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Abstract: Radiochromic films are mainly used for two-dimensional dose verification in photon,
electron, and proton therapy treatments. Moreover, the radiochromic film types available today
allow their use in a wide dose range, corresponding to applications from low-medical diagnostics
to high-dose beam profile measurements in charged particle medical accelerators. An in-depth
knowledge of the characteristics of radiochromic films, of their operating principles, and of the dose
reading techniques is of paramount importance to exploit all the features of this interesting and
versatile radiation detection system. This short review focuses on these main aspects by considering
the most recent works on the subject.
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1. Introduction

Accurate knowledge of the characteristics of the radiation field is crucial in medical
applications of particle physics. As an example, medical cyclotrons, either for hadron-
therapy or for radioisotope production, are equipped with beam instrumentation and
detection systems to assure effective cancer treatments, as well as functional and safe
production. Ionization chambers and Faraday Cups are usually installed in beam lines to
measure the beam current. Beam profiles are measured by means of beam viewers, plastic
scintillators, optical fiber-based detectors, scintillation screens, and secondary electron
emission detectors [1–7].

High resolution two-dimensional measurements of the dose distribution can be
achieved with radiochromic films (RCFs). These instruments are mainly used in the
dose verification and quality assurance in radiation therapy with photon, electron and
proton beams [8–11]. The remarkable interest of the scientific community to RCF dosimetry
is confirmed by the high number of publications on this topic. By the end of 2015, nearly
1000 papers on RCFs have been published on peer-reviewed journals with a growing
trend [12]. Several comprehensive works, including reviews and protocols, as well as a
book on RCF dosimetry, have been published so far [12–18]. Such a wide use is due to the
number of their unique features compared to other detectors and dosimeters. The main
strengths are the sub-millimeter spatial resolution, near water-equivalence, sensitivity to
many radiation types and to a wide dose range, weak dependency on the energy, and dose
rate. In addition, the relative ease of use and cost are considerable advantages. The first
radiochromic materials were developed to be used only in high dose applications, such as
radiation processing, including sterilization of food and medical devices [19,20]. Succes-
sively, new radiochromic media were developed with an improved sensitivity to doses of
medical interest [21,22]. Today, many RCF types are available, covering a sensitivity dose
range from a few mGy to hundreds of kGy; this allows their use in applications from the
low dose radiological diagnostic to Quality Assurance (QA) in radiotherapy, brachytherapy
up to high dose radiation processing [23–26]. Because of this versatility and of the aforemen-
tioned characteristics, RCFs are used in applications for which an in-depth characterization
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of the particle beam profile and homogeneity is required, such as in the monitoring of the
irradiation for radiation hardness [27–31], as well as in the characterization of charged
particle beam lines for radiobiology studies [32–35]. RCFs are used in the dosimetric
characterization of proton and heavy ion beams for hadron-therapy [36–39]. Beam profile
measurements with RCFs are performed at cyclotrons for radioisotope production mainly
for guaranteeing the beam positioning on target materials [40,41]. As an example, RCFs
are used for this purpose, as well as for the accurate beam characterization in studies of the
radiation damage for high energy physics and spatial applications at the 18 MeV cyclotron
in operation at the Bern University Hospital (Inselspital) [31,42,43]. The independence of
RCFs on the dose rate resulted in their application in ultra-high dose beam diagnostics
studies, such as laser-plasma proton beams and FLASH radiotherapy [44–47]. In addition
to the conventional two-dimensional dose distribution measurements, stacks of RCFs have
been successfully used to measure energy spectra in these challenging applications [48].

In order to exploit all the features of this interesting radiation detector, an in-depth
knowledge of its main features is necessary. The use of a specific reading technique allows,
e.g., measurements in dynamic and sensitivity ranges other than those obtained by using
another reading technique. This review discusses the main characteristics of RCFs, with the
aim of shed light on their use as a useful radiation detector in all the applications in which
the in-depth characterization of the radiation field (both charged particle, electron, and
photon) is required. In order to point out these aspects, several RCF models and reading
techniques are discussed in this work. Section 2, in particular, reports on the basics of
RCFs and on their operating principles, as well as on the physical quantities used for their
reading. Section 3 presents the main RCFs reading techniques. Section 4 discusses on the
main dependence on relevant physical quantities with a focus on the radiation type and
energy. Conclusions and outlook are drawn in Section 4.

2. Basics of Radiochromic Films
2.1. Operating Principle and Formation of the Image

RCFs exhibit a progressive coloration when exposed to ionizing radiation. Their
degree of coloration is a strictly monotone function of the absorbed dose. As a consequence
of this, one can determine a calibration equation which relates the grade of coloration
to the absorbed dose. The calibration equation is therefore used to measure unknown
doses. Most of the RCFs available today feature the organic compound of diacetylene
(a type of crystalline polyacetylene) as the material responsible for the coloration [49].
Its exposure to ionizing radiation triggers the solid-state polymerization reaction with
formation of colored polymer chains. The dyacetilene monomers are bound in gel in the
form of crystalline dispersion which is coated on one or more thin transparent polyester
bases [50]. The different RCF types differ from each other for the chemical composition and
size of the sensitive element, as well as of the plastic support. The considerable advantage
of RCFs with respect to silver halide films is in the kinetics of the chemical processes. Silver
halide films feature a latent image which can further develop in the form of a photograph
by means of the chemical processes of fixing and rinsing. RCFs are self-developing and
the primary image is formed almost instantaneously. Studies on the kinetics of the RCF
reaction were carried out by Mc Laughin et al. in 1996 for two RCF models which are no
more in use, i.e., Gafchromic™ DM 1260 and Gafchromic™ MD 55 (ISP Technologies, Inc.,
Waterford, MI, USA) [51]. They reported on changes in relative absorbance, observed with
a spectrophotometer, at the wavelength 675 nm following a 50 ns, 20 Gy electron pulse.
Moreover, they demonstrated that the primary image formation terminates after 2 ms and
the entire polymerization reaction continues after the irradiation is ceased. Cheung et al.
reported a percentage variation in Gafchromic™ EBT (which stands for “External Beam
Therapy”) up to 9% within the first 12 h after 1 Gy irradiation [52]. EBT-3 Gafchromic™
films have been found to change their darkening up to 4% in 4 h following a 20 Gy electron
irradiation [53]. For convenience, most of the recent works and protocols on RCF dosimetry
recommend a 24 h gap between the end of the irradiation and its analysis.
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2.2. Radiochromic Film Types

The RCF types differ from each other for their own structural characteristics, such
as active layer’s or substrate’s composition and size, resulting in different sensitivity to
the radiation dose, type, and energy. Gafchromic™ films are designed to be used in
specific applications of medical radiology and radiotherapy. However, thanks to their
versatility, they are commonly used also in other domains of the radiation physics. The
Gafchromic™ XR models are sensitive in the dose range 0.1–20 cGy and are designed for
Quality Assurance (QA) radiology tests (XR-QA2), for measurements on CT scanners (XR-
CT2), for mammography QA tests (XR-M2), and for surface dose measurements (XR-RV3)
in procedures guided by fluoroscopy [54–56]. Gafchromic™ EBT models are particularly
suited for measurements in high energy photon fields and therefore in Intensity Modulated
Radiation Therapy (IMRT), Volumetric Modulated Arc Therapy (VMAT), Stereotactic
radiosurgery (STR), and Stereotactic body radiation therapy (SBRT) applications [24,57].
The structure and dynamic range of these RCF types and of the one mentioned below is
shown in Figure 1.

Figure 1. Structure and dynamic range of some radiochromic film (RCF) types.

The EBT models available today are the EBT-3, sensitive in the dynamic range
0.1–20 Gy and EBT-XD, featuring extended dynamics up to 60 Gy. Gafchromic™ MD-
V3 (dynamic range 1–100 Gy) and HD-V2 (dynamic range 10–1000 Gy) are available for
higher doses. According to the manufacturer, these films have a spatial resolution of less
than 25 µm. They are made of one or more polyester substrates, an adhesive layer (present
only in some models), lithium pentacosa-10,12-diynoate (LiPCDA) as active layer, and
other elements in fraction of the order of 1% [16]. Thin film dosimeters are available for
high dose applications, such as radiation processing. Gex Corporation trades B3 RCFs for
application in the high dose range from a few hundred Gy to more than 150 kGy [58]. B3
RCFs feature 18 µm (nominal thickness) polyvinyl butyral (PVB) resin with the addition of
pararosaniline as a radiochromic dye. FWT-60 RCFs are traded by Far West Technology, Inc.
Goleta, CA, United States. They feature the hexa(hydroxyethyl) aminotriphenylacetonitrile
(HHEVC) as a dye and are sensitive in the range 0.5–200 kGy [59]. The information on the
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structure and the dynamic range of these RCFs was found in the specification guidelines
reported on the manufacturer’s website [60]. It should be noted that RCF models of a
specified dynamic range could be used beyond the mentioned range at the expense of a
reduced measurement sensitivity. This is consequence of the fact the RCF response is not
linear with the dose; moreover, the dynamic range and sensitivity depends on the data
analysis technique.

2.3. Physical Quantities for Measuring the Radiochromic Film Darkening

The exposure of RCFs to a defined radiation dose provokes darkening which can be
related to the absorbed dose; thus, the darkening needs to be quantitatively measured.
The physical quantity used for this purpose can be defined on the basis of the characteristics
of either the RCF type or of the reading instrument. The interaction of the light with a thin
film, such as an RCF, is a complex physical phenomenon which has been explained by
Fusi et al. [61]. Referring to the schematics of Figure 2b, the light intensity interacting with
the RCF has three main components:

1. transmitted (I) through the RCF and collected by the detector,
2. scattered (Is) by the RCF and not collected by the detector,
3. absorbed (Iabs) by the RCF.

Figure 2. Schematics Please, note that I’ve uploaded a new version of figure 2 of improved quality (in particular some
unwanted lines have been removed). showing the principle of measurement of the RCF darkening. I0 denotes the light
intensity detected without RCF (a); Is, Iabs and I denote the components of light scattered, absorbed and transmitted
respectively, by the RCF (b).

Here, the basic definition of transmittance T, reflectance R, and optical density OD (or
absorbance A) are recalled. Let I0 be the light intensity detected from the light detector in
absence of the RCF (see Figure 2a); thus, the transmittance is defined as the ratio

T = I0/I,

the reflectance as the inverse of the transmittance

R = I/I0,

and the optical density (or absorbance) as the logarithm of the transmittance, in formula:

OD ≡ A = log10 T = log10(I0/I).
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These physical quantities are often not directly used for the reading of the RCF dark-
ening. Firstly, most of the RCF reading instruments do not measure directly the component
of light transmitted by the RCF but a combination of light transmitted and scattered. In the
second place, as the aforementioned quantities are functions of the wavelength, or of
specific wavelength range, care should be taken when these are considered. Furthermore,
the RCF grade of darkening has to be put in relation to the change of light intensity of
the RCF after the exposure to radiation and before it. The net optical density (netOD) is
defined as:

netOD = log10
Iunexp − Ibckg

Iexp − Ibckg
, (1)

where Iexp is the light intensity of the film exposed to radiation, Iunexp is that of the film not
exposed to radiation, and Ibckg is the light intensity collected by the detector in absence of
light from the source. The net optical density considers all these aspects and is commonly
used for the RCF reading. The net reflectance and net transmittance are defined in the
same way. The net reflectance is used for the reading of RCFs having an opaque layer (e.g.,
Gafchromic™ XRQA-2 films) by setting the reading instrument, typically a flatbed scanner,
in reflectance mode. Other physical quantities can be used on the basis of the reading
instrument. Today, most widespread instruments for RCF reading are flatbed scanners.
The digitized image is analyzed and the Pixel Value (PV) of a defined region of interest
(ROI) is evaluated. The PV of the exposed film can be then normalized by the PV of the
unexposed film and converted to OD or netOD. It has been proved by Aldelaijan et al. that
the reflection scanning mode leads to higher sensitivity even for RCFs featuring transparent
layers, such as EBT-3 Gafchromic™, at the cost of limiting the dose range and of a higher
uncertainty in comparison to transmission scan-based response functions [62]. The same
authors reported also that the normalized PV of RCFs scanned in transmission mode leads
to linear response up to 11 Gy. The reading of RCFs with flatbed scanners is overall a
delicate topic, discussed in Section 3.1.

3. Instruments for Dose Reading

The instruments for the measurement of the RCF darkness (densitometers, spectrom-
eters, flatbed scanners, etc.) are all equipped with a light source and a system of light
detectors. Before performing effective reading measurements with RCFs, some precautions
should be taken. The scanning process induces polarization effects on RCFs [63], implying
a change in the response which is a function of their orientation on the flatbed scanner.
The RCF behaves as a polarizer upon scanning because of the needle-like-shape of the
RCF polymers [16]. A difference of up to 15% in the optical density response has been
observed for HF Gafchromic™ films (discontinued) [63]. A variation up to 9% in net
optical density has been observed for EBT-2 Gafchromic™ films [64], whereas the newest
EBT-3 Gafchromic™ films have shown to have a less difference up to 4.5% in net optical
density between landscape and portrait orientation [10]. As a result, the orientation of the
RCF pieces to measure must be kept fixed during the scanning. It is recommended to cut
RCFs with sharp scissors or guillotine cutter and to handle them wearing gloves in order
to avoid fingerprints. It is good practice to number all RCF pieces to be irradiated and
further analyzed.

It is well-known that RCFs are sensitive to UV light, temperature changes and humid-
ity [17]. EBT Gafchromic™ films have been successfully proved to operate as UV radiation
meter with a reproducible color change during exposure [65]. Some RCF types, such as
EBT-3 Gafchromic™ films can be immersed in water and used for measurements in water
phantoms [66,67]. However, evidence suggest that the optical properties of the cover layer
of EBT-3 Gafchromic™ films change as a result of the interaction with water; thus, it is rec-
ommended to build new calibration curve for specif measurements in water phantom [68].
The accuracy of the RCF measurement can be improved by using a control RCF piece
which serves to take into account any change in color due to the environmental causes.
However, the use of an RCF control piece should be considered as a trade-off between
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accuracy and uncertainty as its use can affect measurement uncertainties [69]. The two
following subsections deal with the three main RCF reading instruments, namely flatbed
scanners, densitomers, and detection systems (spectrophotometers and spectrometers) for
the RCF spectral response.

3.1. Flatbed Scanners

Flatbed scanners for the analysis of RCFs are widely used, in particular in medical
applications, for their several advantages over other techniques. Flatbed scanners feature
either a fluorescent lamp or an LED (the latter can be found in the latest models) light
source and a system of light detectors, which, in most cases, is based on Charge Coupled
Device (CCD) technology. The digitization of the RCF allows high spatial resolution
dosimetry measurements, as well as accurate studies of the beam profile and homogeneity.
It should be noticed that flatbed scanners have not been developed for RCF measurements
and therefore their use for this specific purpose is not trivial. Referred works about RCF
dosimetry with flatbed scanner discuss these aspects, as well as the techniques to mitigate
them. The main concepts are reported here.

The stability of the light source in flatbed scanners for measurements with RCFs is a
source of uncertainty to be considered. Ferreira et al. studied the performance of the Epson
Expression 10000XL scanner, featuring a xenon fluorescent lamp, for IMRT dosimetry
measurements [70]. They concluded that this scanner has excellent reproducibility, if at
least seven scans are done before its use. Lárraga-Gutiérrez et al. studied the performance
of LED-based scanners, in particular of the Epson V800 scanner featuring a white LED
light source [71]. They found that the reproducibility and long-term stability of LED-based
scanners are slightly better than those of scanners using a fluorescent light source. They
also found a non-uniform response (up to 9%) in LED-based scanners greater than that in
fluorescent-based scanners.

Flatbed scanners used for RCF measurements have proved to have a non-uniform
response in the direction perpendicular to the scan direction [72,73]. The scanner response
decreases as the distance of the scan’s position from the scanner center increases. This
effect, also referred to as lateral scan effect (or lateral response artifact) has been deeply
studied in the literature and it can be mainly ascribed to the polarization of the light
transmitted through the RCF, as it polarizes upon irradiation [63]. As a consequence of
this, the lateral response artifact increases with the increase of the RCF level of darkening
and, thus, with the dose. Contributions to the lateral response artifact come also from
the scattering of the light with the RCF, variations in optical path, and cross talk, which
is relevant only for small fields and high dose gradients [74]. For relatively small pieces
of RCF, a cardboard centering mask can be used to further guarantee the reproducibility
of the measurements, while corrections are needed for large RCF scanning. Lewis and
Chan proposed a methodology to solve lateral scanning artifacts based on correlating the
response of the RCF calibration curves at different lateral positions in the flatbed scanner
by means of a two-point rescaling [75]. Multichannel techniques, which evaluate the dose
according to the information from the three color channels RGB, have been proved to
reduce these effects, as well as to improve the precision of the measurement [76,77].

Software for image analysis, such as ImageJ and MATLAB, are commonly used in
combination with flatbed scanners to provide quantitative dose, as well as dose profile infor-
mation. FilmQA Pro software from Ashland Inc. is specifically designed for Gafchromic™
film measurements in quality assurance (QA) medical applications and it uses a proprietary
multichannel algorithm to remove non-dose contributions [78,79]. Howard et al. described
the analysis procedures with both FilmQA Pro and ImageJ software, by achieving ±2% ac-
curacy with both software [80]. RisøScan is a software package based on LabView that can
be used for analysis of Risø B3 and FWT RCFs, as well as for Gafchromic™ films [81,82].
In order to have the highest reproduction quality of the original image, it is saved in
TIFF format and digitized without the options for color correction usually present in
scanner software.
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The spatial resolution of a dosimetry system comprising of RCFs and flatbed-scanners
is determined by the intrinsic spatial resolution of the RCF, as well as by the scanner spatial
resolution. The user can select different scanning resolutions in units of dot per inch (DPI).
Scanning resolutions of 1200 DPI (0.02 mm/pixel) are typical with modern flat-bed scanners.
However, it should be noted that RCF images digitized at high resolution feature high
noise and large uncertainties. In addition, the time to scan and process such large images
increases with the increasing DPI. Asero et al. evaluated the actual spatial resolution
of a scanner used for Gafchromic XR-QA2 films by means of the Modulation Transfer
Function (MTF) method [83]. They found that values higher than 150 DPI (0.17 mm/pixel)
do not give significantly improve the spatial resolution. Spatial resolutions of <10 µm in
combination with small uncertainties can be achieved with reading techniques, such as the
Confocal Raman Spectroscopy [84]. These studies are crucial for the precise dosimetry in
small radiation fields or in regions with high dose gradients [85]. The study of the works
in the literature suggests that the use of 72 dpi (0.35 mm/pixel) or 127 dpi (0.20 mm/pixel)
in combination with 48-bit depth color (16 bit per color channel) are the most common
options [16,77], although scanning at higher DPI is possible. The digitized image is then
analyzed as a matrix of the spatial coordinates and of the Pixel Values (PVs). As an
example, Figure 3 shows the two-dimensional dose profile of an RCF, in this case, an
HD-V2 Gafchromic™ film exposed to 126 Gy.

Figure 3. Typical two-dimensional dose distribution measured with RCFs. Adapted from Reference [86].

The gray PV is plotted as a function of the distance, expressed in pixels. It should be
noted that in this scale 255 corresponds to the maximum light and 0 to no light transmission.
The plot of Figure 3 shows the characteristic profile of the particular radiation field analyzed
(90Sr/90Y beta source) featuring a 15 × 15 mm2 square-shaped collimator. For dosimetry
measurements, it is necessary to connect a dose value to a single piece of RCF, for example
for calibration purposes. To this aim, a region of interest (ROI) is selected around the center
of the irradiation of the digitized image, as shown in Figure 4a.

From the histogram (Figure 4b) of the PVs of the selected ROIs, the average PV and its
standard deviation are evaluated. The inset of Figure 4b reports the statistical parameters of
the selected ROI. On the same line, more than one ROIs can be selected and the average PV
calculated as the average of the PVs of each ROI. For enhancing the accuracy of dosimetry
measurements, the use of Wiener filter to further reduce the measurement uncertainties
is recommended [87]. The RCF color image can be analyzed either in gray scale or RGB
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scale on the basis of the dynamic range and of the precision required for the specific
measurement. Figure 5 shows the typical response of a set of Gafchromic™ HD-V2 films to
different doses (up 1000 Gy) as a function of the color channel.

Figure 4. Selection of a region of interest (ROI) on an RCF (a) and corresponding histogram of the red Pixel Values (PVs) (b).

Figure 5. Response of the Gafchromic™ HD-V2 film to the different color channels.

Similar plots are reported from the manufacturer also for other Gafchromic™ films [60].
The red channel is better for discriminating low doses. The dynamic range can be increased
by considering the green channel and (even more) the blue channel, at the cost of a loss of
sensitivity. The gray PV has characteristics intermediate among the three color channels,
with being PVgray the average of the PVs of the other three channels:

PVgray =
PVred + PVgreen + PVblue

3
.

Once the dynamic range, the precision and the application field are defined, more
than one choices are available for the calibration. This makes RCF dosimetry very flexible.
Despite RCF calibration is discussed in this section, what follows is also valid for analysis
methods other than flatbed scanners. Here, the main concepts behind the available options
for the calibration are reported, while detailed procedures and functional equations can be
found in the referred works. The calibration can be performed for one single color channel
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(or for one wavelength range), as well as by exploiting the information from the three RGB
channels (or from more than one wavelength range) throughout multichannel methods.
The strengths of multichannel methods rely on improving the accuracy of the measurement
and reducing non-dose contributions, such as the lateral response artifacts [76]. An efficient
flatbed-scanner-based protocol combining calibration and dose measurements (by IMRT
and VMAT applications) in one single scan and that makes use of one reference film, one
unexposed film and the exposed film has been reported by Lewis et al. [77]. Practically,
the RCF calibration consists of exposing a set of RCFs from the same batch to known
doses. The RCF dependence on the batch has been studied for different RCF and radiation
types [88,89]. The batch dependence can be ascribed to slight differences in the chemical
composition of the films and generally it increases at keV energies. Santos et al. have
recently reviewed the most of the functional forms proposed so far for RCF calibration [18].
These include rational, power, polynomial, and logarithmic functions, as well as universal
functions applicable for several RCF types and dose ranges [90,91]. It should be noted
that the choice of the calibration equation depends on the dynamic range and sensitivity
required by the measurement as well as on the physical quantity used to evaluate the RCF
darkening (netOD, raw PV, etc.).

3.2. Densitometers and Spectrometers

Densitometers provide direct measurement of the optical density (OD) of transparent
films at fixed wavelengths. The OD calibration is usually verified with step tablets of
known OD. Digital RCF readers are compact and easy-to-use instruments. In some cases,
densitometers allow measurements for two wavelengths in order to provide two dynamic
ranges. As an example, the Digital Radiochromic Reader Model FWT-92D, suited for the
reading of high dose FWT-60 films, features incident light of two wavelengths (510 and
600 nm) to cover the entire range of sensitivity [92]. RCF spectral response is an important
piece of information for the analysis. To this aim, spectrophotometers have been used
for the characterization of several RCF types to different radiation fields [93–95]. RCF
spectral characterization has also been carried out by means of broadband spectrometers
in combination with optical fibers [88,89,96,97]. As an example of this, Figure 6 shows the
spectral response of EBT-3 Gafchromic™ film to several doses in the range 0–20 Gy.

The spectra of Figure 6 have been acquired by means of an opto-electronic system,
of which a full description can be found in [96,97]. For the sake of clarity, its basic operation
is summarized here. A light source sends light into an optical fiber transmission probe.
The RCF is positioned between the end of the probe and a light-diffusive element, in this
case, a Teflon cylinder. The incident light interacts with the RCF, and then it is backscattered
by the Teflon cylinder and collected by an optical fiber which sends it to the spectrometer.
Spectra of Figure 6 can be easily converted into optical density, according to Equation (1),
as shown in Figure 7.

Spectra of Figures 6 and 7 show that the range of sensitivity of the RCF analyzed,
in this case EBT3 Gafchromic™ film, is 500–700 nm. The RCF which has not interacted
with radiation has the highest intensity and optical density zero. The strengths of the
approaches providing RCF spectral response rely on the possibility of defining optimal
wavelength ranges for maximize the sensitivity or for extending the dynamic range in the
RCF calibration. The evaluation of the intensity (or optical density) at fixed wavelength, as
well as of the integral of the intensity (or that of the optical density) in a defined wavelength
range, allows great versatility in the data analysis. The aforementioned opto-electronic
system has been developed and optimized to operate in real time [97]. Indeed, standard
techniques for the reading of the dose, such as flatbed scanners and densitometers, do not
allow the dosimetry in real-time. On the contrary, optical fiber technology has proven to be
effective to this purpose. On the same topic, real-time dosimetry systems with RCFs and
optical fibers have been performed by Mignani et al. and Rink et al. [98,99].
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Figure 6. Spectral response of EBT3 (EBT = External Beam Therapy) Gafchromic™ films exposed to
doses in the range 0–20 Gy. Adapted from Reference [86].

Figure 7. Spectral response (in optical density) of EBT3 Gafchromic™ films exposed to doses in the
range 0–20 Gy.
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4. Radiochromic Films Response to Relevant Physical Quantities

Ionizing radiation induce the polymerization process into the RCF’s active layer. As a
consequence of this, RCFs are sensitive to almost all types of ionizing radiation and have
therefore been used in photon, electron, proton, and heavy ion radiation environment
in different dose ranges. Several works carried out to study the RCF dose rate depen-
dence confirmed that RCFs can be considered dose rate independent over a wide dose
range [89,100,101]. Bin et al. reported on absolute calibration measurements for HD-V2
Gafchromic™ films in extremely high dose rate, approaching 7 × 1011 Gy/s, for laser-
driven ion beams [102]. RCF radiation type and energy dependence has been deeply
investigated over the last few years mainly for the RCF types used in medical dosimetry,
such as Gafchromic™ EBT series and XRQA-2. The dose response of EBT-3 Gafchromic™
films is very weakly (less than 1%) dependent on photon and electron energies of clinical
interest (6–16 MeV), as well as on 60Co gamma rays, while, at very low x-ray energies
(50 keV), the energy dependence is observed [9,103,104]. EBT-3 films show an under
response at energies less than 100 keV and this under response increases as the energy
decreases [105,106]. Bekerat et al. suggested that the energy dependence can be improved
by modifying the chemical composition of the active element [105]. For charged particles,
the energy dependence is more complicated. The dose D for a charged particle of kinetic
energy E is given by:

D = K × (S/ρ)E × Φ,

where Φ is the fluence in cm−2; S/ρ is the mass stopping power, expressed in MeV × cm2g−1,
and it is evaluated for the reference material (water for medical applications) at the energy
E; and K = 1.6 × 10−10 is a conversion factor to express the dose in Gy. EBT-3 Gafchromic™
film’s response to protons in the energy range 63–230 MeV has been observed to be not
different from that of photons, within the uncertainties [37]. The response to low energy
high LET charged particles, namely in the proximity of the Bragg peak, is characterized by
a significant dose under response, also referred to as quenching effect. It is useful, as well
as interesting, to understand the energy and LET range for which the quenching effect is ob-
served. An analysis on the data from the referred works suggests that quenching effects for
EBT series films exposed to protons are observed from about 5 MeV (79 MeV × cm2g−1).
Indeed, Vallières et al. observed the same calibration curves (within experimental uncer-
tainty) for 7 and 10 MeV protons, and that these curves correspond to the one proposed
by Khachonkham et al. for 148.2 MeV protons [107,108]. The same calibration curve for
EBT3 films exposed to 23, 50, and 200 MeV protons, as well as to low LET radiations,
such as 60Co gamma rays, was found by Campajola et al. [53]. Quenching effects have
been observed for 4 MeV (94 MeV × cm2g−1), as well as 5 MeV protons [109,110]. Overall
EBT-3 films response to high energy and low dE/dx (far from the Bragg peak) protons
has proved to have weak energy dependence over a wide energy range and that it is
comparable to that to gamma radiation. This implies that it is possible to use the same
calibration, within experimental uncertainties, for EBT-3 films (from the same batch) to
high energy and low LET protons and to gamma rays of the energy of, e.g., 60Co. EBT-XD
film response features similar characteristics as that of EBT-3 films both to photon and
proton radiation [108]. Gafchromic™ film models used in diagnostic applications, such as
XRQA-2 Gafchromic™ films, have been observed to have a significant dependence on pho-
ton energies which are typical of x-ray radiology diagnostics [111]. HD-V2 Gafchromic™
films feature a different structure from the EBT series Gafchromic™ films. The response of
these RCFs to more than one radiation type has been recently evaluated for their proven
use as detectors for profile measurement of low energy ion beams [112], as well as for laser
accelerated proton beams [113]. While their response to low energy protons has been seen
to be independent on the energy in the range 2–10 MeV [113], their response results to be
strongly LET dependent [112,114,115]. It should be noted that HD-V2 Gafchromic™ films
have a different structure from the other Gafchromic™ films as they feature a 12 µm thin
active layer on a 97 µm polyester substrate. The LET dependence is common to other types
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of dosimeters; however, recently developed nanocomposite Fricke gel dosimeters have
shown to have no dependence on the LET in a wide LET range [116,117].

5. Conclusions and Outlook

This review paper summarizes the main aspects on radiochromic films for two-
dimensional dose distribution measurements. The structure, dynamics and spatial res-
olution of selected RCF types is reported in order to shed a light on their high dynamic
range and spatial resolution. This definitely results in their widespread use, particularly in
medical applications. Features less than 25 micrometers can be resolved, although specific
measurements of the RCF’s spatial resolution would add important information. The use
of flatbed scanner is advantageous and widespread in medical applications. However, their
use is not trivial, as it is demonstrated by the high number of works on this topic, and it
demands strict adherence to RCF protocols, as well as deep knowledge of the subject. Main
sources of uncertainty are the lateral scanning effects and the warm-up of the scanner, as
well as the dependence on the orientation of the film on the flatbed scanner. Changes of
environmental conditions, such as the temperature, humidity, exposure to UV light, etc.,
affect the RCF reading and should be considered, as well. The available technical options
for flatbed-scanner-based RCF dosimetry allow the achievement of a predefined degree
of precision, with overall measurement uncertainty up to about 2%. Densitometers are
easy-to-use and provide direct measurement of the optical density at a fixed wavelength
or in a fixed wavelength range. The spectral response of RCFs introduces an important
feature in the RCF analysis. Indeed, a careful wavelength study allows to select parts
of the spectrum of different sensitivity to radiation-induced changes on the film. This
has been proved helpful in order to use some RCF types in non-standard conditions of
dynamics and sensitivity. RCF’s dependence on the energy is overall weak. However,
care should be taken in particular when dealing with charged particle beams, where RCFs
have proved to have a significant under-response, also referred to as quenching effect,
which should not be ignored for measurements in the Bragg peak region. RCFs have found
wide applicability as beam profile detectors in charged particle accelerators and have been
found to be particularly suited for applications in high dose rate particle beams, such as the
laser-driven accelerators. This study pointed out these key aspects in RCF measurements
in order to provide the reader with a concise updated summary on the topic.
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