber, designed as a 
reference chamber with minimal beam perturbation. Similar 
to the Bragg Peak chamber, the round Stealth chamber (SC) 
measures integral dose or DAP over its large active area 
(diameter of 94 mm as shown in Fig. 1). This study will 
explore the idea that an existing transmission chamber (that 
may have already been purchased as a reference chamber) 
can be used as an integral dosimeter, negating the need to 
purchase a specific, separate chamber for this purpose. The 
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SC measurement of output factors should be insensitive to 
positioning errors. It also does not require perturbation cor-
rection factors as it is assumed that the beam perturbation is 
field size independent due to each field being smaller than 
the detector.

Diode orthogonal profiles, which are normally measured 
to verify accurate detector positioning relative to radiation 
isocenter and report dosimetric field size, can be potentially 
used for the reconstruction of the 2D dose distribution. The 
accuracy of 2D-dose plane reconstruction (and therefore the 
“DAP to CAX dose” curve determined) from profiles was 
investigated using film, to possibly eliminate the need for the 
additional film measurement in the future. This can avoid 
some disadvantages associated with using film such as cost, 
need for dosimetry system for calibration, lateral artefact for 
scanning films, and other handling issues.

The primary aim of this work was to investigate the feasi-
bility of using a transmission chamber for a second purpose: 
measuring DAP and deriving small field OFs. The second 
aim of this work was to test the feasibility of film-less DAP 
to point dose conversion. Both these aims combine to test the 
general idea that this work can be performed using existing 
equipment within a department without the additional costs 
of a Bragg-Peak chamber or film.

Materials and methods

Stealth chamber

The IBA Round Stealth chamber (IBA Dosimetry GmbH, 
Schwarzenbruck, Germany) is a large transmission ionisa-
tion chamber used as a reference chamber for water phan-
tom scanning systems, for energy the range of Co-60 to 21 
MV/MeV [17–20]. The Stealth chamber (SC) was designed 

with small fields in mind, since the presence of the chamber 
provides minimal beam perturbation [17, 18], and can be 
mounted directly to the linac head so that it can be used as 
a reference detector for water tank scans (see Fig. 2). Other 
important design advantages of the SC include its transpar-
ent nature (so the one can view the light field) and its robust 
construction. The round SC has a circular active area with a 
diameter of 94 mm as shown in Fig. 1. It has a total attenua-
tion equivalent of less than 0.5 mm Aluminium [20].

Since the SC was intended to be used as a reference 
chamber for water tank scanning and as a field chamber 
for measuring small field output factor, the chamber was 
commissioned based on the recommended commissioning 
tests from AAPM TG142 [21], ACPSEM Position Paper 
[22], and IPEM 81 [23]. The commissioning tests included 
pre- and post-irradiation leakage, short-term reproducibility, 
dose linearity, dose rate linearity, and transmission measure-
ments. Note that the polarity effect was not considered as 
this detector is only used for relative measurements both in 

Fig. 1   The Dimensions of the round Stealth chamber (Reproduced from [20] with permission)

Fig. 2   The round Stealth chamber mounted on Elekta treatment head 
as a reference chamber
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its standard use as a reference chamber and in its novel use 
in this study.

Small field measurements using DAP 
with the stealth chamber

The chamber was irradiated with a 6 MV photon beam 
(TPR20,10 = 0.678) using an Elekta Infinity linear accelera-
tor (Elekta, Stockholm, Sweden). This linear accelerator 
uses an Agility beam collimation system consisting of 160 
MLC leaves, each with a width of 5 mm (at the isocentre) as 
the upper collimator. The lower collimator, in the direction 
perpendicular to the MLC, is a traditional large jaw pair. 
This enabled square fields of any size to be created. The 
field sizes used were all square with side lengths of 5, 6, 8, 
10, 20 and 50 mm. The PTW Unidos Webline electrometer 
(PTW, Freiburg, Germany) was used to provide the polar-
izing voltage and collect the charge produced in the SC. An 
operating voltage of + 300 V was applied, which is within 
the recommended voltage by the manufacturer. The SC was 
positioned at a depth of 5 cm of Plastic Water (CIRS, Nor-
folk, USA) with a SSD of 95 cm as shown in Fig. 4 (Set-up 
1). A custom jelly bolus (Jel Products Australia, NSW, Aus-
tralia) was used around the SC so that it could be placed in 
the stack of Plastic Water, and 10 cm of Plastic Water was 
used as backscatter.

The Stealth DAP ratio (DAP OFSC (fs)), i.e. the integral 
dose values for the field size of interest normalised to the 
field size of 50 × 50 mm2, was calculated using Eq. (1). 
50 mm was chosen as it is often used as an intermediate 
field size when ‘daisy-chaining’ small field output factors 
with normal size field output factors.

where DAP OFSC (fs) = Dose area product measured by 
Stealth chamber for the field size of interest (DAPfs) nor-
malised to the field size of 50 × 50 mm2, (DAP50 mm fs).

Conversion of dose‑area‑product to point dose

A similar approach to Sanchez-Doblado et al. [13] was 
adopted to obtain the “DAP to central axis point dose 
(CAX)” conversion from the combination of a large area 
ionisation chamber (SC) and relative film dosimetry. This 
method required obtaining both the central axis dose (dose 
to a very small region of interest (ROI)) and the integral dose 
(over the SC area) from a known 2D distribution (e.g. film) 
to get the “DAP to CAX” conversion.

A calibrated batch of Gafchromic EBT3 film (EBT3, 
Ashland Inc., Covington, Kentucky, USA) was used with 
the measurement set-up shown in Fig. 4. Two (5 and 50 mm) 
to three (6, 8, 10, and 20 mm) large films with the size of 

(1)DAP OFSC

(

fs
)

= DAPfs

/

DAP50 mm fs

the film equivalent to the SC diameter were stacked and 
irradiated for each field size. The three different films were 
required in order to minimise film noise by delivering a large 
dose to each region of the dose profile (inside the field, in the 
penumbra, and outside the field). Firstly, the stack of three 
films was irradiated with the number of monitor units (MUs) 
required to deliver approximately 3 Gy to the centre of the 
field. The top piece of film was removed, and approximately 
four times as many additional MUs were delivered again so 
that the 20% of penumbra received approximately 3 Gy in 
total. The second film was then removed and an additional 
10,000 MU was delivered to the remaining piece of film, in 
order to get a large dose to region of the profile that is out-
side the main field, but inside the region equivalent to the 
size of the SC. This method was required, because it was not 
possible to measure the centre of the field after 10,000 MU 
of irradiation due to film saturation. After irradiation, the 
films were processed using EPSON Expression 10000 XL 
flatbed scanner with 148 dpi resolution. Optical density of 
the red channel was calibrated to the dose, using the known 
dose delivered (0–3.5 Gy) to 16 small squares of film. Note 
that an unirradiated film was scanned to represent 0 Gy. The 
processing of the digitized film to dosemaps was performed 
using an in-house Matlab software.

The resulting EBT3 measured dosemaps were used to 
measure both central axis dose and dose area product, to 
obtain a “DAP to CAX” output factor conversion curve. 
Central axis output factors were extracted from the film 
dose maps using a 2D linear interpolation, where the field 
centre was determined as the average centre of isodose con-
tours. This was performed by extracting isodose contours 
at 1 cGy increments, calculating the centre of each contour, 
and averaging these centres (See Fig. 3). The central axis 

Fig. 3   Field centre estimation using isodose contours for 5 × 5 mm2
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dose was measured as the mean dose to the central 1 mm 
square ( Dpoint,fs). The dose area product was the mean of the 
central 94 mm diameter circle, which corresponds to the 
Stealth chamber area (DSC area,fs).

The output factor from the SC measurements (DAP OFSC 
(fs)) was obtained normalising the SC result from the field 
size in question, to the SC result from the 50 mm field size. 
The DAP OFSC (fs) was then converted to its corresponding 
central axis OF (OFSC (fs)) using “DAP to CAX” correction 
factor, F, as shown in Eq. (2).

The “DAP to CAX” correction factor, F, for each field 
size was taken as the ratio of output factors obtained for a 
very small region of interest ( OFpoint ) to that correspond-
ing to the Stealth sensitive area (OFSC area) (see Eq. 3). The 
radius of integration was kept constant.

where

Dpoint, fs = Central axis dose for the field size of inter-
est measured as the mean dose to the central 1 mm square. 
Dpoint, 50mm fs = Central axis dose for the reference field size 

(2)OFSC

(

fs
)

= DAP OFSC

(

fs
)

× F

(3)F = OFpoint

/

OFSC area

(4)OFpoint = Dpoint,fs

/

Dpoint,50mm fs

(5)OFSC area = DSC area,fs

/

DSC area, 50 mm fs

(50 × 50 mm2 fs) measured as the mean dose to the central 
1 mm square. DSC area, fs = Dose area product for the field 
size of interest measured as the mean of the central 94 mm 
diameter circle, corresponding to the Stealth chamber area. 
DSC area, 50mm fs = Dose area product for the reference field 
size (50 × 50 mm2 fs) measured as the mean of the central 
94 mm diameter circle, corresponding to the Stealth cham-
ber area.

Verification of point dose measurements with diode 
detector

The PTW 60018 SRS diode (PTW, Freiburg, Germany) was 
set-up in a water tank at a depth of 5 cm and SSD of 95 cm, 
with the long axis of the detector parallel to the beam axis 
(Fig. 4 Set-up 3). The SRS diode is an unshielded diode 
with an active volume of 0.3 mm3. Orthogonal profiles were 
collected to check the diode central axis (CAX) centering 
and radiation field size for each field size setting, and the 
measured radiation field size was also recorded [4, 11]. Two 
profile scans along each axis were collected to make sure 
that the detector positional uncertainty was only due to the 
water tank system accuracy (± 0.1 mm) [11]. For each field 
size, the average field width was obtained and the effec-
tive field size (FSeff) was calculated using Eq. (6) as recom-
mended by Cranmer-Sarsigon et al. [11]. Once the set-up 
was confirmed, OFs were acquired for 5, 6, 8, 10, 20 and 
50 mm nominal field sizes. Field size specific correction 
factors were applied to the diode OFs to correct for diode 

Fig. 4   Measurement set-up used for output factor determination



240	 Australasian Physical & Engineering Sciences in Medicine (2019) 42:235–244

1 3

over-response [24]. The corrected diode OFs were compared 
with the SC OF.

where A and B correspond to the inline and crossline meas-
ured full-width-half-maximum.

Filmless conversion of DAP to point dose

DAP to CAX conversion using multiple 1D profiles

The proposed method for filmless conversion of “DAP to 
CAX” includes measuring multiple 1D profiles and recon-
structing 2D dose maps from the 1D profiles. The CAX dose 
and DAP are calculated from these generated 2D dose maps, 
generating the “DAP to CAX” conversion curve. The valid-
ity of this “DAP to CAX” conversion curve could be quan-
tified by comparing with the output factor ratios measured 
using the two detectors (i.e. SC and diode). To test the feasi-
bility of computing integral dose from multiple 1D profiles, 
the 2D dosemaps acquired previously with film were used as 
a gold standard. In order to isolate this theoretical concept 
from measurement uncertainty, 1D profiles were extracted 
from the same 2D film dose map. 1D profiles were extracted 
at 90°, 45°, 15°, 5°, and 1° increments (using Matlab) (See 
Fig. 5). A 2D dose map was then reconstructed 5 times using 
the following number of profiles: 2 (90° apart), 4 (45° apart), 
12 (15° apart), 36 (5° apart) and 180 (1° apart). The resulting 
DAP corresponding to the Stealth sensitive area measured 
from the reconstructed 2D dosemaps was then compared to 
the raw 2D film dose map. The mean DAP error was calcu-
lated as the average DAP difference of the reconstructed and 
the original 2D dosemaps for all field sizes.

(6)FSeff =
√

A × B

Estimation of scanning time required for water tank profiles

The time required to acquire water tank profiles at 45°, 15°, 
5°, and 1° increments was estimated from the actual scan-
ning time of 15° and 45° “star” patterns in the water phan-
tom. This was the basis in evaluating the efficiency of using 
water tank profiles to derive the “DAP to CAX” conversion 
curve as a filmless approach.

Comparison of “DAP to CAX” conversion curve obtained 
from film and detectors

To check the validity of the “DAP to CAX” conversion 
curve, the film output factor ratios obtained from film raw 
2D dose maps were compared to the device measured output 
factor ratios. The device measured output factor ratio was 
taken simply as the ratio of output factors of SRS diode and 
Stealth chamber.

Results

Field size evaluation using diode profiles

The field widths measured using the SRS diode profiles are 
summarised in Table 2. From these average values, the max-
imum difference from the nominal values is 1.85 mm in the 
crossline direction for 5 × 5 mm2 field size. Table 1 shows 
that the measured values of effective field size (FSeff) are 
noticeably different from their nominal values with a maxi-
mum difference of 0.94 mm for 5 × 5 mm2 field size. Note 
that asymmetric nature of the effective field size is due to 
source occlusion and the asymmetric Elekta focal spot [24].

Fig. 5   Extracting profiles from the film 2D dosemaps using in-house Matlab program. This example shows 45° increments
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Stealth chamber output factor

The commissioning tests confirmed the suitability of SC for 
clinical use. The DAP measured by SC was converted to its 
corresponding absolute dose value at the CAX using the 
“DAP to CAX” conversion curve derived from film as shown 
in Fig. 8. The plot of output factors for SC + film is shown 
in Fig. 7 in comparison with OF measured using SRS diode.

There was a good agreement between central axis output 
factors measured using the diode and SC + film as shown in 
Fig. 6 and Table 2. The largest discrepancy between SRS 
diode and SC + film was 3% for 5 × 5mm2 field size.

Uncertainty estimation

Table  3 summarises the sources of uncertainty associ-
ated with diode OF measurement and SC + film proce-
dure. The diode positioning error was found to be within 
0.1 mm between repeated scans of each field. The estimated 
uncertainty was 0.7% based on 0.1 mm centering error in 
a 5 × 5 mm2 field size [4]. The diode readout reproducibil-
ity, which was 0.3%, was based on the calculated standard 
deviation of the diode measurements for each field size and 
taken as the maximum value. The uncertainty in diode over-
response correction factor was estimated as 0.5%, which is 
the statistical uncertainty in the Monte Carlo calculated fac-
tor from Charles et al. [24].

The SC readout reproducibility was based on the 
maximum standard deviation of the SC DAP measure-
ments. The total uncertainty for the film “DAP to CAX” 

conversion was calculated using a similar method to 
Sanchez-Doblado et al. [13]. Briefly, the reproducibility 
of the film results (point dose and integral dose), as well 
as uncertainty in the film calibration curve are calculated 
for each field size, and then averaged across all field sizes. 
This uncertainty is dominated by statistical noise in the 

Table 1   Field widths determined from SRS diode profiles

Nominal field 
size (mm)

Inline Crossline Effective field 
size, FSeff (mm)

FSeff—
nominal 
(mm)Mean (mm) SD (mm) Diff from 

nominal (mm)
Mean (mm) SD (mm) Diff from 

Nominal (mm)

5 × 5 5.2 0.1 0.2 6.9 0.1 1.9 5.9 0.9
6 × 6 6.1 0.0 0.1 7.3 0.1 1.3 6.7 0.7
8 × 8 8.1 0.0 0.1 9.3 0.0 1.3 8.7 0.7
10 × 10 9.9 0.0 − 0.1 11.1 0.1 1.1 10.6 0.6
20 × 20 20.3 0.1 0.3 20.61 0.0 0.6 20.4 0.4

Table 2   Comparison of small field OF measured from film and diode

Square field 
(mm)

Diode SC + film SC + film versus 
diode OF diff (%)

5 0.505 0.520 3.1
6 0.565 0.575 1.8
8 0.700 0.708 1.1
10 0.769 0.781 1.4
20 0.911 0.919 0.9

Fig. 6   Comparison of output factor measured using SRS diode (red 
squares) and Stealth chamber + film (blue circles)

Table 3   Uncertainty budget for diode OF and SC + film OF. These 
values are for one standard deviation (k = 1)

Source of uncertainty Measured/esti-
mated uncertainty 
(%)

Diode OF
 Positioning 0.7 [4]
 Reproducibility 0.3
 Diode over-response correction factor 0.5 [21]
 Total combined uncertainty 0.9

SC + film OF
 SC reproducibility 0.4
 Film “DAP to CAX” conversion 4.2
 Total combined uncertainty 4.2
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outside of field region in the integral dose calculations. 
Note that a uniformity correction factor was not consid-
ered for either measurement as the fields are uniform 
across the central 1 mm.

Filmless conversion of DAP to point dose

“DAP to CAX” conversion using multiple 1D profiles

It was found that the “DAP to CAX” calibration curve 
estimation was poor for the 2D dose reconstruction from 
the inline and crossline profiles alone. The errors were up 
to 15% for the 5 × 5 mm2 field size. The reconstructed 2D 
maps from film profiles at 45°, 15°, 5°, and 1° increments 
confirmed that the 2D dose reconstruction was more effec-
tive with increasing number of profiles (see Table 4). The 
reconstruction errors for the 15° and 45° star patterns were 
within 1% and 2%, respectively which would take 12.5 and 
4 min to acquire in a water phantom for each field size set-
ting (See Table 4; Fig. 7).

Comparison of “DAP to CAX” conversion curve obtained 
from film and detectors

The comparison of the output factor ratio (“DAP to CAX 
OF” conversion curve) obtained from film (raw 2D dose-
maps) vs. detectors (i.e. SC and diode) is shown in Fig. 8 
and Table 5. The “DAP to CAX OF” conversion calibration 
can be obtained from film with an accuracy of 2%.

Discussion

The results showed that a transmission chamber like SC 
is a good alternative to large-area parallel plate chamber 
(e.g the Bragg Peak chamber) to measure DAP and derive 
small field OFs. By comparison to Monte Carlo simula-
tions, Sanchez-Doblado et al. have shown that the PTW 
T34070 Bragg-Peak chamber can be used (with film) to 
accurately calculate small field output factors [13]. In this 
study we have shown (comparing to diode measured out-
put factors) that the Stealth Chamber is similarly effec-
tive at calculating small field output factors. However, the 
disadvantage of this SC + film method is that it requires 
Gafchromic EBT3 films and very high linac workload. 
Furthermore, the data also revealed that filmless conver-
sion of DAP to CAX dose is feasible using profiles, but 

Table 4   Mean DAP error results of the 2D dose map reconstruction 
from profiles and its corresponding water scanning time

Profile separation (o) Mean DAP error (%) Water tank 
scan time 
(min)

1 0.0 ∼ 150
5 0.1 ~ 37.5
15 0.8 ~ 12.5
45 1.6 ~ 4

Fig. 7   DAP error results of the 2D dose map reconstruction from 
profiles. Shown are profile increments of 1° (blue circles), 5° (red 
squares), 15° (green triangles) and 45° (crosses)

Fig. 8   Comparison of DAP-to-CAX OF Conversion Curve derived 
from film (raw 2D dosemaps) (blue circles) and detectors (SRS diode 
and SC) (red squares)

Table 5   Comparison of DAP-
to-CAX OF Conversion Curve 
derived from film and detectors 
(SRS diode and SC)

Square 
field (mm)

OF ratio diff (%)
(Film−Device)

Device
× 100%

5 1.0
6 1.8
8 1.2
10 1.5
20 0.9
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reconstruction will be more effective the larger the number 
of profiles that are acquired (e.g. 15° increments (star pat-
tern) are required for 2D dose reconstruction with an error 
of < 1%). Table 4 shows that the reconstruction error is 
almost zero when many profiles are extracted and recon-
structed. However, this may be a disadvantage when it 
comes to acquiring the water phantom profiles, as the data 
acquisition may be excessively long. The validity of the 
“DAP to CAX” OF conversion calibration derived from 
film was confirmed to be within an accuracy of 2%. The 
“DAP to CAX” OF conversion curve can then be derived 
from merely the ratio of diode OF and Stealth DAP ratio 
supporting the potential of filmless conversion of DAP 
to CAX dose. The acceptability of this uncertainty will 
depend on the intended use.

The diode is widely used for small field OF because of 
its high resolution and high sensitivity, and its high availa-
bility in clinical departments. However, a correction factor 
has to be applied to account for perturbation effects, non-
water equivalence of detector, and diode’s overresponse 
at small field sizes [5–7]. Moreover, the impact of diode 
positioning accuracy is more significant than the Stealth 
chamber, especially for very small field sizes. Charles 
et al. [4] reported that a 1 mm error in detector position 
can lead to a 6.8% error in the measured field output factor, 
in a field 5 mm across. The diode centering was verified 
prior to OF measurement to be within 0.1 mm which is 
equivalent to a 0.7% error. This could explain some of the 
discrepancy found between diode and the SC especially for 
very small field sizes. Use of radiochromic film is attrac-
tive due to its high spatial resolution, water-equivalence, 
and insensitivity to positioning uncertainties [25]. Further-
more, 2D dose distributions can be easily obtained from 
film. On the other hand, there are some issues associated 
with using film such as cost, need for dosimetry system for 
calibration, lateral artefact for scanning films, and other 
handling issues [26]. Due to the complexity and the higher 
probability of introducing error in the whole calibration, 
measurement and analysis process can make film an unat-
tractive option. Using a large-area chamber, like Stealth 
chamber, to measure DAP and derive small field OF is a 
promising approach as long as “DAP to CAX” conversion 
factor has been obtained from known 2D dose distribution. 
The Stealth chamber is easy to set-up since it is insensitive 
to positioning uncertainties and provides minimal beam 
perturbation. Lastly, the “DAP to CAX” conversion fac-
tor can be derived from diode star scans instead of using 
film. However, the user should also consider the additional 
scanning time required to collect these profiles. Further 
work can investigate reducing the time required for the 
diode scans, for example by using the concept of radially 
symmetric scans if appropriate.

Conclusion

The proposed new technique of measuring small field output 
factor based on the concept of “dose-area product” (DAP) 
aims to eliminate positioning uncertainties and issues on 
selecting an appropriate small field detector. It has been 
shown that the Stealth chamber is a good alternative for 
measuring DAP to LAC, like Bragg Peak chamber, which is 
not widely used in all radiotherapy departments. Moreover, 
the SC is suitable for measuring small field output factors for 
field sizes < 50 ×  50 mm2 as long as “DAP to CAX” conver-
sion factor is available from known 2D dose distribution (i.e. 
from film or diode profiles).

The feasibility of using 2D reconstructed dose maps from 
profiles and hence filmless conversion of “DAP to CAX 
dose” was investigated. The optimal number of profiles 
needed to achieve a better 2D reconstruction was found to 
be 15° increments (star pattern) but the water tank scanning 
might be time-consuming. It then depends on the user pref-
erence with some cost and efficiency considerations whether 
it is better to set-up the water tank to collect star pattern pro-
files or use film to get the “DAP to CAX” conversion factors. 
It was also found that the “DAP to CAX OF” conversion 
curve can be potentially derived from the ratio of diode OF 
and Stealth DAP ratio as a filmless approach.

The central axis output factors measured using SRS diode 
and SC + film were found to have an excellent agreement 
with the maximum discrepancy for the 5 × 5 mm2 field size.
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