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Purpose: To determine experimentally the intrinsic energy response, kq, of EBT3 GafChromic
radiochromic film with kilovoltage x rays, '*’Cs, and ®°Co in therapeutic and diagnostic dose ranges
through direct measurement with an accompanying mathematical approach to describe the physical
processes involved.

Methods: The EBT3 film was irradiated with known doses using 50Co, 137Cs, and 13 NIST-matched
kilovoltage x-ray beams. Seven dose levels, ranging from 57 to 7002 mGy, were chosen for this
work. Monte Carlo methods were used to convert air-kerma rates to dose rates to the film active layer
for each energy. A total of 738 film dosimeters, each measuring (1.2 x 1.2) cm?, were cut from three
film sheets out of the same lot of the latest version of EBT3 film, to allow for multiple dosimeters to
be irradiated by each target dose and beam quality as well as unirradiated dosimeters to be used as
controls. Net change in optical density in excess of the unirradiated controls was measured using the
UWMRRC Laser Densitometry System (LDS). The dosimeter intrinsic energy response, kyq, for each
dose level was determined relative to ®°Co, as the ratio of dosimeter response to each beam quality
relative to the absorbed dose to the film active volume at the same dose level. A simplified, single-hit
mathematical model was used to derive a single-free-parameter, 3, which is a proportionality constant
that is dependent on beam quality and describes the microdosimetric interactions within the active
layer of film. The response of f for each beam quality relative to ®°Co was also determined.

Results: &, was determined for a wide range of doses and energies. The results show a unique varia-
tion of k,q as a function of energy, and agree well with results from other investigations. There was
no measurable dose dependence for k,q within the 500-7002 mGy range outside of the expanded
measurement uncertainty of 3.65% (k = 2). For doses less than 500 mGy, the signal-to-noise ratio
was too low to determine kyq accurately. The single-free-parameter, f, fit calculations derived from
the single-hit model show a correlation with &, that suggests that f3, at least in part, characterizes the
microdosimetric interactions that determine k.

Conclusions: For the beam qualities investigated, a single energy-dependent ky,, correction can be
used for doses between 500 and 7002 mGy. Using the single-hit model with the single-free-para-
meter fit to solve for § shows promise in the determination of the intrinsic energy response of film,
with 8 being the mathematical analog of the measured kyq. © 2017 American Association of Physi-
cists in Medicine [https://doi.org/10.1002/mp.12682]
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1. INTRODUCTION

Ashland Specialty Ingredients (Bridgewater, NJ) manufac-
tures a variety of radiochromic films, known commercially as
GafChromic® films, for a range of radiotherapy and diagnos-
tic applications. EBT3 film, the third generation of the Exter-
nal Beam Therapy line, is primarily designed for intensity
modulated radiation therapy (IMRT) patient plan verification.
Other EBT  applications include  brachytherapy,"”
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radiobiology,™* and CT dosimetry,” warranting accurate char-
acterization of EBT response in low-energy and low-dose set-
tings. The latest version of EBT3 contains an active layer that
is relatively water equivalent (Z.g~7.5) such that the dose
absorbed in its active layer from incident high-energy pho-
tons is similar to the dose that would be deposited in an
equivalent volume of water. At lower energies, however, the
increased cross-sections for photoelectric interactions negate
such water equivalence due to the strong dependence of the
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photoelectric effect on the atomic number of the high-Z ele-
ments within the active layer. This dependence gives rise to
an absorbed-dose energy response of EBT3 film that must be
taken into account for quantitative radiochromic film dosime-
try. The absorbed-dose response for EBT3 can be calculated
using analytic or Monte Carlo techniques. Massillon-JL
et al.® and Brown er al.” found contrasting magnitudes of the
total energy dependence of EBT3 film to low-energy photons
of up to 11% and 3%, respectively. This inconsistency has
been attributed to manufacturing and compositional changes
that are not always accompanied by updates to the film model
or label.* ' Using Monte Carlo simulations of two batches
of EBT2 film with slight variations in active layer chemical
composition, Sutherland and Rogers'' showed that the mag-
nitude of energy-dependent response for photons under
100 keV is highly dependent on the particular batch makeup
(one batch had 10% and the other a 50% energy response).
This indicates the necessity for careful determination of the
chemical makeup of the active layer for accurate modeling
and characterization of the energy response in each film
batch. In this work, Monte Carlo methods were used to calcu-
late absorbed-dose energy dependence, f™, of the latest ver-
sion of EBT3 film to low-energy x rays.

In addition to absorbed-dose energy dependence, an
intrinsic energy response has been reported for most radio-
chromic film models'"'* as well as other solid-state and
chemical dosimeters."” '® Intrinsic energy response, denoted
kpq, refers to the phenomenon in which different beam ener-
gies delivering the same absorbed dose to the film active
layer produce different dosimeter responses. These aspects
are difficult to model accurately using conventional Monte
Carlo codes, and thus, intrinsic energy response is measured
or estimated based on empirical data. Previous work'? has
examined these quantities for previous commercially released
models and versions of EBT film as well as experimental pro-
totypes. The current work experimentally determines the
intrinsic energy response for the current version of EBT3
film through the novel approach of both using the film med-
ium as the reference material, enabling direct measurement of
the intrinsic response, as well as using an accompanying
mathematical approach to describe the physical processes
involved. In addition, a more accurate method for determin-
ing intrinsic response by controlling for film’s nonlinear
response with respect to dose delivered is presented.

Better understanding of the microdosimetric interactions
within the active layer of the film can provide the basis for a
physical model of intrinsic energy response. Previous work
has examined the use of a single-hit geometric model to
describe the nonlinear dose-response of EBT film.'>** This
work will expand such methodology to investigate how a sin-
gle-hit model may better quantify the measured intrinsic
energy response. The goal of this novel single-hit, microdosi-
metric model is to account for the polymerization effective-
ness of various photon beam qualities. By assuming that the
radiochromic response is a result of electronic excitations
exceeding the polymerization threshold energy, the complex-
ity of the model is reduced to including only the key features
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of the secondary charged particles produced by various pho-
ton beam qualities. Thus, this model aims to describe differ-
ences in the radiation distributions within active lithium
pentacosa-10, 12-diynoate (LiPCDA) crystals, whose size is
on the order of that of mammalian cells,”"*? and not the indi-
vidual excitations of monomeric elements, with sizes of
molecular dimensions. Upon successfully quantifying these
distribution differences at the crystal level, the single-hit
model is used to describe the macroscopic energy response
relationships. It is a combination of the microdosimetric
model, describing energy distribution throughout a crystal,
and the geometric theory, describing the film response given
a particular energy distribution, that comprises the proposed
film response model.

2. METHODS AND MATERIALS
2.A. Intrinsic energy response

The intrinsic energy response may be written:

kbq _ ]thlm(Q) 7 (1)
film (Q)

where a radiation beam with quality Q produces an absorbed
dose in film, Dgy(Q), and Mg,,(Q) is the film response mea-
surement (note that this quantity is defined inversely from
Sutherland and Rogers,11 Bekerat et al.,12 and Hermida-
Lépez et al.'®). For direct measurement of the intrinsic
energy dependence, the reference beam quality should deliver
the same dose to the active film layer as each tested beam
quality. The film absorbed-dose energy response in a refer-
ence medium is defined as:

_ Dmed (Q)
f(Q) = Dim(0)”

where D,,,.q(Q) is the absorbed dose in the reference medium.
A reference beam quality, Q.s, which delivers the same dose
as the measurement beam quality Q to the medium of inter-
est, may be specified. Then, the relative energy responses,
k{,f]l(Q) and f;(Q), may be defined as:

2

ki
ka(Q) = kb:?(Qi)f) 3)
and
rel _ f(Q)
f (Q) _f(Qref) . (4)

Finally, the total energy dependence of the film, S(Q), may
be specified as:

_ kbq(Q)
f(0)

and the corresponding relative total energy dependence,

$°(Q):

S(Q) ()

k()

rel
SO = paigy

(6)
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A key aspect in this work is the use of the film medium itself
as the reference material (med) for the determination of the
relative intrinsic energy response (k{fql). Since Dy, 18 deter-
mined using Monte Carlo-calculated air kerma-to-dose con-
version factors, irradiations were performed by directly
relating the x-ray or gamma exposure time to dose to film.
Thus, f™(Q) was accounted for prior to irradiation for this
work, enabling direct measurement of kf)‘:‘]](Q). To compare
with published values and to calculate a relative total energy
dependence with respect to water, Monte Carlo simulations
were performed using water as the reference material.

This work fully characterizes the energy dependence for
0Co, '*7Cs, and a variety of NIST-matched kilovoltage x-ray
beam qualities.

2.B. Radiochromic film

To date, there have been three versions of EBT3 radio-
chromic film produced, with each iteration using a different
chemical composition in an effort to make the dosimeter
more stable and water equivalent.'> Two versions of EBT3
film were used for this work, denoted here as version 2 (V2)
and version 3 (V3). The original version of EBT3, EBT3-V1,
was released in early 2011 and discontinued in October 2011
when EBT3-V2 was initially released. EBT3-V3 was initially
released in August 2013, when EBT3-V2 was discontinued.
EBT3-V3 is the currently available version of EBT3. All
films for each version used in this work were taken from a
single lot (A051512-01 and 11051301 for EBT3-V2 and V3,
respectively). EBT3-V2 was used in this study for methodol-
ogy validation and for comparison to previous work, although
it is no longer commercially available. The primary difference
between EBT3-V2 and EBT3-V3 is the presence and concen-
tration of high-Z materials in the film’s active layer, with an
increased percentage of aluminum, and the removal of chlo-
rine, sodium, and sulfur in the active layer of EBT3-V3, as
shown in Table I. This compositional change is expected to
have a negligible effect at photon energies above ®°Co;*’
however, slight changes in the chemical composition can have
a major impact (e.g., 50%) on film response to photon ener-
gies under 300 keV.'" At low energies, the increase in photo-
electric cross-sections is expected to result in a substantial
change in dosimeter response, requiring careful quantifica-
tion of the effect.

Accurate dosimetry with radiochromic film requires con-
sistent and meticulous film handling methods as described by
the recommendations of the AAPM Radiation Therapy Task
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Group 55.% Latex gloves were worn while handling film to
minimize surface contamination. Tweezers and vacuum
pickup tools were used for the majority of film handling. To
reduce the effects of ambient light,zp% films were stored in
opaque envelopes when not in use. Temperature and humid-
ity have been shown to affect film response,”’ > so films
were stored together in a temperature and humidity-con-
trolled environment to ensure that all films had a similar ther-
mal history, and environmental conditions were documented
during irradiation. Storage and irradiation conditions were
consistent with manufacturer recommendations. Preirradia-
tion scans were performed at least 48 h after cutting to reduce
any effects of the cutting process.’® Postirradiation scans
were completed at least 7 days following exposure in order to
minimize any changes in the film response due to different
postexposure development times.

2.C. Irradiators

The University of Wisconsin Medical Radiation Research
Center (UWMRRC) includes a secondary standards labora-
tory with several irradiators used for this work: a Theratron
1000 %°Co irradiator (Theratronics, Inc., Ottawa, ON,
Canada), a dual-source G-10 37Cs  irradiator (Hopewell
Designs, Inc., Alpharetta, GA, USA), and an (Advanced X-
ray, Inc., Buford, GA, USA) constant potential kilovoltage x-
ray system. The UWMRRC ®°Co irradiator, '*’Cs irradiator,
and x-ray beams are used as secondary air-kerma standards
for the UW Accredited Dosimetry Calibration Laboratory
(UWADCL) calibrations of therapy and diagnostic ionization
chambers. As secondary standards, the air-kerma rates are
directly traceable to NIST and are known to a low uncer-
tainty. The x-ray beams used in this work are matched to
lightly filtered (L-series) and moderately filtered (M-series)
beams at NIST based on tube voltage, half-value layer
(HVL), and homogeneity coefficient (HC). In addition to the
L- and M-series beams, a heavily filtered (H-series) 100 kVp
beam was also used. The beam qualities used in this work are
listed in Table II. Thus, the results of this work offer EBT?3
energy characterization for a wide range of beam qualities
that are directly traceable to nationally recognized standards.

2.D. Monte Carlo-generated Dy;;/Kair cOnversion
factors

Monte Carlo simulations were performed using Monte
Carlo N-Particle Transport Code (MCNP)*! version 6 to

TaBLE I. The material compositions of EBT2 and EBT3 film listed in mass percent (%). EBT3 film has undergone three chemical compositions (the first, sec-

ond, and third versions of EBT3 are denoted here as V1, V2, and V3, respectively), with each iteration becoming more water equivalent.

12,23

H Li C N e} Na S Cl Br Al Zes Density (g/cm’)
EBT2 9.7 0.9 58.4 0.1 28.4 0.4 0.2 11 0.8 - 9.38 12
EBT3-V1 9.7 0.9 58.4 0.1 28.4 0.4 0.2 1.1 0.8 - 9.38 1.2
EBT3-V2 8.9 1.0 61.3 0.1 235 0.5 0.01 4.5 - 0.1 7.99 1.2
EBT3-V3 8.8 0.6 511 - 32.8 - - - - 6.7 7.26 12
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TasLe II. The 15 beam qualities used in this study, with effective energy,
first half-value layer, homogeneity coefficient, measured air kerma rates, and
Monte Carlo-derived Dy, /K., factors.

UWMRRC Effective First HVL Kair

beam code energy (keV) (mm Al) HC  (mGy/s)  Dgn/Kair
UW-20M* 115 0.148 75 1.287 0.919
UW-30M* 15.5 0.356 65 1742 0.959
UW-40M* 19.8 0.728 66 1819 0.977
UW-50M* 22.4 1.02 66 2187 0.983
UW-60M* 26.9 1.68 66  1.854 0.993
UW-100L? 327 2.80 58  3.975 1.008
UW-80M* 335 2.96 68 1957 1.006
UW-100M* 421 4.98 72 1.845 1.022
UW-120M* 49.9 6.96 78 2202 1.036
UW-150M* 67.0 10.2 87  2.005 1.054
UW-100H" 85.9 13.4 99 0.02377 1.073
UW-200M* 99.8 14.9 94 1.654 1.077
UW-250M* 145 185 98 1283 1.087
37cge 662 - - 0222 1128
80co! 1250 - - 2764 1.110
*Moga.**

"Seelentag et al.
“Seltzer and Bergstrom.*?
9Mora et al.

determine the ratio of dose to film per air kerma (Dygjj/Kair)
as a function of photon energy for the UWMRRC’s *°Co,
137Cs and NIST-matched kilovoltage x-ray beams. Results of
the simulations were used to convert measured air-kerma
rates to dose rates to the EBT3-active layer. For the simula-
tions, the *’Cs spectrum was taken from the data of Seltzer
and Bergstrom,’” and the ®°Co spectrum was taken from the
data of Mora et al.’* The L- and M-series beam spectra used
in the MCNP calculations were previously measured using a
low-energy germanium detector, corrected with a backward
stripping method using Monte Carlo-calculated corrections to
account for detector response and other measurement pertur-
bations.>® For the heavily filtered 100 kVp beam (UW100-
H), the No. 75 spectrum data from the Gesellschaft fiir Strah-
len-und Umweltforschung mbH Miinchen (GSF) Report 560
was used.” The GSF report contains a compilation of photon
spectra data measured with a germanium detector from avail-
able institutions. Although not an exact match of the specific
beam used in this work, GSF spectra are often assumed to be
sufficient for source input used in Monte Carlo simula-
tions, 13:17:36

Following the methodology of Davis et al.” and Nunn
et al."’ for determination of TLD response as a function of
photon energy, the Dy /K, was found using two simula-
tions for each photon beam. The first simulation calculated
the energy deposited in the film active layer. The film was
modeled within its various configurations of holders (poly-
ethylene vacuum bag, acrylic holder, etc.) as appropriate for
the geometry in which the film was irradiated in each beam.
The second simulation calculated the air kerma in a volume
of air with volume and shape equal to the film active layer.

l.l3
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The film and holders were irradiated free in air, but the
Monte Carlo geometry placed the holders in vacuum, since
the spectra used in the simulations, aside from the GSF No.
75 beam, are defined at 1 m and corrected for air attenuation.
The GSF No. 75 beam is defined at 75 cm, so a (25 x25x25)
cm® volume of air was placed between the x-ray point source
and the front of the film packet for the UW100-H simulation
to correct for the extra attenuation at further distances from
the source.

The energy deposition per starting particle was determined
using the *F8 tally to calculate the air kerma and the dose
deposited in the EBT3 active layer or in an equivalent volume
of water for comparison with published work. For the dose
simulations, the low-energy electron and photon cutoffs were
set to 1 keV. For the simulations of air kerma, electron trans-
port was effectively eliminated by using a low-energy elec-
tron cutoff of 2 MeV to force local deposition of energy
released in photon interactions. The starting particle direction
was sampled from a cone, such that a circular field with
diameter of 10 cm was incident on the central depth of the
EBT3 active layer. Photons and electrons were transported,
and the MCPLIB84 cross-section library’’ was used. All
materials involved in the simulations (the film active layer,
the film polyester substrate layers, the plastic bag, etc.) were
modeled as homogeneous mixtures. Dose was defined using
energy imparted to the mixture media. A visual rendering,
provided by MCNP’s Visual Editor (VisEd), of the modeled
film for ®°Co irradiations is shown in Fig. 1.

2.E. Film preparation and preirradiation scanning

A total of three sheets of EBT3-V3 were used to obtain
738 cut and labeled film dosimeters, each measuring
(1.2 x 1.2) cm®. Similarly, 96 cut and labeled film dosime-
ters were obtained from one sheet of EBT3-V2 film. The film
dosimeters were scanned using the UWMRRC Laser Densit-
ometry System (LDS).*® The LDS is a NIST-traceable laser
densitometry system developed in-house that performs point-
based measurements of radiochromic film suspended in free-
space using coherent light to mitigate common film scanning
artifacts, such as positional scan dependence and high noise
in low-dose regions.**” The LDS uses a 635 nm diode laser
light source and point photodiode detector. Rosen et al.*®
demonstrated total elimination of the lateral response artifact
(LRA) and minimal nonuniformity using the LDS. Thus, no
corrections for LRA or scanner nonuniformity were made.
Polarization artifacts due to the coherent light source were
also investigated by Rosen et al. and were found to be on the
order of 0.4% per degree of rotation for 2 Gy exposures. To
account for this, care was taken to ensure that films were
scanned in the same orientation before and after exposure.
Additionally, the uncertainty conservatively assumed maxi-
mum response (0.4%/degree) and 1 degree of uncertainty in
the film orientation during readout.

Preirradiation optical density (OD) values were deter-
mined with the LDS by sequential scanning of each film
dosimeter for postirradiation normalization. Following
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(a)
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(b)

Fic. 1. Geometry of ®°Co in-holder simulations and measurements, including (a) a rendering of a film packet in the PMMA holder for simulation in-air with
color/material of: white: vacuum, red: PMMA, orange: polyethylene, dark blue: polyester, light blue: active material, green: air and (b) a photograph of a film
packet mounted in the PMMA holder for in-air irradiation at one meter from the ADCL *°Co irradiator. Note that for '*’Cs and x-ray irradiations, geometries
were different with less buildup for '*’Cs and no buildup or backscatter material for x rays.

preirradiation scanning, film dosimeters were randomized
and placed within thin vacuum-sealed, plastic packets, as
described by Rosen,38 Soares,41 and Massillon-JL et al.*?
The randomization was done in order to minimize the effect
of any interfilm (between the three sheets) and intrafilm
(within the individual sheet) nonuniformities. Each vacuum-
sealed packet contained six film dosimeters as shown in
Fig. 2. The vacuum bag was included in the Monte Carlo
models as polyethylene, with chemical formula (C,Hy),
assumed.*® The average bag thickness was determined to be
0.10 mm =+ 0.03 mm, using digital caliper measurements of
various vacuum bags, while the nominal film thickness,
according to the manufacturer, is 0.275 mm. With small
thicknesses relative to the overall film thickness and overall
setup reproducibility of =1 mm, the added uncertainty was

minimal. The maximum Monte Carlo calculated variation
from the intended dose due to the bags was found to be well
under 1%, even at the lower energies.

2.F. Film irradiations

For film irradiation with x rays, multiple pieces of Kap-
ton® tape were used to suspend the film packets in air from a
polymethyl-methacrylate (PMMA) fixture with an opening of
(15.5 x 13.5) cm®. The Kapton tape was used to suspend the
packets in air away from the PMMA fixture in order to mini-
mize scatter while simultaneously positioning the dosimeter
packets normal to the x-ray beam. Figure 2 shows pho-
tographs of this setup for the x-ray irradiations. For '*’Cs and
0Co irradiations, the dosimeter packets were placed in an

(b)

Fic. 2. Photographs of the film irradiation geometry for x-ray energies. [Color figure can be viewed at wileyonlinelibrary.com]

Medical Physics, 45 (1), January 2018



453 Hammer et al.: EBT3 intrinsic energy dependence

acrylic phantom holder in order to obtain appropriate buildup
and backscatter. This holder had a (10 x 10) cm? face, with
a back plate thickness of 8.8 mm. A 5.2-mm thick front plate
was used for the ®°Co irradiations, and a 2.9-mm thick plate
was used for the '*’Cs irradiations in order to achieve charged
particle equilibrium as described by Nunn ez al."” The hold-
ers were modeled in MCNP to account for any scatter dose or
spectral changes caused by the presence of the holder mate-
rial. Films positioned within the PMMA holder for *°Co irra-
diations are shown in Fig. 1.

Seven film dosimeter packets were exposed to seven dif-
ferent dose levels for each energy. The delivered doses to the
film active layers were: 57, 103, 500, 699, 997, 1998, and
7002 mGy. Dose rates for each beam were determined based
on the air-kerma rates measured using a NIST-calibrated
UWADCL secondary standard ionization chamber and the
Monte Carlo-determined Dy;,/K,; conversion factors.

2.G. Film postirradiation scanning

For all postirradiation analyses, film samples were
scanned at least seven days following exposure to minimize
change in film response due to small variations in develop-
ment duration.*** Film was scanned postirradiation in the
same numerical order as it was scanned prior to irradiation to
mitigate any positional or temporal nonuniformities associ-
ated with the LDS scanner.*® In order to provide a calibrated
optical density measurement, a series of NIST-traceable cali-
brated reference materials (CRMs) bracketing the expected
film OD range were included with every scan. The CRMs
used were Kodak Wratten™ 2 No. 96 Polyester Neutral Den-
sity Filters. OD was determined by applying a linear fit
between the NIST-provided reference OD and the LDS-mea-
sured OD for each CRM.

2.H. Data analysis

Film response was taken as the difference between net
optical densities of exposed dosimeters and unirradiated con-
trols (AnetOD). Since packets received the same dose to film
across all beam qualities, differences in response between
energies are due to intrinsic EBT3 energy dependence. Nor-
malized intrinsic EBT3 energy dependence was found by tak-
ing the ratio of response for a given beam quality to the
response when exposed to ®°Co. The results were compared
with recently published data using similar techniques.'”

2.1. Single-hit theory

Understanding the measured intrinsic response requires an
examination into the microdosimetric interactions within the
active layer of the EBT3 film. The active layer consists of
two main components: the diacetylene monomer LiPCDA
crystals (the active component), and the gelatin in which they
are suspended. The LiPCDA crystals are stick-like monomer
crystals of varied lengths and widths. These crystals are den-
sely arranged throughout the active layer.*® Callens et al.*°
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found that there is a wide range of sizes of the crystals, with a
mean length of 9.4 £ 56 yum and a mean width of
1.62 + 0.35 pm.

Lineal energy transfer is the energy transferred from a par-
ticle to the medium traversed per unit length, and is the
microdosimetric analog to Linear Energy Transfer (LET).
The mean lineal energy deposition changes with energy. The
lower the energy, the lower the deposition range as deter-
mined by the continuous slowing down approximation
(CSDA). At lower energies, this reduced deposition range
results in more energy deposited in a smaller area of the
active layer relative to higher energies and their wider, more
spread out, deposition. It is hypothesized that the higher ener-
gies reach more active centers than the lower energies. As
discussed earlier, each successive compositional change in
the active layer has led to more water equivalence and an
expected decrease of the overall energy dependence. Under-
standing how the composition of the active layer affects the
microdosimetric interactions between the incoming radiation
and the active LiPCDA crystals is essential for estimating the
intrinsic energy response of the film.

For this work, a simplified model of the polymerization
mechanics in the EBT3 film is used. This model aims to
describe differences in the radiation distributions within
active LiPCDA crystals and not the individual, molecular-
level excitations of monomeric elements. This work makes
some assumptions. The first assumption is that the LiPCDA
crystals are either “on” or “off”: “on” if radiation has hit its
active center, and “off” if it has not. The second assumption
is that there is a probability that a threshold amount of radia-
tion will activate a center, and that there are a finite number
of crystals in any given area of the film active layer. Since the
threshold energy required to induce polymerization is on the
order of a single eV, the accumulation of energy below this
threshold can be largely ignored when ionizing radiation is
considered. Instead, the ionization density relative to the
active center spacing is considered to be the driver of intrinsic
response differences. Finally, if radiation is present but no
“off” crystals are available for interaction, saturation occurs.
Thus, for lower energies, shorter deposition ranges result in
higher radiation density in a smaller area and fewer available
active centers to interact with. This leads to saturation at rela-
tively lower doses as compared to higher energies.

From the single-hit model discussed in del Moral et al.,"
the number of active centers struck (m) is related to the total
number of active centers per unit area (M) using the equation:

m=M(1—e %), (7

where @ is the planar fluence of directly ionizing radiation,
and o is the cross-section of interaction between active cen-
ters and radiation. If we assume charged-particle equilibrium
(which is present in the experimental setups in this work), @
is proportional to dose (D) using the equation:

® = fiD. ®)

The hypothesis is that the proportionality constant, f, is
dependent on beam quality, Q; such that the secondary
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electron fluence within active centers depends on Q, but the
cross-section of interaction, g, is proportional only to the size
of the active centers. For the simple model, we assume that
the mean size of the active centers is the size of all active cen-
ters (which is a film invariant). ¢ is the constant cross-section
of interaction (which can be thought of as the physical, geo-
metric cross-section of the centers). Since optical density for
a given quality Q is proportional to m, the following relation-
ship can be written:

ODg xx M(1 — ePePe7), )

By including a proportionality constant, o, which represents
the scanner response per hit active center, the following fit
function can be applied for each beam quality:

ODg = oM(1 — ePePer), (10)

where o is considered a LDS scanner constant, while M and
o are considered to be EBT3 film constants.

For the 15 beam qualities and seven dose levels described
previously, OD values were determined using the described
methodology. Then, a four-parameter fit function [Eq. (10)]
was applied only to the reference beam quality (®°Co), to
determine the scanner and film constants, o, M, and ¢. For
the remaining 14 beam qualities, the model predicts that the
single free parameter, fp, fully characterizes the intrinsic
energy dependence and may be determined by fixing the
remaining three parameters to match those determined using
the reference beam. Once f¢ is determined for all beam qual-
ities, the following equation is applied:

ﬁQ/ﬁref = ﬁreb (11)

where f3 is the relative relationship of the beam quality of
interest to *°Co. Once validated, this methodology may pro-
vide users with a straightforward way to characterize intrinsic
energy dependence in arbitrary beam qualities.

3. RESULTS
3.A. Intrinsic energy and dose dependence

The intrinsic, absorbed-dose, and total energy responses
of EBT3-V3 film relative to ®°Co are included in Table III.
The measured intrinsic energy response for dose levels
500 mGy and greater are plotted in Fig. 3. Under-response to
low energies, as well as a dip in response at approximately
67 keV, are relatively consistent across all five dose levels as
noticeable in Fig. 3. For effective energies of 19 to 145 keV,
the intrinsic energy response is relatively consistent, ranging
from 3% to 7% under-response relative to ®°Co. The maxi-
mum standard deviation of the mean of the five dose levels
for all energies was 2.2%. All dose differences were within
the overall uncertainty of the measurements (3.65% at the
k =2 level). For further uncertainty discussion, see the
Uncertainty Analysis section below. It is of note that using
different reference media has the potential to result in differ-
ent k! values due to differences in total dose to the film

bq
active layer. While this work has shown minimal dose
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TasLE III. Measured intrinsic, calculated absorbed-dose, and total energy
response of EBT3-V3 relative to ®°Co for dose levels 500-7002 mGy. Uncer-
tainty for the intrinsic energy response results are displayed as the standard
deviation of the mean response over all doses at a given effective energy. The
absorbed-dose uncertainties are the propagated statistical errors of the Monte

Carlo Dy;,/K,; calculations.

Effective = UWMRRC

energy beam Absorbed Total
(keV) quality Intrinsic (ki) dose (1//iw) (S = kg /f™)
11.5 UW-20M  0.822 +£ 1.9% 0988 + 0.3% 0812 + 1.9%
15.5 UW-30M 0.898 £ 1.6% 0.977 £ 0.4% 0.877 + 1.6%
19.8 UW-40M 0934 £2.1% 0974 £ 04% 0910 £ 2.1%
22.4 UW-50M 0954 £ 1.6% 0972 £ 0.5% 0928 + 1.7%
26.9 UW-60M 0973 +2.2% 0.965 + 0.6% 0.939 + 2.3%
32.7 UW-100L  0.957 + 1.5% 0.960 + 0.7% 0918 + 1.6%
335 UW-80M 0958 £+ 1.2% 0.956 + 0.8% 0916 £+ 1.4%
42.1 UW-100M 0959 + 1.9% 0954 £ 0.8% 0915 + 2.1%
49.9 UW-120M 0941 £ 1.2% 0.946 £ 0.8% 0.890 £+ 1.5%
67.0 UW-150M  0.934 + 0.9% 0.950 £ 0.7% 0.887 + 1.1%
85.9 UW-100H 0.947 + 0.8% 0.960 + 0.7% 0.909 + 1.1%
99.8 UW-200M  0.947 +22% 0971 £ 0.7%  0.920 + 2.3%
145 UW-250M  0.966 £ 2.1% 0.993 + 0.8% 0.959 + 2.3%
662 ¥7Cs 1.000 + 1.8% 1.009 + 0.4%  1.009 + 1.9%

dependence for the intrinsic energy response, it is worth con-
sideration when using different reference media.

The values for the two lowest dose levels, 57 and
103 mGy, were not included in Table III or Fig. 3 due to poor
signal resulting in high statistical uncertainty. This signal-to-
noise issue is exacerbated at the lower energies, at which the
intrinsic under-response is greatest. Due to the high uncer-
tainty, it is unclear whether doses lower than 500 mGy exhi-
bit similar intrinsic energy response as higher doses. The
dynamic range of the EBT3/LDS dosimetry system is deter-
mined by the signal-to-noise (SNR) ratio at a variety of dose
levels. In this application, SNR was reduced by a factor of 3
and 2.5 for dose levels of 57 and 103 mGy, respectively, as

1.05

0.90

0.85
—o— 500 mGy
—v— 699 MGy
—=— 997 mGy
0.80 —e— 1998 mGy
—4— 7002 mGy

intrinsic energy (k,, ) dependence relative to *°Co

10 100
effective energy / keV

1000

Fic. 3. Intrinsic energy response of GafChromic EBT3-V3 film by dose
level. Error bars are the standard deviation of the mean for the six individual
film OD readings. [Color figure can be viewed at wileyonlinelibrary.com]



455

455 Hammer et al.: EBT3 intrinsic energy dependence
T T T T T T
+
o
9
8 105
[e]
8
]
2
i 1k
<
AD'
o)
=
o 095
v
c
(]
e
c
8 o9
@ : *
©
>
<
2
S 08
Y] l%l
v
£
]
£ 08f
1 1 1 1 1 1

Qgﬁéééée |

Il

Il Il Il Il

I I I
M20 M30 M40 M50 M60 L100 M80 M100 M120 M150 H100 M200 M250 Cs-137
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percentiles, respectively. Data outside of three times the interquartile range were considered outliers, and are plotted individually as dots. The whiskers indicate
the upper and lower limits of dataset, not including any outliers. Note that all outliers are 103 mGy values. [Color figure can be viewed at wileyonlinelibrary.-
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compared to 1998 mGy. Since up to an additional 20%
response reduction for EBT3-V3 is evident for the lowest-
energy beam qualities, noise limitations prevented an accu-
rate characterization of energy response at these two dose
levels.

Figure 4 shows the distribution of the intrinsic response
over all dose levels between 103 and 7002 mGy. The
103 mGy dose level was added to this analysis to demon-
strate the issues of low-energy, low-dose relative measure-
ments. Including the 103 mGy data increases the standard
deviation for all energies, and also greatly increases the devi-
ation from ®Co response at lower energies. The limited sig-
nal at low energies (due to under-response) at low dose levels
prevents meaningful interpretation of experimental data that
was attained at both low energy and low dose levels.

3.B. Measurement uncertainty analysis

A full uncertainty analysis for the results of this work is
shown in Table I'V. The analysis was completed in accordance
with the NIST Technical Note 1297 methodology.*® The air-
kerma and beam uniformity uncertainties were taken from
the UWADCL uncertainty budgets for therapy-class ion
chamber calibrations.** The film positioning uncertainty
includes both the repeatability of the film placement within
the alignment systems as well as the precision of the align-
ment systems. This positioning uncertainty is based on a pre-
cision of = 1 mm, and a rectangular distribution was
assumed. The film and scanner uniformity uncertainty
includes both inter- and intrafilm uncertainty as well as the
LDS measurement uncertainty. The Type A contribution to
this uncertainty value is based upon the average standard
deviation of the measured OD for every pack of six films (70
of these packs total) while the Type B contribution is based
upon the highest standard deviation for any one of these
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packs. The highest standard deviation was used to establish
an upper limit on the uncertainty, and a rectangular distribu-
tion was assumed. The additional film development uncer-
tainty is the added uncertainty in the film development due to
variables not directly related to the irradiation of the film as
investigated in previous versions of EBT film. Exposure to
UV light,** % temperature and humidity fluctuations during
storage and scanning,”*29 and differences in the postexpo-
sure delay before scanning®**> can all contribute to
unwanted, varied film development if not controlled. As dis-
cussed in the Methods section, great care was taken to follow
past recommendations for other formulations of EBT film
and minimize these effects. As many of these past investiga-
tions were on previous versions of EBT film, a cautious
approach in estimating the uncertainty due to these variables
was taken. The value of 0.5% is both a reflection of the
potential added uncertainty found in these studies as well as
internal measurements based on our methodology and our
formulation of the EBT3 film. The scan orientation uncer-
tainty is a conservative estimate based upon the LDS rota-
tional dependence study as described in Rosen er al.’® The
study found that the potential rotational variance possible for
a piece of film within the LDS holder was negligible. The
Monte Carlo uncertainties account for uncertainties in the
calculation of the ratios of dose to film per air kerma (Dgj/
K,;;) that were used to determine the dose delivered to each
set of films. Uncertainty due to inexact spectra is expected to
be minimal as two beams with similar effective energies but
different spectra, UW-100L and UW-80M, have similar rela-
tive energy response. Per Nunn et al.,'” the largest contribu-
tion to this uncertainty was the impact of low-energy
photons. Simulations were performed using photon energy
cutoffs of both 1 and 10 keV to determine the potential effect
on the various beam qualities. As expected, the change in
photon cutoff energy primarily affected the lower energy
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TasLE IV. Uncertainty budget for the intrinsic energy response (k) determi- TaBLE V. f fitting parameters and ™' values compared with k{)fll.
nation. Film irradiation, scanning, as well as MC calculated Dg;,/K,;, ratio
uncertainties are included. Effective Beta Chi-squared
Beam energy B) fit statistic

Parameter Type A Type B quality keV)  (x107H  (x1073) JA S s
Irradiation UW-20M* 11.5 1.225 0.957 0.763  0.822  0.928
0Co air-kerma rate determination 0.73 UW-30M* 15.5 1.369 0.853 0.853 0.898  0.950
137Cs air-kerma rate determination 0.78 UW-40M* 19.8 1.427 1.065 0.889 0.934  0.952
X-ray air-kerma rate determination 0.45 UW-50M* 22.4 1.491 1.698 0.929 0954 0974
Beam uniformity 0.10 UW-60M* 26.9 1.510 0.765 0.941 0973  0.967
Film positioning 0.12 UW-100L" 32.7 1.473 0.675 0918 0.957  0.959
Measurement UW-80M* 335 1.492 0.948 0.930 0.958 0.970
Film and scanner uniformity 0.45 0.55 UW-100M* 42.1 1.487 1.305 0.927 0.959  0.966
Additional film development 0.50 UW-120M* 49.9 1.459 0.843 0.909 0.941  0.966
Scan orientation 0.40 UW-150M* 67.0 1.444 0.451 0.900 0.934  0.964
Monte Carlo Calculations UW-100H" 85.9 1.462 0.239 0911 0.947  0.962
Statistical computational uncertainty 0.20 UW-200M* 99.8 1.474 0.490 0918 0.947  0.970
Energy cutoff 0.07 UW-250M¢ 145 1.453 1.411 0.905 0.966 0.937
Photon spectrum 0.50 S 662 1.642 5.069 1.023  1.008  1.015
Cross sections 0.86 0Co? 1250 1.605 3.030 1.000 1000  1.000
Quadratic sum 0.49 1.76
A and B quadratic sum 1.82 ZOD values for all five doses used. o

. . OD values for doses 500, 699, and 997 mGy used (1997 and 7002 mGy irradia-
Total combined uncertainty 1.82 (k=1) tions were not performed due to irradiation time restraints).
Expanded total uncertainty 3.65 (k=2) “OD values for doses 500, 699, 997, and 1997 mGy used (7002 mGy not used

beams. Percent change between the two simulations was
determined for each beam quality and a rectangular distribu-
tion was assumed.

3.C. Single-hit results

Table V shows the results of the single-free-parameter (/5)
fit calculations derived from the single-hit model in this
work. To compare these results with the intrinsic energy data,
Pre1 and k,ge' are listed and compared. The correlation between
Pre1 and k{,%] suggests that f3, at least in part, characterizes the
microdosimetric interactions that determine the intrinsic
energy response of the film and that 8, is indeed a descrip-
tion of the fluence per unit dose in the active centers.

3.D. EBT3-V2 and EBT3-V3 comparison

Figure 5 shows a comparison of the measured intrinsic
energy response of both EBT3-V2 and EBT3-V3 at
699 mGy. Note that the compositional change in V3 has
greatly improved the low-energy under-response evident in
V2. This improvement in response is of interest as it repre-
sents the change in energy deposition within the film active
layer between the two formulations. As discussed earlier,
lower energies have a lower deposition range relative to
higher energies, and the higher Z elements in the active layer
of the EBT3-V2 further increase the attenuation properties of
the active layer gelatin. This leads to a decreased depostion
range and, therefore, fewer active centers available for inter-
action with incoming radiation, exacerbating the saturation
issue for low energies. Conversely, the more water equivalent
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due to irradiation error).

(lower Z) EBT3-V3 film allows for a wider depostion range
resulting in less saturation.

4. DISCUSSION

Table III shows the measured intrinsic, calculated
absorbed-dose, and combined total energy response of
EBT3-V3 film. A sample uncertainty budget is included in
Table IV. Since the spread of the measured intrinsic energy
response results are taken as an estimate of the uncertainty
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intrinsic energy (Ky ) dependence relative to *’Co
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Fic. 5. The intrinsic energy response relative to ®°Co at 699 mGy for
EBT3-V2 and EBT3-V3. Error bars are the standard deviation of the mean
for the individual film OD readings and are included but mostly obscured by
data point markers. [Color figure can be viewed at wileyonlinelibrary.com]
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for the intrinsic energy response, the standard deviation of
the mean response over all doses at a given effective energy
was added in quadrature with the Monte Carlo-calculated sta-
tistical uncertainty to calculate Type A uncertainty. Tabulated
Type B uncertainties are listed in Table I'V.

4.A. Application of intrinsic energy-response
correction

The intrinsic energy responses listed in Table III can be
used to normalize the response of EBT3-V3 films irradiated
at two or more different energies. These correction factors are
applicable for doses between 500 and 7002 mGy.

EBT3-V3 film has a greatly reduced energy dependence
as compared to previous iterations of EBT films;'"'* how-
ever, this energy dependence still warrants consideration at
lower energies. When performing comparative quantitative
analysis between film samples in different irradiation envi-
ronments or geometries, it is necessary to know the effective
energy or energies of incoming radiation at the active layer of
film, which requires an understanding of the initial radiation
spectrum and spectral changes throughout the media. In most
cases (i.e., other than “in-air” irradiations), Monte Carlo sim-
ulations are required to calculate the spectrum and effective
energy of the beam at the film’s active layer accurately.

To reduce measurement uncertainties, matching the effec-
tive energy between measurement and calibration films is
optimal; however, this is often not possible due to differences
in irradiation geometry, which are especially important at
lower energies. In these situations, applying intrinsic (k)
and absorbed-dose (f™') energy corrections is likely the next-
best alternative. For effective energies not listed in Table III,
one could use the methodology described in this paper to
obtain specific correction factors. Another less certain
(although more practical) option would be to match the
experimental effective energy using nearest neighbor or
spline interpolation.

As discussed earlier, manufacturing and compositional
changes of EBT3 film have not always been accompanied by
updates of the film model or label. As seen when comparing
EBT3-V2 and EBT3-V3 film, any compositional change in
the active layer of the film can result in substantial change in
the energy response of the film. Because of this, it is recom-
mended that the composition of any new batch of film be ver-
ified when multiple effective energies are involved. This can
be achieved through literature review, contacting the manu-
facturer, or performing energy calibration checks following
the methodology presented in this manuscript.

4.B. Comparison with previous work

The EBT3-V3 total energy response relative to °°Co
derived in this work and that from Bekerat er al.'* is plotted
in Fig. 6. It is noted that while the effective energy values of
the beams in the two compared studies are similar, the spectra
of the beams are not identical. Nevertheless, the similarity of
the results for UW-100L, the minimally filtered 100 kVp
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Fic. 6. Comparison of the results of the total energy response relative to
0Co for EBT3-V3 from this work to those of Bekerat er al.'> for similar
beams. Note that both sets of film feature the compositional improvement of
substituting the Cl and Br of past EBT3 iterations for 7% Al. Error bars for
the current work represent uncertainty from intrinsic and absorbed-dose
uncertainties added in quadrature (summarized in Table IV), while error bars
for Bekerat et al. represent the stated and plotted deviations listed in the pub-
lished work. [Color figure can be viewed at wileyonlinelibrary.com]

beam, and those for UW-80M, the moderately filtered
80 kVp beam (two beams with similar effective energies but
different spectra) indicate that small changes in spectra may
not have a large effect on results. It should also be noted that
different dose to film was delivered in this work and any
potential dose dependence of the intrinsic response may
affect the comparison. However, in this work we have shown
minimal intrinsic response dose dependence in the range of
doses investigated.

Comparison with Bekerat et al. indicates that, although
methodologies were different, the results of this work are
consistent with previously published values within reported
uncertainties. It is likely that the lower overall measurement
uncertainty reported in this work is a result of (a) the use of a
measurement light source tuned to match the EBT3 absorp-
tion spectrum38 and (b) the use of direct measurement of
intrinsic energy response by essentially eliminating the
absorbed-dose component of the energy response.

4.C. Single-hit discussion

The correlation between f and k;fll suggests that f§ par-
tially characterizes the microdosimetric interactions that
determine the measured intrinsic energy response of the film,
and that the proportionality constant, 8, is indeed a descrip-
tion of the amount of fluence per unit dose in the active cen-
ters for a particular beam quality. The results support the
hypothesis that higher energies are able to interact with more
active centers relative to lower energies, and that saturation
due to a more limited number of active centers per unit of
radiation is an underlying cause of the film under-response at
lower energies.

It is likely that more advanced fitting models, such as per-
colation theory as discussed by del Moral er al.”” will
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continue to refine and improve the f-fitting process. With the
individual microdosimetric parameters defined, successful
modeling of the intrinsic energy response through Monte
Carlo computations may be feasible. The measured results of
this work provide a means for benchmarking future refine-
ments to the microdosimetric understanding of radiochromic
film response.

5. CONCLUSION

This study has determined the intrinsic energy response
for EBT3-V3 GafChromic radiochromic film. The kpq correc-
tion factors are listed in Table III for direct comparison of
films irradiated at different energies. The variation in these
kpq factors demonstrates the need to correct for differences in
effective energies used in any such comparison. Use of the
measured intrinsic energy response, along with the calculated
absorbed-dose energy response, can greatly reduce the mea-
surement uncertainties for film irradiations involving multi-
ple energies. Further investigation into mitigating low dose
(< 500 mGy) signal effects on measuring intrinsic energy is
also warranted.

Using the single-hit model with the single-free-parameter
fit to solve for § shows promise in the determination of the
intrinsic energy response of film, with f§ being the mathemat-
ical analog of the measured kyq. Further refinement of the
calculation of f§ through more advanced modeling, such as
percolation theory or detailed Monte Carlo simulation, has
the potential to provide an accurate theoretical estimation of
EBT3 film intrinsic energy response.
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