Calibration of GafChromic EBT3 for absorbed dose measurements
in 5 MeV proton beam and ®°Coy -rays
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Purpose: To study EBT3 GafChromic film in low-energy protons, and for comparison purposes, in a
reference °Co beam in order to use it as a calibrated dosimetry system in the proton irradiation facility
under construction within the framework of the Oncological Therapy with Protons (TOP)-Intensity
Modulated Proton Linear Accelerator for RadioTherapy (IMPLART) Project at ENEA-Frascati,
Ttaly.

Methods: EBT3 film samples were irradiated at the Istituto Nazionale di Fisica Nucleare—Laboratori
Nazionali di Legnaro, Italy, with a 5 MeV proton beam generated by a 7 MV Van de Graaff CN
accelerator. The nominal dose rates used were 2.1 Gy/min and 40 Gy/min. The delivered dose was
determined by measuring the particle fluence and the energy spectrum in air with silicon surface bar-
rier detector monitors. A preliminary study of the EBT3 film beam quality dependence in low-energy
protons was conducted by passively degrading the beam energy. EBT3 films were also irradiated at
ENEA-National Institute of Ionizing Radiation Metrology with gamma radiation produced by a °Co
source characterized by an absorbed dose to water rate of 0.26 Gy/min as measured by a calibrated
Farmer type ionization chamber. EBT3 film calibration curves were determined by means of a set of
40 film pieces irradiated to various doses ranging from 0.5 Gy to 30 Gy absorbed dose to water. An
EPSON Expression 11000XL color scanner in transmission mode was used for film analysis. Scanner
response stability, intrafilm uniformity, and interfilm reproducibility were verified. Optical absorption
spectra measurements were performed on unirradiated and irradiated EBT3 films to choose the most
sensitive color channel to the dose range used.

Results: EBT3 GafChromic films show an under response up to about 33% for low-energy protons
with respect to ®°Co gamma radiation, which is consistent with the linear energy transfer dependence
already observed with higher energy protons, and a negligible dose-rate dependence in the 2—40
Gy/min range. Short- and long-term scanner stabilities were 0.5% and 1.5%, respectively; film
uniformity and reproducibility were better than 0.5%.

Conclusions: The main purpose of this study was to implement EBT3 dosimetry in the proton
low-energy radiobiology line of the TOP-IMPLART accelerator, having a maximum energy of 7 MeV.
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Low-energy proton and %°Co calibrated sources were used to investigate the behavior of film response
vs to be written in italicum dose. The calibration in 5 MeV protons is currently used for dose assess-
ment in the radiobiological experiments at the TOP-IMPLART accelerator carried out at that energy

value.
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1. INTRODUCTION

The use of radiochromic film (RCF) dosimetry is widely
consolidated for applications in photon, electron, and pro-
ton beams.!= It offers several advantages, in particular, 2D
measurements of dose distributions with high spatial resolu-
tion, no postirradiation processing required, and low daylight
sensitivity. In addition, it shows small linear energy transfer
(LET) and energy dependence over a wide range of beam
energies used in radiation therapy.*®

GAFCHROMIC® EBTS3 films, recently commercialized by
International Specialty Products (ISP, Wayne, NJ), are being
widely used because of their good characteristics and improve-
ments with respect to the previous model EBT2. Indeed,
several studies have shown that particular attention is required
when using EBT2 film, because of uncertainties regarding
the influence of scanning orientation, film development time,
and film uniformity.”'? Conversely, EBT3 is more robust and
easier to handle than EBT?2 films.!"!? In EBT3 films, optical
density changes stabilize rapidly (2-h waiting-time window),'3
and dose-response uniformity is good (within 1.5%).'? Their
symmetric layer configuration allows the user to eliminate side
orientation dependence, and the presence of microscopic silica
particles embedded into the polyester substrate prevents the
formation of Newton’s rings in images obtained using a flatbed
scanner.

Some studies have investigated the behavior of EBT3 films
in photon, electron, and proton beams,'>!* mostly comparing
EBT2 and EBT3 performances. In particular, EBT3 shows
the same dosimetric response to photon and proton beams as
its precursor, i.e., no dependence on radiation type, except
for protons in the proximity of the Bragg peak.'” Reinhardt
et al."? suggest that care should be taken when using proton
beams because of the considerable under-response of the film,
which affects dose measurement accuracy. The investigation'?
was conducted in a 200 MeV actively scanned clinical proton
beam, with multiple film pieces placed perpendicular to the
beam direction, at different depths inside a water phantom.
An under-response of the film up to 5%, as compared to an
ionization chamber, was found for energies below 40 MeV,
and up to 20% close to the Bragg peak, corresponding to a very
low residual energy of 4 MeV. The under-response has been
mainly attributed to a quenching effect that occurs with higher
LET along an incident particle track.® However, as underlined
by the same authors, under-response magnitude is related to
energy spread and LET at a certain depth and varies with
the energy of the incident proton beam. Therefore, attention
has to be paid to compare energy quenching when different
initial beam energies are involved. Devic et al.'> reported tests
on EBT3 film in a 26.5 MeV proton beam focusing on the

possible proton activation processes due to the very high dose
rate expected by a cyclotron but did not report data on LET
dependence of EBT3 films. Further studies with radiochromic
films were done at 26.5 MeV proton energy, but using a
different RCF model.'® No studies have been conducted at
lower proton energy.

In the present study, we investigated the behavior of EBT3
ina 5 MeV energy proton beam. The work has been done in the
framework of the Oncological Therapy with Protons (TOP)-
Intensity Modulated Proton Linear Accelerator for RadioTher-
apy (IMPLART) Project!’ launched by the Italian National
Agency for New Technologies, Energy and Sustainable Eco-
nomic Development, ENEA-Frascati, in collaboration with
Istituto Superiore di Sanita, ISS, and Regina Elena National
Cancer Institute, IFO.

The aim of the project is to build a proton therapy center
based on an actively scanned proton beam produced by a
pulsed (4 us, 100 Hz) 3 GHz linear accelerator up to the final
energy of 230 MeV. The segment up to 150 MeV is currently
under construction at ENEA-Frascati which was chosen as
the test site before transferring the machine to IFO. Protons
are generated by a 3-7 MeV injector followed by a low-
energy beam transport (LEBT) line matching the beam to the
following accelerating modules. A deflecting magnet placed
in the middle of the LEBT delivers the proton beam to a
vertical beam line devoted to in vitro radiobiology experiments
for the radiobiological characterization of the proton beam.'3
The vertical arrangement is particularly suitable for irradiating
both cell monolayers and cells growing in suspension culture.
Preliminary experimental work involves the measurement of
cell survival and micronuclei, and chromosome aberrations
in cells versus dose requiring an accurate determination of
the dose. Among the available dosimetric methods, EBT3
GafChromic film dosimetry was considered the most conve-
nient one in order to provide an accurate estimate of absorbed
dose for dose levels involved in radiobiological experiments.
This study is thus preparatory to the use of this system for the
dosimetry of low-energy beams in that accelerator.

The present work presents the response vs to be written in
italicum dose to tissue substitute (MS20), the material usually
chosen as reference in radiobiological studies of EBT3 in
proton beam energy of 5 MeV in the 0.5 Gy to 30 Gy dose
range. In addition, the comparison of the response vs dose
to water obtained in 5 MeV proton beam and ®®Co gamma
rays in the same dose range is also shown. Irradiation with the
proton beam was performed at the Radiobiology irradiation
facility of the 7 MV Van de Graaft CN accelerator at the INFN-
Laboratori Nazionali di Legnaro-Padova (INFN-LNL), Italy; 19
0Co irradiation was performed at the National Institute of
Ionizing Radiation Metrology, ENEA—INMRI, Rome, Italy.



2. MATERIALS AND METHODS

2.A. Dosimetry system, radiation sources,
and dose measurements

The EBT3 GafChromic films used in this study are from
the same lot No. A05021302. They were purchased in boxes
containing 25 sheets. Each sheet is 203.2 x 254.0 mm? with
a 0.028 mm thick active layer (sandwiched between two
0.125 mm thick layers of polyester). EBT3 film was consid-
ered suitable for our study, because film structure and dimen-
sions allow 5 MeV protons to be completely transmitted
through the active layer, as evaluated by the stopping and range
of ions in matter (SRIM) code calculations (Fig. 1).

For our experiments, we used a special microcutter for
printed circuits (Circuit Board Plotter LPKF Protomat C60)
and an ad hoc steel mold to cut film pieces from a single sheet;
a small line was drawn on each piece to keep track of the
orientation with respect to the original sheet, paying attention
not to flake off the sandwich structure of films. The film pieces
were sized for the specific sample holders used for the two
beam qualities: a 30 X 30 mm? square and a 13 mm diameter
disk for exposure to gamma and to protons, respectively. We
used an EPSON Expression 11000XL/PRO color scanner in
transmission mode to measure the films.

For EBT3 readout, film pieces were placed, likewise ori-
ented, at the center of the scanner bed, using a cardboard
template to ensure film placement reproducibility. Films were
scanned in the 48-bit color mode, with a spatial resolution of
200 dpi corresponding to a pixel size of 0.13 mm.?">? The dig-
ital images thus obtained were saved in uncompressed tagged
image file format (TIFF) and analyzed with the software
ImagelJ v1.46r (National Institutes of Health, Bethesda, MD)
by sampling a predefined 1 X 1 cm region of interest (ROI)
centered on the film image.

The described procedure was used for the readout of unex-
posed and exposed films.
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Fig. 1. SRIM code outputs: energy loss in EBT3 (125 um inert polyester
layer + 28 um active layer+ EBT3 125 pm inert polyester layer) for 5 MeV
protons. Simulated compositions of the layers (from ISP manual) are
polyester =H 36.4%, C 45.5%, O 18.2%; active layer =H 56.8%, Li 0.6%,
C27.6%, O 13.3%, Al 1.6%.

As a first step, optical absorption measurements of unir-
radiated and irradiated EBT3 films were performed by us-
ing a double-beam and double-monochromator Perkin-Elmer
Lambda 950 spectrophotometer at the Solid State Laboratory
(UTAPRAD-MNF) of ENEA C.R. Frascati. The absorption
spectra were collected in the 400—700 nm spectral range with
a wavelength resolution of 1 nm. Each sample was fixed to a
metal mask with a circular hole of 3 mm in diameter, mounted
by means of special supports in the sample compartment,
along the path of the measurement beam. As expected, the
exposed films showed an increased absorption value at 636 nm
in the investigated dose range.

For the measurements of this work, film uniformity and
film-to-film reproducibility, short-, and long-term stabilities of
the scanner were evaluated.

Film uniformity, as evaluated over 40 measurements in
different positions of the same unirradiated sheet, and batch
reproducibility, as measured on five sheets, were both within
0.5%. Short-term stability of the scanner, evaluated as the
standard deviation of ten consecutive measurements of the
same unexposed film piece, was better than 0.5%. Similarly,
long-term stability calculated as the standard deviation of the
mean value of four measurements of the same film piece,
carried out once a week for 1 month, was within 1.5%.

The scanner response was converted to net optical density
(netOD), defined as?

netOD =log,, (1)
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where Linexp, lexp, and Iyee are the red channel transmitted-
intensities measured for unexposed films, exposed films, and
zero light transmitted, respectively. The computed overall
uncertainty on netOD is
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where o-ﬁnexp, ngp’ and 0'5 kg Ar€ the uncertainties of the

measured lynexp, lexp, and Iyckg.

We verified that the signal stability of the film was reached
after about 8 h (with variations of film response lower than
0.2%), but for practical needs all the measurements reported
in this work were performed 24 h after irradiation. The netOD
was derived from the most sensitive red channel.

2.B. Proton irradiation

The proton irradiations were done at the Radiobiology
irradiation facility of the INFN-LNL 7 MV Van de Graaff CN
accelerator. The facility, the beam dosimetry, and the irradia-
tion modalities have been described in detail in Belli et al."®
Briefly, the proton beam passes through two diffusing gold
foils (2.2 mg/cm? thick, each), allowing the beam to broaden
and become homogeneous on a circular surface (@ = 13 mm),
where samples to be irradiated are normally positioned, and
it is extracted in air through a bialuminized Mylar window
(10 pm thick).



Fig. 2. INFN-LNL radiobiology irradiation setup (in air): (a) diagram of
the EBT3 geometry within the stainless steel Petri dish and the impinging
proton beam (1 = flanged tube support; 2 = 60 um Mylar foil; 3 = EBT3 film;
4 =Teflon gasket; 5 =stainless steel coupling; 6 =cup); (b) 3D view of the
stainless steel Petri dish; (c) rotating multisample holder for irradiation in air
of EBT3 film; and (d) exploded view of the sample holder.

The EBT3 films were mounted at the bottom of a stain-
less steel Petri dish especially designed to fit the ion-beam
geometry in air and to host cell cultures in sterile and wet
conditions.'” The Petri dishes were placed in a rotating multi-
sample holder (Fig. 2) which was remotely controlled during
the irradiation experiment. After having traversed an air gap of
1 cm and the Mylar foil used as the base of the stainless steel
Petri dish, the beam impinged on the EBT3 film (configuration
A, Fig. 3). Protons fluence and energy at the EBT3 surface
entrance were measured by a silicon surface barrier detector
(SSBD) in air, located in the same position as the EBT3 films,
and calibrated in energy with an Am-Cm-Pu alpha source. The
ion-beam was monitored online during sample irradiations by
means of two SSBDs, located in vacuum, along the beam line.

The setup sketched in Fig. 3(A) was normally used for
EBT3 measurements. In order to investigate the beam quality
dependence of the film response, two Mylar foils were added
to reduce the proton energy, as shown in configuration B of
Fig. 3.

The energy of the protons at the EBT3 entrance was 5 MeV.
The absorbed dose at the EBT3 entrance was determined from
the mean particle fluence and mean LET value calculated at the
film surface according to the following relationship:'®

Fic. 4. Experimental setup for EBT3 film irradiation with y-rays from the
Co source at ENEA-INMRL
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The mean LET value at EBT3 entrance was 77 MeV cm?/g
as calculated from the mean energy value at the EBT3 film
entrance considering the proton stopping power in MS20 from
the ICRU 49 tables.”

Ten dose values (0.5, 1, 3, 3.5, 4.5, 5, 8, 10, 20, and 30
Gy) and two dose rates (2.1 and 40 Gy/min) were used in this
experiment. The uncertainty in the delivered dose was 5%.
Two films were irradiated for each experimental condition.

2.C. %0Co irradiation

The ®“Co gamma ray irradiations were done at ENEA-
INMRI. The experimental setup is shown in Fig. 4. Films were
placed in a 30 x 30 x 30 cm® PMMA slab phantom (density
=1.18 gcm™).

Each film piece was inserted between two PMMA slabs.
The slabs were then aligned and clenched together to minimize
the effect of air gaps in the phantom. The dose delivered
by the beam was measured using a FARMER NE2571 (NE
Technology Limited, Berkshire RG7 5PR, England) ioni-
zation chamber connected to a Keithley 6512 electrometer.
The ionization chamber was previously calibrated against
the absorbed-dose-to-water Italian Primary Standard.”* The
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Fic. 3. Sketch of experimental setups for EBT3 film irradiation with the proton beam at INFN-LNL. Configuration A: setup normally used and configuration B:

setup used to reduce the beam energy at the film entrance.
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FiG. 5. Calibration curves dose vs netOD of the EBT3 films. (a) Dose to water for ®°Co gamma rays; (b) dose to MS20 for 5 MeV protons with 2.1 Gy/min dose

rate.

absorbed dose to water rate at the film position was 0.26
Gy/min. Dose-response measurements were performed by
successively irradiating eight film pieces placed in the phantom
atadepth of 2.65 cm (3.15 g cm~2 water equivalent depth). The
selected dose values were 0.5, 1, 3, 5, 8, 10, 20, and 30 Gy.
The beam field size was 10 x 10 cm? and the source to
detector distance was 100 cm. The beam uniformity was better
than 99% on an area of 4 x 4 cm? The combined standard
uncertainty in the delivered absorbed dose to water was 1%.

3. RESULTS AND DISCUSSION
3.A. Calibration curves for °Co and protons

The calibration curves, dose vs netOD, for °°Co gamma
rays and 5 MeV protons were obtained by irradiating EBT3
films with the two beam qualities in the same 0.5-30 Gy dose
range in the experimental conditions described above. The
experimental data were fitted by the following function:?

D = a xnetOD + b X netOD". 4

Figures 5(a) and 5(b) show measured data and fitting curves
for ®*Co gamma rays and for 5 MeV protons, respectively. The
uncertainty in netOD obtained from Eq. (2) was on average 1%
for photons and 2% for protons. Dose uncertainty was 1% for
gamma rays and 5% for protons.

The best fit was obtained in both cases with n =3 in the
polynomial expression of Eq. (4), but using different values for
the coefficients a and b as reported in Table I. The confidence
limits of parameter values corresponding to a confidence level
of 95% are also shown in parentheses.

According to Ref. 14, we calculated the combined uncer-
tainty in dose determination as the quadratic sum of the uncer-

TasLe I. Curves’ parameters for ©°Co photons and 5 MeV protons.

5 MeV protons (dose

Parameters in Eq. (4) %0Co (dose to water) to MS20)

n 3 3
a (95% confidence limits) 1025 (861, 1188) 1163 (998, 1329)
b (95% confidence limits) 2852 (2541, 3163) 3744 (3373, 4116)

tainty of fitting parameters plus the experimental uncertainty,
and obtained a value between 8% and 3% for photons, and
between 9% and 7% for protons.

Calibration curves for ®°Co y-rays and 5 MeV protons are
compared in Fig. 6. The calibration curve for protons in MS20
material shown in Fig. 5(b) has been multiplied by a scaling
factor LET e/ LETMms20 = 106.3/77 where LETys;0 is the
LET value in MS20 at 5 MeV, and LET,, 4 is the LET in
water at 3.41 MeV, the energy at the middle of the active
layer (see Fig. 1). In this way, we account for the water for
both radiation types, and the energy degradation of protons in
polyester and in the active layer. The curves show that the same
dose corresponds to a lower net optical density for protons
(vice versa for the transmitted-intensity), namely, 0.12 instead
of 0.18 at 2 Gy, 0.41 instead of 0.54 at 10 Gy, 0.71 instead of
0.9 at 30 Gy: this corresponds to a lower darkening level for
the EBT3 irradiated with protons of about 33%, 24%, and 21%
at 2, 10, and 30 Gy, respectively.

To quantify the quenching effect, we applied the concept
of relative efficiency (RE) of EBT3 according to the definition
proposed by Martisikova and Jakel.?’ In this work, RE ex-
presses the ratio of doses to water of protons (3.6 MeV in
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TasLe II. EBT3 film response (netOD) to 5 MeV proton beam with low dose
rate, 2.1 Gy/min, and high dose rate, 40 Gy/min.

TasLe III. Computed average energy and FWHM of the energy spectra
entering and exiting the EBT3 active layer in the A and B configurations.

Dose rate (Gy/min) 2.1 40
10 Gy 0.468+0.024 0.467+0.024 0.466+0.025
20 Gy 0.673+0.032 0.666+0.033 0.676+0.035

energy at the film active layer entrance) and photons (®°Co)
needed to produce the same netOD in the EBT3 films. A RE
of about 0.6 at a dose of about 2 Gy was obtained. Our results
are consistent with the data reported in the literature, regarding
the under-response observed by other authors.!'>?62%2 In our
case, this behavior is enhanced because 5 MeV proton energy
is close to the minimum energy of the protons that can cross
the EBT3 film active layer (i.e., about 3.35 MeV, as evaluated
by SRIM code) which is almost the limit for the proper use of
EBT3 films. Additionally, the use of a pristine beam results in
a smaller energy spread at the Bragg peak and, consequently,
in a higher mean LET value. It is worth emphasizing that it is
not possible to define a general expression for the correction
factor taking into account the dependence on the proton energy
because it varies with the initial beam energy and irradiation
setup. This means that the correction to the curve dose vs
netOD passing from ®°Co to protons can be only applied to
a specific dataset.

To investigate the dose-rate dependence of the EBT3 film
response, two irradiations in the same experimental conditions
were repeated, at 10 and 20 Gy, with a higher dose rate, about
40 Gy/min.

The results of the measurements are reported in Table II.
No significant differences in netOD were observed for the two
dose-rate values, which confirms that there is negligible dose-
rate dependence in the dose-rate range 2—40 Gy/min for EBT3
film.

In order to investigate the behavior of the EBT3 films with
beam quality, a preliminary study was conducted by irradiat-
ing the films in two different configurations, A and B, as shown
in Fig. 3. In configuration B, two 60 um thick Mylar foils were
added after the Mylar foil at the bottom of the Petri disk in
order to reduce the beam energy at the film entrance.

The SRIM code was used to simulate the energy distri-
butions entering and exiting the EBT3 active layer (density
= 1.2 gecm™3) in the two configurations. The computed average

Configuration A Configuration B

Average energy FWHM Average energy FWHM

(MeV) (MeV) (MeV) (MeV)
IN 3.584 0.100 1.472 0.233
OouT 3.226 0.114 0.653 0.377

energy and the FWHM values of the proton energy spectra are
reported in Table III.

SRIM code results also indicate that in configuration B,
protons with an initial energy of 5 MeV, coming out from
the Mylar foil at the bottom of the Petri disk, are wholly
transmitted through the active layer.

Moreover, the mean energy and the mean LET of the pro-
tons after the first Mylar foil and at the middle of the sensitive
layer in the A and B configurations, evaluated with SRIM
code, are reported in Table IV, where the uncertainties are the
standard deviations of the energy and LET distributions.

In the experimental condition B, a fluence Fg = 6.49
x 10% protons/cm? was delivered, corresponding to a dose
of 8 Gy to MS20 evaluated after the first Mylar foil, and to
a dose of (26 +2) Gy at the middle of the sensitive layer,
calculated using Eq. (3) (Table IV). As a first approximation,
the dose distribution in the thickness of the sensitive layer can
be considered linear. Therefore, the dose value at the middle
of the layer represents the absorbed dose to the entire sensitive
layer. The measured netOD was 0.567 +0.003 (Table IV).

The correct comparison of this netOD value with that ob-
tained in configuration A must be done at the same dose to the
sensitive layer, i.e. (26 +2) Gy.

In the case of configuration A, this dose to the EBT3
sensitive layer corresponds to a fluence Fp = (1.48 £0.11)
x 10° protons/cm? [using Eq. (3)]. For this fluence, the dose
to MS20 at the EBT3 entrance in configuration A, calcu-
lated using Eq. (3), is 18.2 + 1.3 Gy (Table IV). If no beam
quality dependence is expected for EBT3 response, this dose,
in configuration A, would produce the same netOD in the
sensitive layer as that obtained in configuration B, i.e., 0.567.
The EBT3 netOD value corresponding to a dose of 18.2 Gy
in configuration A was calculated from the calibration curve

TasLe IV. Average values of energy, LET, fluence, and dose evaluated after the first Mylar foil and at the middle
of the sensitive layer in the A and B configurations. The netOD values were also reported for both configurations.
The uncertainties are the standard deviations of the distributions.

Configuration A

Configuration B

Middle of sensitive After Middle of sensitive
After Mylar foil layer Mylar foil layer
E (MeV) 5 3.406 + 0.055 5 1.095 + 0.120
LET (MeV crnz/g) 77 131 +£3 77 299 + 21
F (cm™?) (1.48 £0.11) x 10° (1.48 +0.11) x10° 6.49 x 108 6.49 x 108
D (Gy) 182 +1.3 26+2 8 26+2
(to MS20) (to sensitive layer) (to MS20) (to sensitive layer)
netOD 0.656 = 0.025 0.567 + 0.003




function [see Fig. 5(b)] as 0.656 = 0.025 (Table IV). The
difference between the two netOD values, obtained for config-
urations B and A, is statistically significant (¢-Student test,
P < 0.05). The ratio between these two netOD values was
about 1.16, a result in line with the data reported by other
authors,”® indicating a beam quality dependence of EBT3
film at low energy (lower than 15 MeV). Specifically, EBT3
underestimates the dose with decreasing proton energy. No
direct comparison between our data and those reported in
the literature was possible because they were obtained using
different initial proton beam energies.

4. CONCLUSIONS

The main purpose of this study was to implement EBT3
dosimetry in the TOP-IMPLART proton accelerator, specif-
ically, in the proton low-energy radiobiology line devoted
to cell irradiation which has a maximum energy of 7 MeV.
We used calibrated sources to determine the behavior of the
netOD film response vs dose in 5 MeV protons and ®°Co
photons in the 0.5-30 Gy dose range. The maximum change in
optical density between proton and photon calibration curves
for EBT3 films was about 33% for a dose value of 2 Gy,
corresponding to a RE value of 0.6. Results about dose rate and
LET dependence in low-energy protons confirm a negligible
dose-rate dependence of response in the 2-40 Gy/min range,
and a LET dependence which, in our case, was of about 16%
between protons of about 3.6 and 1.5 MeV at the entrance
of the EBT3 active layer. These aspects will be the object of
further investigations.

ACKNOWLEDGMENTS

The work hereby described was carried out in the context of
the TOP-IMPLART project funded by FILAS Regione Lazio.
The authors are grateful to Mr. Luca Maran and Mr. Enrico
Munaron for their technical assistance during the INFN-LNL
7MYV CN accelerator operations and to Mrs. Vanessa De Coste
for her helpful support during the measurements with the ©°Co
source. Thanks are also due to Ms. Monica Brocco (ISS) for
the English editing of the paper.

YAuthor to whom correspondence should be addressed. Electronic mail:
monia.vadrucci@enea.it; Telephone: +39 06 9400 5154; Fax: +39 06
9400 5334.

IR. Dreindl, D. Georg, and M. Z. Stock, “Radiochromic film dosimetry:
Considerations on precision and accuracy for EBT2 and EBT3 type films,”
Z. Med. Phys. 24(2), 153-163 (2014).

2L. Zhao and L. J. Das, “Gafchromic EBT film dosimetry in proton beams,”
Phys. Med. Biol. 55, 291-301 (2010).

30. A. Zeidan et al., “Characterization and use of EBT radiochromic film for
IMRT dose verification,” Med. Phys. 33(11), 4064-4072 (2006).

4M. J. Butson, T. Cheung, and P. K. Yu, “Weak energy dependence of EBT
Gafchromic film dose response in the 50 kVp-10 MVp x-ray range,” Appl.
Radiat. Isot. 64, 60-62 (2006).

5S.T. Chiu-Tsao, Y. Ho, R. Schankar, L. Wang, and L. B. Harrison, “Energy
dependence of response of new high sensitivity radiochromic films for
megavoltage and kilovoltage radiation energies,” Med. Phys. 32, 3350-3354
(2005).

SP. Lindsay, A. Rink, M. Ruschin, and D. Jaffray, “Investigation of en-
ergy dependence of EBT and EBT-2 Gafchromic film,” Med. Phys. 37(2),
571-576 (2010).

B. Arjomandy, R. Tailor, A. Anand, N. Sahoo, M. Gillin, K. Prado, and M.
Vicic, “Energy dependence and dose response of Gafchromic EBT2 film
over a wide range of photon, electron, and proton beam energies,” Med.
Phys. 37(5), 1942-1947 (2010).

8D. Kirby, S. Green, H. Palmans, R. Hugtenburg, C. Wojnecki, and D. Parker,
“LET dependence of Gafchromic films and an ion chamber in low-energy
proton dosimetry,” Phys. Med. Biol. 55, 417-433 (2010).

9B. Hartmann, M. Martisikovd, and O. Jikel, “Homogeneity of Gafchromic
EBT?2 film,” Med. Phys. 37(4), 1753-1756 (2010).

10H. Mizuno, Y. Takahashi, A. Tanaka, Ta. Hirayama, T. Yamaguchi, H. Katou,
K. Takahara, Y. Okamoto, and T. Teshima, “Homogeneity of Gafchromic
EBT?2 film among different lot numbers,” J. Appl. Clin. Med. Phys. 13(4),
198-205 (2012).

1D F. Lewis, A practical guide to radiochromic film EBT2/EBT3, available
at http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-
2011.pdf.

125 Reinhardt, M. Hillbrand, J. J. Wilkens, and W. Assmann, “Comparison of
Gafchromic EBT2 and EBT3 films for clinical photon and proton beams,”
Med. Phys. 39(8), 5257-5262 (2012).

13y, Casanova Borca, M. Pasquino, G. Russo, P. Grosso, D. Cante, P. Sciacero,
G. Girelli, M. R. La Porta, and S. Tofani, “Dosimetric characterization and
use of Gafchromic EBT3 film for IMRT dose verification,” J. Appl. Clin.
Med. Phys. 14(2), 158-171 (2013).

145, Sorriaux, A. Kacperek, S. Rossomme, J. A. Lee, D. Bertrand, S. Vynckier,
and E. Sterpin, “Evaluation of Gafchromic-EBT3 films characteristics in
therapy photon, electron and proton beams,” Phys. Med. 29(6), 599-606
(2012).

158, Devic, S. Aldelaijan, F. Alrumayan, M. Shehadeh, F. Alzorkani, and B.
Moftah, “Radiochromic film as a dosimetric tool for low energy proton
beams,” in Proceedings of Cyclotrons 2013, Vancouver, BC, Canada,
WEPSHO007, 1, 2013.

16A. Piermattei et al., “Radiochromic film dosimetry of a low energy proton
beam,” Med. Phys. 27, 1655-1660 (2000).

17C. Ronsivalle et al., “The TOP IMPLART project,” Eur. Phys. J. Plus 126(7),
68-82 (2011).

18M. Vadrucci e al., “Experimental activity in the ENEA-Frascati irradiation
facility with 3-7 MeV protons,” in Proceedings of IPAC2014, Dresden,
Germany, WEPROO086, 2156, 2014.

19M. Belli, R. Cherubini, G. Galeazzi, S. Mazzucato, G. Moschini, O. Sapora,
G. Simone, and M. A. Tabocchini, “Proton irradiation facility for radiobio-
logical studies ata 7 MV Van de Graaff accelerator,” Nucl. Instrum. Methods
Phys. Res., Sect. A 256, 576-580 (1987).

203, F. Ziegler, SRIM-2000, 2001, available at http://www.srim.org.

2lW. L. McLaughlin, C. G. Soares, J. A. Sayeg, E. C. McCullough, R. W.
Kline, A. Wu, and A. H. Maitz, “The use of a radiochromic detector for the
determination of stereotactic radiosurgery dose characteristics,” Med. Phys.
21, 379-388 (1994).

22W. G. Hayzer, “A bit more on bits and pixels,” Photoelectron. Imaging 2, 8
(1992).

ZICRU, “Stopping powers and ranges for protons and alpha particles.” ICRU
Report No. 49 (International Commission of Radiation Units, Bethesda,
MD, 1993).

24C Kessler, P. J. Allisy-Roberts, D. T. Burns, A. S. Guerra, R. F. Laitano, and
M. Pimpinella, “Comparison of the standards of absorbed dose to water of
ENEA-INMRI (Italy) and the BIPM for ®°Co v rays,” Metrologia 47, 06002
(16pp.) (2010).

258, Devic, J. Seuntjens, G. Hegyi, E. B. Podgorsak, C. G. Soares, A. S.
Kirov, I. Ali, J. F. Williamson, and A. Elizondo, “Dosimetric properties of
improved Gafchromic films for seven different digitizers,” Med. Phys. 31(9),
2392-2401 (2004).

20A . Carnicer ef al., “Development and validation of radiochromic film dosim-
etry and Monte Carlo simulation tools for acquisition of absolute, high-
spatial resolution longitudinal dose distributions in ocular proton therapy,”
Radiat. Meas. 59, 225-232 (2013).

2TM. Martisikova and O. Jikel, “Dosimetric properties of Gafchromic® EBT
films in monoenergetic medical ion beams,” Phys. Med. Biol. 55,3741-3751
(2010).

28F, Fiorini, D. Kirby, J. Thompson, S. Green, D. J. Parker, B. Jones, and M. A.
Hill, “Under-response correction for EBT3 films in the presence of proton
spread out Bragg peaks,” Phys. Med. 30, 454-461 (2014).

2G. Angellier, M. Gautier, and J. Hérault, “Radiochromic EBT2 film
dosimetry for low-energy proton therapy,” Med. Phys. 38(11), 6171-6177
(2011).


mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
mailto:monia.vadrucci@enea.it
http://dx.doi.org/10.1016/j.zemedi.2013.08.002
http://dx.doi.org/10.1088/0031-9155/55/10/n04
http://dx.doi.org/10.1118/1.2360012
http://dx.doi.org/10.1016/j.apradiso.2005.07.002
http://dx.doi.org/10.1016/j.apradiso.2005.07.002
http://dx.doi.org/10.1118/1.2065467
http://dx.doi.org/10.1118/1.3291622
http://dx.doi.org/10.1118/1.3373523
http://dx.doi.org/10.1118/1.3373523
http://dx.doi.org/10.1088/0031-9155/55/2/006
http://dx.doi.org/10.1118/1.3368601
http://dx.doi.org/10.1120/jacmp.v13i4.3763
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://www.filmqapro.com/Documents/Lewis%20-%20Europe%2011-2011.pdf
http://dx.doi.org/10.1118/1.4737890
http://dx.doi.org/10.1016/j.ejmp.2012.10.001
http://dx.doi.org/10.1118/1.599032
http://dx.doi.org/10.1140/epjp/i2011-11068-x
http://dx.doi.org/10.1016/0168-9002(87)90304-4
http://dx.doi.org/10.1016/0168-9002(87)90304-4
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://www.srim.org
http://dx.doi.org/10.1118/1.597384
http://dx.doi.org/10.1088/0026-1394/47/1A/06002
http://dx.doi.org/10.1118/1.1776691
http://dx.doi.org/10.1016/j.radmeas.2013.06.011
http://dx.doi.org/10.1088/0031-9155/55/13/011
http://dx.doi.org/10.1016/j.ejmp.2013.12.006
http://dx.doi.org/10.1118/1.3654161

