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Background: Small photon beams are increasingly used in modern radiotherapy
modalities. In small photon fields, the dosimetric field size will deviate from the
nominal field size. An effective field size (FSeff) for use in small field dosimetry has
been defined to overcome this issue. The present study aims to investigate the
suitability of two ionization chambers and two semiconductor diodes in the
measurement of 6MV photon beam profiles and to analyze the variations of FSeff in
smaller fields. Materials and Methods: Measurements were made at 6 MV photon
beams of a Siemens Artiste linear accelerator and transverse profiles were acquired
for nominal square field sizes of side 1×1 to 10×10 cm2 via the irradiation of detectors
and radiochromic film. Full width at half maximum (FWHM) at the 50% isodose level
was used to calculate FSeff. Results: The uncertainty of the FWHM values derived from
the in-plane and cross-plane profiles (ΔFWHM%) were below 6% for all the detectors
were below 6% except for Semiflex in the 1×1 field size. In small field sizes (less than 3
× 3 cm2), larger differences occurred between the dosimetric and nominal field sizes in
all detectors. No significant differences between nominal and effective field sizes were
observed in a field rage of 4×4 - 10×10 cm2. Conclusion: In the acquisition of small field
profiles, selection of an appropriate detector is influential in accurate measurements.
The findings of present study support the argument that both the size and
composition of detectors affect the small field profile measurements.

INTRODUCTION
Modern techniques in radiation therapy such as
image guided radiotherapy (IGRT), intensity
modulated
radiotherapy
(IMRT),
volumetric
modulated arc therapy (VMAT), and stereotactic
radiosurgery (SRS), and stereotactic radiotherapy
(SRT), lead to the use of small therapeutic photon
beams for the treatment of cancer patients (1). The
absence of lateral electronic equilibrium (2, 3), source
occlusion by the collimating devices, and energy
spectrum changes as a function of field size (1, 4)
makes challenging in the dosimetry of small photon
beams. Additionally, detector properties play a
crucial role in the dosimetry accuracy (1). Therefore,
sophisticated dosimetric methods in small fields are
necessary for the dependable determination of
output factors and transverse beam profiles before
the calibration of a linear accelerator (linac).
The definition of the dosimetric field size for
standard fields was recommended previously by the
International Electrotechnical Commission (IEC)

using Full width at half maximum (FWHM) at the
50% isodose curve in a plane perpendicular to the
beam central axis at a fixed source to surface distance
(5). For standard photon fields the nominal field size
provides a correct representation of the dosimetric
ﬁeld size. In small photon fields, however, which that
do not satisfy source occlusion and charged particle
equilibrium, the dosimetric field size will deviate
from the nominal ﬁeld size, as shown by previous
studies (6-8). These discrepancies impact determined
output factor values and the implementation of
corresponding correction factors proposed by
Alfonso et al. in formalism for the reference
dosimetry of small and non-standard ﬁelds(9). In an
effort to obviate these issues, Cranmer-Sargison et al.
suggested an effective field size (FSeff) that takes into
account scatter component changes and the
magnitude of the dimension for small fields
collimated with jaws or multileaf collimators (MLCs)
(6). In this approach, a slight difference is considered
between in-plane and cross-plane FWHMs.
For the sake of obtaining high precision and
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accuracy, various detectors have been used in the
small field dosimetry. Ionization chambers with a
large sensitive volume, show uncertainties in small
radiation fields owing to the volume averaging effect
of a high gradient radiation field (10, 11). Whereas
semiconductor diode detectors have relatively good
radiation sensitivity and spatial resolution, they show
angular dependence (12). Radiochromic films give the
best spatial resolution and are tissue equivalent.
Small
volume
ionization
chambers
and
semiconductor diodes are usually preferred for
routine measurements because they have a good
signal to noise ratio and can be read out
instantaneously. Moreover, they have the capability
of faster measurements and repeatability (13).In some
previous studies, radiochromic films or Monte Carlo
simulation have been investigated in the calculation
of FSeff (1). According our knowledge, however, FSeff
evaluation by detectors is not a matter to be
addressed explicitly. Present work aims to examine
the suitability of two small sensitive volume
ionization chambers and two semiconductor diodes
in the measurement of 6 MV photon beam profiles
and to analyze the variations of FSeff in smaller fields
according to the Cranmer–Sargison approach (6).

MATERIALS AND METHODS
Experimental measurements
All exposures were performed using a 6 MV
photon beam of Siemens Artiste (Siemens Medical
Systems, Concord, CA, USA) linear accelerator (linac)
that produces photon beams of nominal energies of 6
and 15 MV operated at a dose rates of 300 and 500
MU/min, respectively. The linac was calibrated to
deliver 1 cGy/MU at a depth of maximum dose for a
field size of 10×10cm2 at 100cm source to surface
distance.
In this study, two ionization chambers: pinpoint
(PTW-Freiburg, type 31006) and Semiflex (PTWFreiburg, type 31010) and two semiconductor
detector: Diode E (PTW-Freiburg, type 60017), and
diode P (PTW-Freiburg, type 60016) were used to
measure small photon field lateral dose profiles.
FSeff was then calculated for each nominal field size.
The dimensions of the detectors used in this work
were provided from PTW (14) and are summarized in
table (1).

Table 1. Main physical characteristics of the investigated detectors.
Detector
Sensitive material Polarization voltage (V) Sensitive volume (mm3) Dimensions Package material
Semiflex
5.5 mm diameter,
Acrylic and
Air
300
125
(PTW-31010)
6.5mm length
graphite
Pinpoint
2 mm diameter, 5 Acrylic, graphite
Air
300
16
(PTW-31016)
mm length
PMMA
Diode E (PTW1 mm2 front area Epoxy resin and
Silicon
0
0.03
60017) Unshielded
2.5 µm thickness polymer plastic
Diode P(PTW60016)
1 mm2 front area Epoxy resin and
Silicon
0
0.03
Shielded
2.5 µm thickness
metal

MP3 motorized water phantom (PTW, Freiburg,
Germany) using a Tandem dual channel electrometer
and a 3D scanning system, controlled by the
MEPHYSTO software (PTW, Freiberg, Germany),
were used for data acquisition. The positional
accuracy of this water tank is 0.1mm based on the
manufacture's data. Effective point of the
measurement of detectors was adjusted at
measurements depth using the TrueFix system (PTW
-Freiburg). Detectors were oriented as recommended
by the manufacturer. The pinpoint and Semiflex
ionization chambers were placed with their steams
perpendicular to the beam axis whereas the steams of
diodes E and P were parallel. To account for dose rate
fluctuations, a second Semiflex ion chamber was used
as a reference detector in all fields. A bios voltage of
400 V was applied to ionization chambers while the
diodes were unbiased as per manufacturer's
recommendations.
Lateral dose profiles for different field settings
(field sizes of 1×1 - 10×10 cm2) were obtained with
the various detectors across the center of the field in
cross-plane and in-plane orientations at a depth of 5

cm, sufficient to ensure the electronic build-up for the
photon energy used. The acquired profiles were
normalized at 100% on the central axis of the beam.
The collimator jaws in y direction and MLCs in x
direction collimated the radiation fields.
Film preparation and irradiation
Radiochromic films are an attractive option for
the small field dosimetry, because they have high
spatial resolution, are nearly water-equivalent, and
do not require any processing (15). The radiochromic
ﬁlms used in this study were Gafchromic EBT3
(Ashland Inc, NJ, USA) with a sheet dimension of 20.3
× 25.4 cm2. All film exposures were performed
perpendicularly in polystyrene slabs of a solid water
phantom Films were handled according to the
procedures outlined in the AAPM Task Group # 55
(TG-55) report (16). The methods proposed by
Bouchard et al. (17) and Lynch et al. (18) in
measurements and scanning of films were considered
to decrease sources of uncertainty.
To obtain the calibration curve, a single film sheet
was cut into small pieces of 4×4 cm2 and irradiated
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with 6 MV energy of linac at ten different monitor
units (MUs) corresponding to doses ranging from 25
to 250 cGy in a fixed field size of 10×10 cm2 and 0º
gantry. For lateral dose profile measurements of
varying field sizes, film strips were positioned in the
solid water phantom perpendicular to the beam. To
minimize light exposure, the films were kept in black
envelopes when they were not being used for
scanning or irradiation.
An EPSON Expression 10000XL/PRO flatbed
scanner (Seiko Epson Corp., Nagano, Japan) was used
to read the transmission of the ﬁlm pieces. The
scanner was warmed up for at least 30 min before
readings. A transparency sheet was employed to
place films on the scanner in a reproducible position.
In order to minimize the lateral response artifact,
scans were made in the transmission mode and
landscape orientation as recommended by the
manufacturer. The scanner was used in 48-bit RGB
(Red Green Blue) mode (16 bits per channel). Each
ﬁlm was read at a resolution of 150 dpi, 48 h after the
irradiation, and then saved in the uncompressed
tagged image ﬁle format (TIFF).The response of the
radiochromic ﬁlm dosimetry system is most
commonly expressed as a change in the optical
density between irradiated and unirradiated ﬁlm
pieces. The red channel was conﬁrmed to provide
higher sensitivity and was used for all analyses.
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In general, percentage diﬀerences for the FWHM
value (ΔFWHM%) were below 6% for all the
detectors, except for the Semiflex in the 1×1 field size.
Percentage differences between nominal and
dosimetric field sizes measured by each detector,
obtained from in-plane and cross-plane profiles, are
illustrated in figure 2. In field widths larger than
3×3cm2, it is clear that, the responses of the Semiflex
and diode E are approximately close to each other
and a negligible difference is seen between them in
the cross-plane profile. While all the detectors have
less than 3% difference in the in-plane profile, larger
difference between the dosimetric and nominal field
sizes occurred in all detectors in small field sizes (less
than 3×3 cm2). In larger field sizes, no signiﬁcant
difference was observed between diode E and
Semiflex. It is obvious that uncertainty occurs in
smaller fields in both directions.
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RESULTS
Lateral dose profiles and FWHM analysis
For a quantitative estimation, recorded lateral
dose proﬁles were analyzed with MATLAB
(Mathworks, Inc.) using the interpolation function.
Full width half maximum (FWHM) values or the
dosimetric field size were derived from the in-plane
and cross-plane profiles for a range of square field
sizes from 1×1 to 10×10 cm2. The standard
deviations were < 1.5% for field sizes greater than
3×3 cm2 and <3% for smaller field sizes. The
uncertainty of the FWHM values for all of detectors is
shown in figure 1, showing that the uncertainty of
pinpoint and diode P is greater than that of diode E in
all fields and the Semiflex response is large in smaller
fields.

Figure 1. Percentage differences of in-plane and cross-plane
FWHM derived from detector measurements in water
phantom.

Figure 2. Percentage differences of nominal and dosimetric
field sizes derived from in-plane (A) and cross-plane (B) profile
data measured by detectors.

Effective field size
According to the Cranmer–Sargison approach (6),
FSeff was determined as
, where A and B
correspond to the FWHM of in-plane and cross-plane
profiles. The FSeff for each field size was calculated
and percentage differences between nominal and
effective field sizes are presented in figure 3.
Radiochromic film
Calibration curves established from the red
channel were extracted from the red–green–blue
scanned images. The red channel is most often used
in the analysis of dose measurements because it has
the highest sensitivity and absorption. The ratio of
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the change in optical density and the amount of dose
is illustrated in figure 4.

Figure 5. Percentage difference of effective and nominal field
sizes derived from radiochromic film.

DISCUSSION
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Figure 3. Percentage differences of effective and nominal
field sizes derived from in-plane and cross-plane profile data.
A: Diode P and Diode E. B: Pinpoint and Semiflex

Figure 4. Calibration curve for the 6 MV photon beam with
the red channel.

Since radiochromic films
is almost water
equivalent and considered as a detector with almost
infinite resolution, doses measured from EBT3 films
were employed as the reference.
For each field size, dosimetric field dimensions
were determined from measurements of the FWHM
derived from transversal profiles and the FSeff was
calculated according to the Cranmer–Sargison (6)
approach. Figure 5 shows the percentage difference
between nominal and effective field sizes calculated
by the film.
No signiﬁcant differences are observed between
nominal and effective field sizes in the field rage of
4×4 - 10×10 cm2. If the field size is smaller, increased
variations can be seen in the percentage difference.

To characterize the FSeff in this work, FWHM
values of the lateral dose profiles were determined
using two diode detectors, two ionization chambers,
and radiochromic film. The results of FWHM are
affected by the detector properties; hence acquired
the FSeff values may have uncertainty, especially in
non-equilibrium small fields. Similar observations
were reported in the literature (7, 19). The difference in
lateral dose profiles, measured by each detector, leads
to the FWHM uncertainty. This study shows that the
Semiflex behavior differs from the other detectors in
smaller fields and ΔFWHM = 13.3%.
ΔFWHM values were experimentally specified in
previous studies. For example, Poppinga et al. (7)
found a 9.2% difference between in-plane and
cross-plane FWHM for a 1×1 cm2 field size. Biasi et al.
(20) found a maximum ΔFWHM value of 5.6% for the
smallest field size. The uncertainty of the FWHM
values in small fields for other linac models was
observed by Mancosu et al. (21) who showed ΔFWHM
values of 10.8%-15% for 0.8×08 cm2. This difference
can be attributed to the difference in calculated
penumbra widths.
The differences between nominal and dosimetric
field sizes for diode detectors are approximately 4%,
except in the 1×1 cm2 field size (figure 2). A similar
study by Shin et al. (22) using Edge diode also showed
that maximum difference belonged to the smallest
field size. In the 1×1 cm2 field size, the average
diﬀerence ratio is 4% for diode E with respect to the
nominal field width in both planes, which is similar to
that previously observed by Shin et al. (22). The results
of this study agree with the previous trends, for
example, using a synthetic diamond detector for
transverse profile measurements yieled a wider
penumbra than the stereotactic field detector (23).
Differences were found between the FSeff
obtained with various detectors, especially in small
fields (figure 3). These may be due to the influence of
uncertainty on the dosimeter position relative to
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other photon beam characteristics. The difference of
FSeff and nominal field size has been reported in
some studies. For example, Reggiori et al. (24)
measured nominal and effective ﬁeld sizes with three
detectors and showed that former systematically
overestimated the effective ﬁeld size for all ﬁelds up
to 5 × 5cm2. Cranmer-Sargison et al. (25) used various
diode detectors and concluded that this might be due
to jaw calibration or their positioning inaccuracies.
Bearing in mind that film measurements are not
affected by the volume averaging and detector
perturbation effects, it can be assumed that the
film-measured proﬁle corresponds to the reference.
The radiochromic film measurements showed that,
while the FSeff were nearly identical to the nominal
field sizes ≥1 cm, which confirms those done by Casar
et al. (1), who observed that they differed significantly
for the field size of 1×1 cm2. The gafchromic film
experiments demonstrated that diodes E and P
exhibited similar behavior in the determination of
FSeff for all field sizes, except those smaller than 1×1
cm2, a finding that is in agreement with that
Underwood et al. (8). Despite the overestimate or
underestimate of ionization chambers in determined
dosimetric field sizes using cross-plane or in-plane
profiles (figure 2), the overall results of the FSeff
indicate that only the Semiflex chamber measures a
very large FWHM in 1×1 cm2 field size. This may be
due to the volume averaging effect of ionization
chambers in the high gradient region, which is
consistent with those reported by Sonja Wegener et
al. (13).
Values of less than 3% for the FSeff are obtained
for all the detectors in ﬁelds greater than 3×3 cm2 in
size, which agrees with radiochromic film results. In
comparison, diﬀerences greater than 4% in the FSeff
are obtained for ﬁelds smaller than 3×3 cm2. Indeed,
it was demonstrated that different detectors of the
same type might have a slight difference in the
dosimetric behavior.

CONCLUSION
In the acquisition of small field profiles, selection
of an appropriate detector is influential in accurate
measurements. The ﬁndings of the present study
support the argument that both the size and
composition of detectors affect the small ﬁeld proﬁle
measurements. Comparisons with radiochromic film
shows that a small sensitive volume ion chamber
signiﬁcantly overestimates the FSeff in small field
sizes and accurate results in semiconductor diode
yields.
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