

View

Online


Export
Citation

RESEARCH ARTICLE |  FEBRUARY 03 2021

Calibration of radiochromic EBT3 film using laser-
accelerated protons 
M. Ahsan Mahmood  ; Seong Geun Lee  ; Sang Hwa Lee  ; Ha-Na Kim  ; Kitae Lee  ; Izhar Ahmad;
Jeong Moon Yang; Jin Woo Yoon  ; Hwang Woon Lee  ; Jae Hee Sung  ; Seong Ku Lee  ;
Il Woo Choi   ; Chang Hee Nam 

Rev. Sci. Instrum. 92, 023302 (2021)
https://doi.org/10.1063/5.0031253

 10 Septem
ber 2024 12:38:21

https://pubs.aip.org/aip/rsi/article/92/2/023302/368647/Calibration-of-radiochromic-EBT3-film-using-laser
https://pubs.aip.org/aip/rsi/article/92/2/023302/368647/Calibration-of-radiochromic-EBT3-film-using-laser?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-6211-9459
javascript:;
https://orcid.org/0000-0002-8741-0066
javascript:;
https://orcid.org/0000-0001-5216-0792
javascript:;
https://orcid.org/0000-0002-5985-3329
javascript:;
https://orcid.org/0000-0003-2763-9034
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-9220-0402
javascript:;
https://orcid.org/0000-0002-6588-1334
javascript:;
https://orcid.org/0000-0001-5645-4894
javascript:;
https://orcid.org/0000-0002-1459-6066
javascript:;
https://orcid.org/0000-0002-5985-3302
javascript:;
https://orcid.org/0000-0001-8203-0702
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0031253&domain=pdf&date_stamp=2021-02-03
https://doi.org/10.1063/5.0031253
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2533872&setID=592934&channelID=0&CID=911719&banID=522323047&PID=0&textadID=0&tc=1&rnd=1148349958&scheduleID=2452087&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Frsi%22%5D&mt=1725971901172325&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Frsi%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0031253%2F15780381%2F023302_1_online.pdf&hc=6cdffe2220c25fa0ecf72fff30b68c395c70e55f&location=


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

Calibration of radiochromic EBT3 film
using laser-accelerated protons

Cite as: Rev. Sci. Instrum. 92, 023302 (2021); doi: 10.1063/5.0031253
Submitted: 29 September 2020 • Accepted: 8 January 2021 •
Published Online: 3 February 2021

M. Ahsan Mahmood,1,2,3 Seong Geun Lee,1,4 Sang Hwa Lee,1 Ha-Na Kim,5 Kitae Lee,5

Izhar Ahmad,3 Jeong Moon Yang,1 Jin Woo Yoon,1,6 Hwang Woon Lee,1 Jae Hee Sung,1,6

Seong Ku Lee,1,6 Il Woo Choi,1,6,a) and Chang Hee Nam1,4,b)

AFFILIATIONS
1 Center for Relativistic Laser Science, Institute for Basic Science, Gwangju 61005, Republic of Korea
2Department of Physics and Applied Mathematics, Pakistan Institute of Engineering and Applied Sciences, Islamabad 45650,

Pakistan
3National Institute of Lasers and Optronics College, Pakistan Institute of Engineering and Applied Sciences, Islamabad 45650,

Pakistan
4Department of Physics and Photon Science, Gwangju Institute of Science and Technology, Gwangju 61005, Republic of Korea
5Research Center for Ultrafast Science, Korea Atomic Energy Research Institute, Daejeon 34057, Republic of Korea
6Advanced Photonics Research Institute, Gwangju Institute of Science and Technology, Gwangju 61005, Republic of Korea

a)Author to whom correspondence should be addressed: iwchoi@gist.ac.kr
b)Electronic mail: chnam@gist.ac.kr

ABSTRACT
We present a proof of principle for onsite calibration of a radiochromic film (EBT3) using CR-39 as an absolute proton-counting detector
and laser-accelerated protons as a calibration source. A special detector assembly composed of aluminum range filters, an EBT3 film, and a
CR-39 detector is used to expose the EBT3 film with protons in an energy range of 3.65 MeV–5.85 MeV. In our design, the proton beam is
divided into small beamlets and their projection images are taken on the EBT3 film and the CR-39 detector by maintaining a certain distance
between the two detectors. Owing to the geometrical factor of the configuration and scattering inside the EBT3, the areal number density of
protons was kept below the saturation level of the CR-39 detector. We also present a method to relate the number of protons detected on
the CR-39 in a narrow energy range to protons with a broad energy spectrum that contribute to the dose deposited in the EBT3 film. The
energy spectrum of protons emitted along the target normal direction is simultaneously measured using another CR-39 detector installed in
a Thomson parabola spectrometer. The calibration curves for the EBT3 film were obtained in the optical density range of 0.01–0.25 for low
dose values of 0.1 Gy–3.0 Gy. Our results are in good agreement with the calibrations of the EBT3 film that are traditionally carried out using
conventional accelerators. The method presented here can be further extended for onsite calibration of radiochromic films of other types and
for a higher range of dose values.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031253

I. INTRODUCTION

Acceleration of ions from the interaction of an intense laser
pulse and a target has been an active research1,2 due to its potential
applications in fields of proton radiography,3 clinical oncology,4,5

neutron generation,6 and fast ignition.7 Protons have been
accelerated up to nearly 100 MeV using PW class lasers,8 while
several tens of MeV are routinely being generated with 100 TW

lasers. Protons accelerated in the so-called target normal sheath
acceleration (TNSA) mechanism have a wide energy spectrum with a
cutoff energy.9 In the laser-driven acceleration of protons, a consid-
erable number of other ions with different charge states and other
radiations such as electrons and x rays are also generated.10 For
applications requiring energy selectivity, protons with a broad range
of energies are desirable, but at the same time, it is necessary to char-
acterize such beams in terms of angular and spectral distribution of
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protons. For applications of laser-accelerated proton sources, espe-
cially in radiation therapy, it is very important to correctly calculate
the dose deposited by protons.11

In diagnostics of laser-accelerated ions, an energy-dispersive
equipment, based on a combination of electric and/or magnetic
fields, coupled with a detection and imaging device is used. The
Thomson parabola spectrometer (TPS) equipped with a microchan-
nel plate (MCP) and a charge-coupled device (CCD) is an active
real-time diagnostic. Such a detection setup is only able to detect
a fraction of the proton beam since a collimating pinhole, used to
enhance the spectral resolution of the spectrometer, may signifi-
cantly restrict the measured region on the beam. Alternatively, layers
of energy range filters and passive detectors, such as radiochromic
films (RCF), Columbia Resin 39 (CR-39), and imaging plates, are
used in a stacked configuration for proton imaging spectroscopy.12,13

Such a configuration of layered materials uses the inherent proper-
ties of protons, i.e., energy deposition in the material. Although this
method gives low spectral and spatial resolutions, it is capable of
detecting the whole cross-sectional profile of the proton beam and
is insensitive to electromagnetic pulses generated during the intense
laser-matter interactions.14

RCFs are in use for radiation dosimetry15 in radiation physics
and clinical applications owing to their low cost and usability.
When exposed to an ionizing radiation, the color of active layer
in the film changes and the optical density (OD) related to the
absorbed dose can be measured after digitizing the film with an
optical scanning system such as a densitometer or a flatbed scan-
ner. For the characterization of laser-accelerated protons, differ-
ent types of RCFs in a stacked configuration are usually placed
in the beam path, and protons deposit their energy in differ-
ent layers depending on their energy deposition in RCF layers.
Measured dose distribution is extracted from OD variations in
successive layers that give the spectral and angular distribution of
proton numbers.13 RCF is also sensitive to other background radi-
ations such as x rays and electrons that are produced together
with the laser-accelerated protons. An absolute particle-counting
detector, CR-39, is a solid-state nuclear track detector that can
detect ions with energies as low as 20 keV/nucleon16 and is
insensitive to electrons, x rays, and gamma rays. Since each pro-
ton produces an individual pit on CR-39, it can be used to esti-
mate the absolute number of particles. In laser-accelerated pro-
ton experiments, CR-39 has been used as a reference detector for
the calibration of other detectors, such as MCP used in a TPS.17

CR-39 requires a time-consuming process of etching and counting
the pits, while due to its high sensitivity, it sufferers from satura-
tion at a high fluence of protons.18 Because of these characteristics,
RCF and CR-39 detectors have been complementarily used for spec-
tral characterization of laser-accelerated proton beams in various
experiments.13,19,20

Due to batch-to-batch differences in RCF manufacturing, the
response variation in optical scanners21 and aging effect of RCF,
it is necessary to calibrate the films before their use in absolute
dosimetry. When RCFs are used as detectors of laser-accelerated
protons, they are usually calibrated using protons from a medical
linear accelerator or a conventional accelerator with known
energy and absolute numbers.19,22–24 Feng et al.19 reported the
calibration of GAFCHROMIC EBT3 and HD-V2 films at high dose
levels using 20 MeV protons from a cyclotron facility. Borca et al.22

studied dosimetric characterization of the EBT3 film in the range
of 0.1 Gy–7 Gy for IMRT (Intensity Modulated Radiation Therapy)
using photons from a medical linear accelerator. Vallières et al.23

have used low energy protons from a tandem linear accelerator
and presented a semiempirical parametric model for calibration of
EBT-XD films. Castriconi et al.24 compared the calibration of EBT3
using protons and carbon ions with clinical MeV-photons and elec-
tron beams. Although proton beams from a conventional acceler-
ator are monoenergetic and calculation of dose is straightforward
in such a case, but it is a cumbersome job to access a separate
accelerator facility for the calibration purpose. On the other hand,
laser-accelerated protons have a broad energy range and are gen-
erated in high numbers, and to the best of our knowledge, there
has been no attempt to calibrate RCF using a laser-accelerated pro-
ton source. It is also known that due to a high value of the stop-
ping power of the proton in the so-called Brag peak region, there
is a quenching effect due to recombination of free electrons that
results in under response of RCF, which gives rise to an uncertainty
of nearly 15% in dose measurement with protons.25 For the detec-
tion of protons, there is a significant difference in sensitivities of
the EBT3 film and CR-39 detector. When used in a stack configura-
tion, for the usual values of OD on the EBT3 film, the corresponding
number density of protons detected on CR-39 is very high and it
is not possible to count the number of pits formed by individual
protons on CR-39. Therefore, in order to relate the measurements
of the two detectors, an optimum fluence of protons should be
used.

In this paper, we present a proof-of-principle method for onsite
calibration of the GAFCHROMIC EBT3 film using CR-39 as an
absolute particle-counting detector and laser-accelerated protons
as a calibration source. EBT3 was chosen owing to its low dose
detection range. The response of the EBT3 film was measured for
low OD values of 0.01–0.25 with a corresponding dose range of
0.1 Gy–3.0 Gy, and the extrapolation of fitted data was used to
extend the response curves to a high dose range. We presented a
model to calculate the effective dose absorbed in RCF by using the
proton number density detected on CR-39 and the proton spec-
trum measured simultaneously using TPS. We compared our results
with previously published calibration curves for the EBT3 film22,24

and found reasonable agreement. It is expected that with a more
sophisticated arrangement of energy range filters, CR-39 and RCF,
this work can be extended for onsite calibration at higher val-
ues of OD as well. This paper is divided into five sections: After
introduction in Sec. I, configuration of the detector assembly and
the experimental setup are explained in Sec. II. Model calcula-
tions for the dose absorbed in the EBT3 film are given in Sec. III,
results are discussed in Sec. IV, and the conclusion is presented
in Sec. V.

II. CONFIGURATION OF DETECTION SETUP
EBT3 films are usually used for radiation dosimetry in a range

of low dose of 0.1 Gy–20 Gy. It consists of a 28 μm thin active layer,
containing a dye marker and other additives that are sensitive to ion-
izing radiations, sandwiched between two protective polyester layers
of 128 μm each. In the present scheme of the experiment shown in
Fig. 1(a), the “calibration detector assembly” comprising aluminum
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FIG. 1. (a) Schematic of the experimental layout used to calibrate the radiochromic film (EBT3) using a laser-accelerated proton source. The calibration detector assembly
was positioned at 100 mm from the proton source with an angle of 10○ from the target normal direction. The proton beam was emitted with a central axis of the beam making
an angle of −5.8○ from target normal, shown with a blue dashed line. OAP stands for the off-axis parabolic mirror and TPS stands for the Thomson parabola spectrometer.
(b) Arrangement of the calibration detector assembly is composed of Al range filters, Al foil, RCF, and CR-39. Aluminum range filters of 100 μm, 50 μm, 36 μm, and
18 μm were used at positions of I, II, III, and IV. The central axis of the proton beam (defined as 0○) is shown with a dashed blue line and the beamlets are projected from
+2○ to +8○.

range filters, the EBT3 film (GAFCHROMIC), and the CR-39 detec-
tor (TASTRACK, Track Analysis Systems Ltd.) in series was put into
the proton beam path at a fixed distance of 100 mm from the proton
source, making an angle of 10○ from the target normal direction.
Projection images of the proton beam are produced on the EBT3
and the CR-39 in succession. Figure 1(b) shows the full configura-
tion of the detector assembly. To make a clear one-to-one mapping
(or correspondence) between the images on EBT3 and CR-39, a spe-
cially designed aluminum holder with an array of holes was installed
in front of the calibration detector assembly to produce individual
beamlets of protons passing through the holes. The thickness of the
aluminum holder was 2 mm and enough to stop all protons and
carbon ions produced in the experiment so that those protons inci-
dent only on the holes could produce individual beamlets. Energy
range filters with different thicknesses were used to filter out low
energy protons with high fluence and to select protons with differ-
ent energy ranges for each beamlet. Range filters were pasted on
the aluminum holder in a decreasing order of thickness according
to the distance from the central axis of the proton beam. Conse-
quently, the beamlets of protons with different energy ranges are
incident on the EBT3 and the CR-39 in succession. The EBT3 film
was covered with an additional 18 μm aluminum foil to protect it
from background radiations and was placed at 13 mm downstream
from the range filters. After passing through the EBT3 film, pro-
tons could travel a certain distance (9 mm) in vacuum and were
detected on the CR-39 detector with a reduced areal number den-
sity of protons. The areal number density of protons exposed on
the CR-39 depends on the distance between the EBT3 and CR-39

due to a geometrical factor introduced. In addition, owing to the
scattering of protons by the EBT3 film, the image of proton beam-
lets on CR-39 is further magnified. This magnification of images
of beamlets on CR-39 enabled us to relate measurements of the
EBT3 and the CR-39, despite the large difference in their detection
sensitivities.

Without the detector assembly in place, the full beam pro-
file of the protons was measured using an RCF at a distance of
105 mm from the target, as shown in Fig. 2(a). High energy pro-
tons are emitted at smaller cone angles, and the radial symmetry
about the central axis (0○) of the proton beam is maintained. The
plot of the normalized OD along the horizontal axis (dotted black
line) of Fig. 2(a) is shown in Fig. 2(b). The proton beam is emitted
at 5.8○ from the target normal direction, as indicated by the peak
OD value. This deflection of the protons is associated with a non-
thermal phase of acceleration that occurs during the early stage of
laser target interaction.26,27 Although the proton beam is deflected
toward the direction of the incident laser pulse, the radial symmetry
about the central axis of the proton beam is maintained due to the
thermal phase of acceleration that sets in soon after the interaction
time of the laser pulse with the target. Hereafter, the central axis
(0○) of the proton beam is referred to the direction of 5.8○ from
the target normal. The beamlets are emitted in a range of angles
between 8○ and 14○ from the target normal direction, i.e., between
+2○ and +8○ from the central axis of the proton beam, as shown in
Fig. 1(b). Total energy deposited in the EBT3 film by each beam-
let was calculated by summing the energies deposited by all protons
included in the beamlet, as a function of their energies, inside the
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FIG. 2. (a) Measurement on a full beam profile of protons measured with another EBT3 film at a distance of 105 mm from the target shows the radial symmetry of the proton
beam. The central axis of the proton beam shown in the blue circle is at 0○ and the target normal direction is shown with a black circle at −5.8○. Dotted concentric circles
are drawn at spacing of 2.5○ to show the radial symmetry of the beam profile. (b) Variation of the normalized OD value along the horizontal axis, indicated by the black
dashed line in (a). The target normal direction along the TPS is at −5.8○ from the central axis of the proton beam. Circles show measured cutoff energy values, while blue
crosses, calculated using the interpolation, show the estimated cutoff energy values at three positions along which different beamlets are emitted.

active layer of the EBT3 film. This calculation required absolute
number distribution of protons in each beamlet impinging the active
layer.

In order to calculate the proton spectra and the cutoff ener-
gies in individual beamlets, we utilized the radial symmetry of the
proton beam. The spectrum measured using TPS in the target nor-
mal direction (−5.8○ with respect to the central axis) was scaled
to calculate proton spectra in each beamlet. The scaling factor was
calculated from the number of high energy protons with a narrow
energy range that managed to reach and be detected at CR-39 for
each beamlet. The details of the scaling calculations are described
Sec. III. The right y-axis in Fig. 2(b) shows the maximum or cut-
off energy (Emax) measured for different beamlets at positions I–IV.
The cutoff energy of 5.42 MeV was measured along the target nor-
mal direction using TPS. Very few numbers of protons were detected
at CR-39 at 0○ where a 100 μm thick aluminum range filter was used
in the path of the beam. Therefore, along the central axis of the pro-
ton beam, the cutoff energy of 6.30 MeV was calculated using the
Stopping and Range of Ions in Matter (SRIM), as shown by the blue
circle in Fig. 2(b). Utilizing the radial symmetry of the beam, the
cutoff energy at +5.8○ from the central axis of the beam [black circle
shown in Fig. 2(b)] was assumed to be the same as along the tar-
get normal (−5.8○), i.e., 5.42 MeV. Values of cutoff energies, shown
by blue crosses, at positions of range filters from II–IV were calcu-
lated by interpolating between the values of known cutoff energies,
as shown by the blue line in Fig. 2(b).

This experiment was carried out with the 150 TW Ti:sapphire
laser28 installed at the Center for Relativistic Laser Science. The laser
system delivered 25-fs laser pulses with a maximum energy of 1.4 J
on the target. The temporal contrast of the laser pulse was improved

using a double plasma mirror system that provides an ultrahigh con-
trast laser pulse with contrast ratios better than 1011 up to 3 ps before
the main pulse. The p-polarized laser pulses were focused using an
f/3.8 off-axis parabolic mirror (OAP) on targets with an incident
angle of 45○, giving a maximum intensity of 2 × 1020 W/cm2. The
target used in the experiment was a 2-μm thick Cu foil. The cali-
bration detector assembly was exposed to total 30 laser shots, while
proton spectra were measured at the target normal direction by a
TPS equipped with a microchannel plate and 16-bit CCD detector
for each shot. For the measurement of the absolute number of pro-
tons in the beam, a CR-39 plate was installed on a stage at the place
of the detector in the TPS setup and was exposed to four laser shots
during the experiment.

The exposed EBT3 film was scanned using a flatbed scanner
(Epson Perfection V750 Pro) at a resolution of 720 dots/in. in the
transmission mode with a 16-bit dynamic range per channel, and
then red-green-blue (RGB) images were used to obtain OD values.
The OD values obtained with the red channel were used for further
analysis because the red channel has been found to be most sensitive
due to its higher absorption in the active layer of the EBT3 film.29

An unexposed EBT3 film was used as a reference and its OD value
was subtracted from OD values of the exposed regions to obtain the
net OD values. After passing through the aluminum range filter and
EBT3 film, protons in a narrow energy range produced pits on the
surface of CR-39, which could be seen with an optical microscope
after etching for a specific time. The CR-39 was etched in a 6N NaOH
solution at 80 ○C for 1 h in two steps of 30 min each to monitor
the appearance of pits. It was scanned with a microscope (BX53M,
OLYMPUS) under 25× magnification. Each image produced by a
beamlet was divided into patches of area 0.5 × 0.5 mm2, and a
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FIG. 3. (a) Full image of pits produced by a beamlet of protons, scanned by a microscope (colors are neutralized for visibility). (b) A magnified image of a part of one
patch marked with a dark black square in (a). (c) Size distribution of the pit as a function of its diameter in five patches marked with numbers on the central horizontal
axis of (a).

particle counting program was used to extract the number of pits on
each patch. Figure 3(a) shows the full image of the region exposed
by a beamlet on CR-39, and the magnified image of a section of
140 × 140 μm2 from a patch is shown in Fig. 3(b). The areal num-
ber density of pits is low enough to reliably estimate the number of
protons detected at CR-39. For each patch, pits have a size distri-
bution where the number of pits decreases exponentially with size.
Distribution of pits on five patches marked in Fig. 3(a) is plotted
in Fig. 3(c).

III. CALCULATION OF DOSE ABSORBED IN RCF
According to our design concept, protons within a certain

range of energy (3.65 MeV–5.85 MeV), filtered by the aluminum
range filter, deposit their energy in the EBT3 and only high energy
protons are able to reach CR-39. Transport of protons from range
filters and in the constituent materials of EBT3 and CR-39 was
simulated using a Monte Carlo-based program, calculating interac-
tion of ions with matter, SRIM (the Stopping and Range of Ions in
Matter).30 For a given initial energy of one proton particle, the stop-
ping power, i.e., the energy loss per unit path length was integrated to
calculate the deposited energy during the transit of a proton in each
material layer. We obtained energy deposition per proton, Ed(E), in
the active layer of EBT3 as a function of the initial energy, E, for
different range filters, as shown with solid lines in Fig. 4. The func-
tional form of Ed(E) shows a rapid increase at a threshold energy
Ei and has a peak at E0 and then decreases exponentially with the
initial energy. Threshold energy (Ei) corresponds to the energy of
a proton that manages to reach the active layer of EBT3. E0 is the
energy of the proton whose Bragg peak occurs in the active layer
and that contributes to maximum energy deposition. Ei was esti-
mated to be 4.25 MeV, 4.00 MeV, and 3.65 MeV, respectively, for
an overall thickness of 68 μm, 54 μm, and 36 μm of the aluminum
range filters and aluminum foil covering the EBT3 film (18 μm).
On the other hand, threshold energies required to reach the sur-
face of CR-39, ECR, were calculated to be 5.70 MeV, 5.50 MeV, and
5.20 MeV for the three aluminum thicknesses, as shown by dashed
color lines in Fig. 4. Note that ECR is always larger than Ei due to

CR-39 being placed behind EBT3. Protons with initial energies in the
range between E0 and ECR are stopped in the second protective layer
of EBT3, while protons with the initial energy in the range from ECR
to Emax arrive at CR-39 with some residual energies. Residual energy
is the leftover energy that a proton has after depositing most of its
energy in preceding layers of the range filter and EBT3 film. Total
energy deposited by a proton before entering CR-39 was calculated
by integrating Ed over all material layers preceding CR-39. Then, the
maximum threshold energy can be found by subtracting the total
deposited energy from the value of Emax. Values of threshold ener-
gies for the EBT3 active layer, CR-39, and estimated cutoff or max-
imum energies (Emax) for the filter positions are shown in Table I.

FIG. 4. Solid lines show the energy deposition curves in the active layer of EBT3
as a function of initial incident proton energy E for three different range filters with
thicknesses of 36 μm, 54 μm, and 68 μm including the thickness of the Al foil that
covered EBT3. For clarity, the energies Ei, E0, ECR, and Emax are marked only
for the case of the 36-μm thickness of Al (yellow). Colored dashed lines show the
corresponding energy depositions in CR-39. ECR marked in the plot is the threshold
energy to reach CR-39, while Emax is the maximum or cutoff energy for the case
of the 36-μm thick Al.
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TABLE I. Threshold energies of a single proton at the active layer of RCF (Ei), CR-39 (ECR), and the estimated value of cutoff
energies (Emax) for corresponding positions. Total deposited energy after escaping the EBT3 film and the corresponding
maximum value of residual energies are also given.

Total Ed deposited Maximum
Filter after escaping residual
positions Ei (MeV) ECR (MeV) Emax (MeV) EBT3 (MeV) energy (MeV)

II 4.25 5.70 5.85 5.07 0.78
III 4.00 5.50 5.60 5.05 0.55
IV 3.65 5.20 5.27 4.92 0.35

Total energy of the proton deposited before reaching the CR-39
and the corresponding value of maximum residual energies are also
given.

The available residual energies for different beamlets are in the
ranges of 0 keV–780 keV, 0 keV–550 keV, and 0 keV–350 keV
depending on the angle of emission. Since the maximum residual
energy is below the MeV level for each beamlet, the pits formed
by all of the protons are revealed after 1 h of etching for the CR-
39. The variation of the pit size depends on the residual energy of
protons, and it is known that for protons with sub-MeV energies,
the pit size increases with increasing energy.31–33 Since the number
of protons decreases exponentially with energy in the case of the
laser accelerated protons and also decreases with the pit size [see
Fig. 3(c)], this clearly shows that the pit size increases with energy
in the sub-MeV range. At 1 h of etching, variation of the diameter
of pits is restricted from 1 ± 0.2 μm to 2 ± 0.2 μm31 for the pro-
tons with residual energies in the sub-MeV range (0 keV–780 keV).
For each beamlet, the total number of protons per mili-steradian
was calculated by integrating the pit distribution on the whole size
range divided by the solid angle of the beamlet in mili-steradians.
Number of protons ΔNCR in an energy bin of 100 keV/mSr was cal-
culated using the residual energy range for that beamlet. The error
in the estimation of ΔNCR depends on conditions of scanning on
the microscope and also on the error in calculation of the range of
residual energies. The value of ΔNCR was further used to calculate
the scaling factor for the estimation of proton spectra for individual
beamlets.

Calibrating RCF using a mono-energetic proton source emitted
from a conventional accelerator is straight forward because protons
contributing to energy deposition in the active layer of RCF exhibit
a narrow energy range, where the proton number distribution as a
function of energy may resemble a delta function. On the other hand,
laser-accelerated protons exhibit a number distribution with a wide
energy range (3.62 MeV–5.85 MeV in the present experiment). Total
energy deposited by all the protons impinging on the active layer is
given by the following integral equation:

Etot = ∫
Emax

Ei

Ed(E) f N(E)dE, (1)

where Ed(E) is the energy deposition in the active layer by a single
proton in a certain beamlet and f N(E) is the absolute number distri-
bution, i.e., the energy spectrum of the incident protons in the same
beamlet as a function of the initial energy. Each proton in the energy
range from Ei to Emax of the number distribution f N(E) deposits

its energy into the active layer of EBT3 with a functional form of
Ed(E) shown in Fig. 4. The incident energy spectrum f N(E) can
be deduced from the absolute energy spectrum, i.e., d2N/(dE ⋅ dΩ)
measured with the TPS is proportional to it with a scaling factor η
given by

f N(E) = η
d2N

dEdΩ
, η = ΔNCR

ΔNSp
. (2)

The scaling factor η is independent of the size of the energy bin or
the unit of solid angle. ΔNSp is the number of protons at E = ECR
per 100 keV/mSr from the spectrum of protons measured in the
TPS setup. To calculate the proton spectrum d2N/(dE ⋅ dΩ), we used
another CR-39 to measure the absolute number of protons as a func-
tion of energy and installed it at the detector position in TPS34 in the
target normal direction. Four laser shots were accumulated for the
exposure on the CR-39 detector by spectrally resolved protons from
TPS.

Figure 5 shows the absolute number of protons in the target
normal direction in an energy bin of 100 keV/mSr (d2N/dE ⋅ dΩ),

FIG. 5. Proton spectrum measured with the CR-39 detector in a TPS. The spec-
trum was obtained by averaging over the data obtained with four laser shots. The
number of protons per 100 keV/mSr (d2N/dE ⋅ dΩ) is plotted on logarithmic scale.
Vertical error bars indicate the standard deviation for four laser shots, and horizon-
tal error bars represent the energy dispersion error caused by a collimating pinhole
in the TPS.
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drawn on a logarithmic scale as a function of proton energy. The
value of d2N/dE ⋅ dΩ was obtained by averaging four datasets mea-
sured with the CR-39 detector installed in TPS. Proton number
distribution follows an exponentially decaying form with increasing
energy. The discrete data of proton numbers are fitted to an assumed
Boltzmann distribution,20,35

d2N
dE ⋅ dΩ

(E) = N0

ΩE
exp[−( E

kT
)], (3)

to derive a functional form for the calculation of Eq. (1). Least-
square fitting to Eq. (3) gives the values of constants, N0 = 1.45 × 106

and kT = 0.55 MeV. N0 is related to the total number of protons in a
part of the proton beam that passed through the collimating pinhole
installed in TPS, subtending a detection solid angle of Ω = 9.5 × 10−8

steradian. The slop of the fitted function is related to the tempera-
ture of protons. For the calculation of f N(E), spectral distribution of
protons was assumed to remain the same for each laser shot since
laser and target parameters were kept the same during this experi-
ment, except negligible shot-to-shot fluctuations in laser energy. It
was also assumed that the relative ratio of proton numbers at dif-
ferent energies remains same at the radially symmetric directions
around the full proton beam profile, irrespective of the detection
solid angle. The scaled proton spectrum f N(E) for one of the beam-
lets [marked as zone “2” in Fig. 7(a) in Sec. IV] is plotted in Fig. 6
along with the proton spectrum in the target normal direction mea-
sured with TPS. For comparison, the right ordinate shows the cor-
responding energy disposition function Ed(E) for the EBT3 film and
CR-39.

We have used the following procedure to calculate the dose
absorbed in the active layer of the EBT3 film. (a) The threshold
energy of incident protons ECR required to escape the EBT3 and

FIG. 6. Proton number distribution in a beamlet fN(E) as a function of proton energy
shown as a black solid line. Black crosses represent the calculated data points for
protons responsible for the energy deposition in the active layer of the EBT3 film.
For comparison, the proton spectrum measured using TPS is shown with a dotted
black line. The right ordinate shows the corresponding energy deposition function
Ed(E) for EBT3 and CR-39. The values of ECR = 5.7 MeV and cutoff energy Emax

= 5.85 MeV are also marked for zone 2 in Fig. 7(a).

then be detected at CR-39 was calculated with the SRIM program.
(b) The absolute number of protons ΔNCR corresponding to ECR in
an energy interval of 100 keV per mili-steradian was obtained from
the number of pits detected at CR-39 and the available range of resid-
ual energy in a certain beamlet. (c) The number of protons ΔNSp at
E = ECR within an energy interval of 100 keV per mili-steradian was
calculated from the proton spectrum obtained from TPS measure-
ment in the target normal direction. (d) The scaling factor η was
determined by taking the ratio of ΔNCR to ΔNSp. For each beamlet, η
was used to calculate the scaled spectra f N(E) that give the estimated
number distribution of protons in a certain beamlet incident on the
calibration detector assembly. (e) The total energy Etot deposited in
the active layer of EBT3 by all the protons in a beamlet was calculated
according to Eq. (1) by integrating the product of the energy depo-
sition Ed(E) and the incident energy spectrum f N(E) in the range
of energies from Ei to Emax. (f ) Total dose D absorbed in the active
layer of EBT3 can be calculated by using D = Etot/ρAT. The exposed
area (A = 1.25 × 10−5 cm2) corresponding to the unit of scanning
resolution for the film, the average density (ρ = 1.2 g/cm3), and the
thickness (T = 28 μm) of the active layer were used to calculate the
total absorbed dose.

IV. RESULTS AND DISCUSSION
The six different datasets were analyzed to correlate the OD val-

ues with the absorbed dose D, obtained at the six different zones in
the EBT3 film exposed by the beamlets, as shown in Fig. 7(a). The
exposed regions marked as II, III, and IV were covered with a total
thickness of 68 μm, 54 μm, and 36 μm of the aluminum filter and foil,
respectively. Zone “5” was overexposed by high-energy carbon ions
because an open hole was made in the range filter corresponding to
this zone. High-energy carbon ions could pass through the 18 μm
aluminum foil covering the EBT3 and made a saturated exposure
to zone 5. Among the six datasets, we analyzed five zones, exclud-
ing the overexposed zone 5 to further calculate the dose distribution
in EBT3. Figures 7(b) and 7(c) show the spatial distribution of OD
values at the exposed zone “2” on EBT3.

All five zones were identified on the CR-39 after one hour
of etching. They were imaged with an optical microscope under
25× magnification. Each image was divided into small patches with
a 0.5 × 0.5 mm2 format to count the number of pits, and their num-
ber distribution as a function of radius from the center of the image
was fitted with the two-dimensional Gaussian function. The num-
ber distribution in the patches of zone “2” is shown in Fig. 7(e),
while Fig. 7(f) shows the fitted distribution of pit numbers per
pixel whose size was matched to the scanning resolution (35.3 μm,
720 dpi) of the EBT3 film. Since the CR-39 and the EBT3 film were
separated by a distance of 9 mm downstream in the proton propa-
gation path, the transverse size of a proton beamlet on the CR-39
is larger than that on the EBT3. The distribution of OD values
on EBT3 and that of pit numbers on CR-39 was compared along
the horizontal direction to infer the magnification between the two
images formed at the EBT3 film and CR-39, and the result is shown
in Fig. 7(d). Full widths at 1/e2 of the maximum of the distribu-
tions were calculated to be OD1/e2 = 2.4 mm and N1/e2 = 4.09 mm
for EBT3 and CR-39, respectively, and thereby, the magnification
factor of 1.7 was obtained. The magnification factor was much larger
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FIG. 7. (a) OD profiles on EBT3 scanned using an optical scanner with the red channel. Exposed zones with different range filters are marked with 1–6. (b) and (c) Magnified
two-dimensional and three-dimensional plots of the OD value of zone “2.” (d) Comparison of the transverse size of the proton beam on EBT3 and CR-39 along the horizontal
axis in zone “2.” (e) Proton number distribution of zone “2” on CR-39 with a resolution of 0.5 mm. (f) Proton number distribution with the same resolution of 35.3 μm as that
of the optical scanner used for EBT3, obtained with two-dimensional Gaussian fitting to the number distribution of protons shown in (e).

than the geometrical magnification (122 mm/113 mm = 1.08) deter-
mined by the positions of EBT3 and CR-39 from the proton source.
This may be due to the scattering effect of protons inside the con-
stituent materials of EBT3. We assumed that no particles stray from
the proton propagation path, and all the protons passing through the
EBT3 film arrive at CR-39. Owing to the larger magnification, we
were able to obtain a larger image of the proton beamlet and con-
sequently a relatively lower number density of pits on CR-39, which
made the particle counting possible and reliable.

The correlation between the OD values and the absorbed doses
of protons was calculated in the five exposed zones shown in
Fig. 7(a), and the absolute calibration result of EBT3 is presented
in Fig. 8. All data were fitted using a polynomial of the form36

D = a(OD) + b(OD)n. (4)

To avoid overexposure on CR-39, we were limited to obtain data
only for low values of OD in a certain range of 0.01–0.25. For each
circular zone in Fig. 7(a), the average OD value per pixel was cal-
culated by dividing the zone in 10 circular strips of increasing radii
and taking the average OD in each strip. Similarly, average values
of absorbed dose D was calculated by using the proton number

distribution [shown in Fig. 7(f)], considering the magnification fac-
tor. The calibration data thus obtained and their respective fitted
functions, extrapolated to higher OD values, are shown in Fig. 8. Fit-
ting parameters of Eq. (4) are given in Table II. The maximum mean
square error of only 0.007 was obtained for fitting the data of zone
1. The energy dispersion error in the measurement of proton spec-
tra can produce uncertainty in the estimation of total dose deposited
in the active layer of the EBT3 film. The error in dose calculation
has been shown by horizontal error bars in Fig. 8. The mean of the
fitted calibrations is depicted as a dotted line, and for comparison,
the calibration data reported by Borca et al.22 and Castriconi et al.24

are also shown. The difference in the response curves for different
zones is attributed primarily to the uncertainty in the estimation
of proton numbers detected on the CR-39 detector. Since proton
beamlets with different energy ranges are selected by using range fil-
ters, depending on the distance from the central axis of the proton
beam, the error in the thickness of range filters and that in the energy
dependent scattering of protons inside the range filters and the lay-
ers of the EBT3 film also contribute to the differences observed in the
response curves for different zones. The averaged curve, however,
matches well with previous results for the overall trend of the EBT3
response at a low dose range. The difference from the published data
is attributed to the batch-to-batch variation of manufacturing and
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FIG. 8. Calibration of EBT3 correlating the absorbed dose D to the optical density
OD. Color squares show the measured values of dose in zones 1–4 and 6 in
Fig. 7(a). The solid lines present the corresponding fitting curves with a polynomial
function [Eq. (1)] of the optical density. The mean of the fitted polynomial functions
for five different zones is also shown with a dashed line. Calibration data from
Castriconi et al. and Borca et al. are also plotted for comparison.

TABLE II. Values of fitting parameters a, b, and n for the polynomial function, Eq. (4).

Exposed zone a b n

1 1.72 26.33 1.55
2 0.31 28.14 1.69
3 2.12 23.30 1.38
4 0.23 40.90 1.72
6 0.35 16.02 1.52

the use of different optical scanners.29 The maximum value of dose
in our calibration was restricted to less than 3.0 Gy since beyond this
value, it was not possible to individually count the number of pits
on CR-39. It may be possible to extend the calibration to a higher
dose by increasing the distance between CR-39 and EBT3 along with
using different thicknesses of range filters to select different energy
ranges for the protons responsible for the absorbed dose. In addition,
the rapid increase in the response at the low dose values requires a
precise calibration. The differences also suggest that it is necessary
to carry out the calibration of RCF before using these films for the
dosimetry purpose, which validates the onsite calibration performed
in this study.

V. CONCLUSION
Calibration of the GAPHCHROMIC EBT3 film was carried

out adopting a novel method by using a laser-accelerated proton

source and an absolute particle-counting detector CR-39. With an
appropriate geometrical configuration of EBT3 and CR-39 in series
with respect to the proton source, along with a combination of suit-
able energy-range filters, we could optimize the absorbed dose on
the RCF and the areal number density of pits on the CR-39 detec-
tor. This led to correlating the measurements of the two detectors,
despite the difference in their detection sensitivities. The proton
spectrum measured using TPS was used as a reference for scaling
proton spectra at radially symmetric positions in the proton beam.
We presented a method to calculate the absorbed dose in the active
layer of EBT3 using the laser-accelerated proton source exhibiting a
wide range of energies. We utilized the radial symmetry of the pro-
ton beam to find the scaling factors to calculate proton spectra for
beamlets projecting at different angles. The response of EBT3 was
obtained in the dose range of 0.1 Gy–3.0 Gy, and the data were fitted
to extend the calibration curves to a higher dose value. The calibra-
tion results were compared with the previously reported data, where
conventional sources had been used for the calibrations. Our results
are found to be in reasonable agreement and validate our method
for the onsite calibration of RCF using the laser-accelerated proton
source. It is expected that with a novel configuration of the detec-
tor assembly, together with a suitable selection of range filters, this
method can extend the calibration of RCF to higher dose values. The
calibration of RCF is often needed due to batch-to-batch variations
in its manufacturing, and it is difficult and time-consuming to cal-
ibrate RCFs with a conventional accelerator. This work presented
a proof-of-principle method for onsite calibration of RCF using a
laser-accelerated proton source. Findings in this work can be applied
to proton dosimetry in general and to RCF imaging spectroscopy for
laser-accelerated protons.
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