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ABSTRACT

Energy-dependence of Gafchromic films exposed to low-energy photons has been reported to be a function of
absorbed-dose. However, these studies are based on a relative-response, R, which considers the absorbed-dose in
water and not within the film sensitive-volume. This work investigated the relative-efficiency, REfy,, (ratio of
absorbed-dose required to produce the same net optical density (netOD) by ®°Co gamma and by x-ray) of
Gafchromic EBT3 and MD-V3 films exposed to five x-ray beams from 20kV to 160kV and ®°Co gamma rays. A
factor that accounts for the energy-dependence, f, 04> ased on REgqy,, phantom-material and depth at which
the films are placed during irradiation was used to remove the influence of absorbed dose. Values of REg,
indicated that the absorbed dose from ®°Co gamma rays needs to be 4 and 3 times larger than those from 20 kV x-
rays to produce the same netOD within the EBT3 and MD-V3 sensitive volumes, respectively. Thus, saturation
could help explain why Gafchromic films show under-response to very low doses from low-energy photon beams,
regardless of film model. Furthermore, REg,, was found to be nearly independent of netOD and colour-channels.
Consequently, f, ; n.q is independent of the absorbed dose and colour-channels. In contrast, besides the variation
with the photon energy, f, ; s varied with film model, depth and phantom material used during the irradiation.
Thus, the results suggest that f, , ., is @ more reliable wide-ranging parameter for evaluating the degree of

energy-dependence of the film rather than the relative-response method commonly considered.

1. Introduction

Low-energy photons interact with matter liberating ‘primary elec-
trons’ which generate low-energy ‘secondary electron’ (SE) cascades
along their tracks through elastic and inelastic collisions. Recent results
have indicated that most SEs generated by low-energy x-rays have ki-
netic energy below 10 keV, whose corresponding track-average linear
energy transfer (LET) in LiF:Mg, Ti and liquid water are around
19 keVum ! and 9 keV um ~?, respectively [1]. This suggested that low-
energy x-rays could be considered as nearly high-ionization density
radiation (HIDR). Usually, the effects induced by HIDR in physics or
biological systems are scrutinized in terms of a parameter called re-
lative efficiency or relative effectiveness, RE. In physical systems, RE is
defined as the response per absorbed dose unit (within the sensitive
volume of the system) induced by HIDR with respect to the same
quantity by a reference field considered as low-ionization density
(LIDR) (e.g. °°Co gamma) [2]. While within the biological framework,
this parameter is defined as the ratio of the absorbed dose deposited by
LIDR with respect to that imparted by HIDR that produces the same
response.
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Research about the response of several Gafchromic film models
exposed to low-energy x-rays has been published in the literature
where under and/or over-response at energies below 100 keV relative
to high energy photons (e.g. °°Co gamma) are generally observed, re-
gardless of the film model [3-18]. In order to develop new prototypes
with more uniform energy response at low photon energies, the effects
of varying the active layer composition of EBT GafChromic films have
been investigated [18]. However, despite of all the improvements, up to
20% and 22% under-responses were still observed at 20keV for the
EBTS3 films containing 7% Al and 4% Cl, respectively [18]. This suggests
that understanding of low-energy radiation interaction with matter
remains a challenge [1]. In addition, the degree of energy dependence
of the film’s response after exposure to low photon energies has been
constantly reported to be a function of absorbed dose or air-kerma re-
gardless of film model, mainly at low values of absorbed dose or air-
kerma [3-4,12-14,16]. However, it is important to point out that in all
these studies, the energy dependence of films has been analysed in
terms of a relative response, R, defined as the film response per unit
absorbed dose in water for a given photon energy beam relative to that
for ®°Co gamma or 6 MV x-rays. This means that the absorbed dose
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within the film sensitive volume is not taken into account.

Richter and colleagues [16] tried to reduce the influence of the
absorbed dose on the energy dependence of Gafchromic films by pro-
posing a scaling factor that depended only on the beam energy and
determined with the least squares method. Nonetheless, it was con-
cluded that such factor could only be evaluated in energy beams where
the photon attenuation in the film material is negligible [16] and,
therefore, the results could not be directly transferred to other groups.
According to Lindsay and colleagues [12], there exists a slight trend for
increasing the film relative response, R, as a function of dose which,
they assumed can be approximated by a first order exponential re-
lationship with a constant that describes the amount of polymerization
per unit dose. However, their report did not provide experimental
evidence to support that statement. In contrast to their hypothesis, in-
creasing and/or decreasing trend of the film relative response with dose
have been observed, depending on the photon energy for a given batch
of EBT2 or EBTS3 films [13,14]. Thus, the investigation about a robust
method based on relative efficiency, RE, instead of relative response, R,
to determine the energy dependence of Gafchromic films that elim-
inates the influence of the absorbed dose is greatly necessary. This is
because any variation on the absorbed dose could possibly affect the
energy dependence factor. Results of such study might have an impact
on the discrepancies reported by different groups about the degree of
energy dependence of a given film model.

In this work, the relative efficiency, REpy,, of Gafchromic EBT3 and
MD-V3 films exposed to five x-ray beams from 20kV to 160kV and
%0Co gamma has been investigated considering a biological approach.
In particular, an energy dependence factor, fe.q.med» Dased on RE has
been defined in order to reduce the energy dependence of the absorbed
dose. Besides, the phantom material and the depth at which the films
are placed during the irradiation are also considered.

2. Methods
2.1. Preparation, readout and irradiation of the Gafchromic films

Three 1.4 X 1.4 cm? pieces of EBT3 and MD-V3 films were used at
different absorbed dose levels. The EBT3 and MD-V3 films belonged to
batch numbers 07221301 and A03051201, respectively. Fig. 1 displays
the structure of both films and Table 1 presents the chemical compo-
sitions. The films were exposed in air to eight air kerma values between
0.1Gy and 15.0Gy from five x-ray beams (20kV—-160kV) (see
Table 2a) generated by an YXLON Y.SMART 160E/1.5 x-ray tube in-
stalled in our lab at the UNAM Physics Institute. Fig. 2 shows several
film pieces suspended in air with adhesive tape from a styrofoam frame
during the x-ray irradiations. More details about the irradiation setup
and how the x-ray beams were calibrated can be found in our previous
report [14]. All film pieces were situated within a homogeneous cir-
cular radiation field of 8.2 cm diameter at 61 cm from the source focal
spot (source to film distance: SFD). For these x-ray beams, a 61 cm air
distance from the source was considered enough to provide charged
particle equilibrium (CPE). The combined standard uncertainty (cov-
erage factor k = 1) [19] on the delivered air kerma to the film was less
than 0.5% and included the uncertainty from film placement, exposure
time, thermometer, barometer and the ionization chamber calibration

Matte Polyester Base, 120 microns
Active Layer, 15 microns

Matte Polyester Base, 120 microns

(a)

Physica Medica 61 (2019) 8-17

Table 1
Chemical composition of the films according to the manufacturer.
MD-V3 EBT3
Element Active layer Overall (%): Active layer Overall (%):
(%): Zegr = 7.63  Zegr = 6.68 (%): Zegr = 746 Zegr = 6.71
H 58.20 38.30 56.50 38.40
Li 0.60 0.00 0.60 0.10
C 27.70 43.90 27.40 43.70
N 0.40 0.00 0.30 0.00
(0] 11.70 17.70 13.30 17.70
Na 0.50 0.00 0.10 0.00
Al 0.30 0.00 1.60 0.20
S 0.10 0.00 0.10 0.00
Cl 0.60 0.00 0.10 0.00

coefficient. For the ®°Co gamma irradiation, we used the reference
beam from the National Institute of Standard and Technology (NIST)
for absorbed dose in water ranging from 0.1 Gy to 15 Gy [14]. The films
were positioned within a 14 x 14 cm? field size at 100 cm SFD in an
acrylic phantom of 30 cm X 30cm X 14 cm at 4.323 cm depth in order
to provide CPE. For the air kerma delivered to the film in the absence of
the acrylic phantom in the reference beam, the absorbed dose was di-
vided by a conversion factor of 1.0899. This factor is the ratio of ab-
sorbed dose rate in water relative to the air kerma rate measured pre-
viously with the same ionization chamber under the same geometric
conditions. The films were cut at least 48 h prior irradiation and read
twenty-four hours post-irradiation. The reading process was carried out
in transmission mode in an Epson Expression 11000XL document
scanner at 300 dpi and 48 bit-RGB colour depths following the protocol
established in our dosimetry laboratory [14,20]. The analysis of the
film response was done using ImageJ software [21] by selecting a re-
gion of interest of 1.0 X 1.0 cm?. The evaluation of the film response as
well as the analysis of uncertainty were performed according to the
methods described elsewhere [14].

2.2. Evaluation of the relative efficiency, REgm, of the films

The main requirement for evaluating RE in a physical system is that
the response of such system with absorbed dose is linear. Thus, based
on the fact that Gafchromic film response is not a linear function of the
absorbed dose, the relative efficiency was evaluated experimentally and
by Monte Carlo (MC) simulation similarly to biological system as
follow:

2.2.1. Experiment

RE _ DF,-,m,QO(netOD)
im Dritm,q(netOD) ’ (@)

where Dgjjp,, o (netOD) and Dpijm, g, (netOD) are the absorbed dose deliv-
ered within the film sensitive volume during the irradiation by photon
energy beams of quality Q and Q,, respectively and required to activate
the same amount of film colour centres, i.e. to produce the same netOD
value. The beam quality Q, corresponds to ®°Co gamma rays.

Matte Surface Clear Polyester Base, 125 ym
Active Layer, 28 pm

Matte Surface Clear Polyester Base, 125 pm

(b)

Fig. 1. Structure of the Gafchromic films according to the manufacturer: (a): MD-V3; (b): EBT3.
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Table 2a
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Characteristics of the x-ray beam qualities used in this work, the effective and average energy. Correction factor, f,, for both films and the average mass-energy
absorption ratios for different medium were obtained using the x-ray spectra produced by the SpekCal computer code [25]. These data are used to calculate the dose

within the film sensitive volume.

Beam kV HVL Effective Energy (keV) Average energy (keV) fa - film P water
en Hen
atr atr
Al (mm) EBT3 MD-V3 EBT3 MD-V3

20 0.25 * 0.19 13.48 + 0.01 14.13 0.9581 0.9621 0.3779 0.3667 1.0227
50 1.13 + 0.11 23.56 + 0.04 28.53 0.9887 0.9899 0.4541 0.4476 1.0145
80 2.832 + 0.11 32.33 + 0.04 42.70 0.9940 0.9947 0.5978 0.5941 1.0252
120 6.538 + 0.10 47.93 + 0.02 60.23 0.9957 0.9963 0.8489 0.8506 1.0454
160 10.4 + 0.23 67.39 + 0.01 82.06 0.9962 0.9967 1.0850 1.0929 1.0628
%0Co 1250 1.000 1.000 1.5595 1.5775 1.1122

Fig. 2. Film irradiation setup in the x-ray beams.

2.2.2. MC simulation

MC simulation is based on the linearity of the detector response,
that is the film response should be directly proportional to the absorbed
dose. Then, to correct for the non-linearity of the film response with
absorbed dose, we have applied a correction based on the exposure air
kerma necessary to produce the same optical density from different
energy photon beams as indicated in Eq. (2) below:

DFilmpgc
KairMC

. Kai,m(netOD)]
Qo

REF'l =
o [M. Kai,me(netOD)]

)

Kairpe 0 (2)
where Kgircand Ky, (netOD) are the air kerma calculated through the
Monte Carlo simulation and measured with ionization chamber neces-
sary to generate the same netOD from both beam qualities, respectively.
Driimyc is the absorbed dose within the sensitive volume of the film
obtained with MC simulation.

The absorbed dose, Dpijjm,c, and the air kerma, K., were calcu-
lated through MC simulation using the DOSRZnrc module from EGSnrc
code [22] following the procedures described previously [1,23]. The
simulation was carried out using the same geometry as that in a re-
cently reported x-ray experiment [14]. That is, the film was situated in
air at 61 cm source to film distance and in 8.2 cm diameter field size.
For the ®°Co gamma measurements, the experimental setup mentioned
above in section 2.1 was simulated. The parameters used in our

10

previous work [1] were considered for the absorbed dose and the air
kerma calculation. In these simulations, 5 x 10° histories were fol-
lowed for the absorbed dose and 5 x 108 histories for the air kerma.
The experimental absorbed dose within the film sensitive volume
for a beam quality Q was calculated following the AAPM TG-61 pro-
tocol [24], but corrected for the low-energy photon beam attenuation
within the film base material, f,, [23] through the following relation:

_ il Emax [ Hen(E)
oy 15 (T )FﬂmECI)(E)dE
Dritm,@ = Kainpe Jo- =K [ E Hen (E) ’
p) S (e )A. E®(E)dE
i

3)

where

Emax Hen (E) H(E) H(E)
<I>(E)(7"’w ) ex] [—(—) px] ex] [—(—) px] EdE
‘/0 ? JFilm P e Polyester P e Film

JFmax (—“e”(m) E®(E)dE
0 ° ) Film

fu=

where Kg;,. me is the measured air kerma, f, is a correction factor that
accounts for the average deposited energy by the photon beam within
the film sensitive volume; polyester is the film base material and x the
layer thickness of each region; ®(E) is the photon fluence of energy E
calculated using the SpekCalc computational code [25] and shown in
Fig. 3. Uen/p(E) and p/p(E) are the mass-energy absorption and the
mass-attenuation coefficients, respectively obtained from the XCOM
database publicly available on the NIST website [26] and Fig. 4 displays
the mass-energy absorption coefficients calculated based on the data in
Table 1.
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Fig. 3. X-ray spectra obtained with the SpekCal program and used for the ab-
sorbed dose calculations.
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Fig. 4. Mass absorption coefficient calculated for the film sensitive volume
based on data shown in Table 1. Also include data for air, liquid water and
PMMA.
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2.3. Evaluation of the energy dependence factor, f, o s> Of the films

From a practical point of view, as the film is generally exposed at a
given depth, x, of a given phantom material of medium, med, the factor
that accounts for the energy dependence for a beam quality Q, f, ; yeas
can be evaluated by the following relation:

Dy imed,o(netOD)

Fequmed = Dy med,q (netOD)’

(€3]

where,

Dx,med, Q (netOD)
Dy med, , (netOD)

j(-]Emax O(E)(ML(E)) exp[—(@) .px] EdE
P Jmed s med

fOE'"aX(i"f”(E)) BOE)dE
© JFilm

_ DFilm,Q (netOD)

- DFilm,QO(I’LetOD) ngEmax q)(E)(/‘Hli(E)) exp{—(w)px] EdE
[ P Jmed ° med

Q

: : lo
J[‘)‘:max(#en(b)) E®(E)dE 0
P JFilm

(5)
Then Eq. (4) becomes:

fOEmaxd)(E)(i#"”(E)) exp[—(@)px} EdE
P med P med

/(-)Emax(/len(E)) EQ(E)E
P JFilm

5 1

\Q.med = :

x,Q,me REjm /.OEmaxm(E)(#en(E)) exp[f(@)_px] RdE
[ P Jmed P med

fyfimax (“B”—“E’) E®(E)dE
P JFilm

Q

]Qo
(6)

For measurements where the dosimeter is situated at the entrance
surface of the phantom material, Eq. (6) becomes:

— \med
()
1 e film o

REﬁlm. Hen el
[ T ]Qo
film

fO,Q,med =

)

Table 2b presents the average mass-energy absorption coefficient
ratios for air, liquid water and polymethyl methacrylate (PMMA) cal-
culated using the x-ray spectra produced by the SpekCal computer code
[25].

Egs. (6) and (7) are based on the fact that the amount of ionization

11
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Table 2b

Average mass-energy absorption ratios for different medium obtained using the
x-ray spectra produced by the SpekCal computer code [25]. These data were
used to calculate the energy dependence factor.

Beam kV  Effective Energy - \Air — \water _ \PMMA
T N © A
film Sfilm fitm

EBT3 MD-V3 EBT3 MD-V3 EBT3 MD-V3
20 13.48 = 0.01 2.6465 2.7267 2.7066 2.7887 1.6206 1.6697
50 23.56 * 0.04 2.2023 2.2343 2.2343 2.2668 1.3839 1.4041
80 32.33 £ 0.04 1.6729 1.6832 1.7151 1.7256 1.1507 1.1577
120 47.93 + 0.02 1.1780 1.1757 1.2315 1.2290 0.9298 0.9280
160 67.39 + 0.01 0.9216 0.9150 0.9795 0.9725 0.8105 0.8047
%Co 1250 0.6412 0.6339 0.7131 0.7050 0.6932 0.6853

density produced by a given photon energy beam depends on the
phantom material used during irradiation of the film [23], which can
influence the energy dependence [10,23]. From these equations, it as-
sumes that any contribution of backscatter radiation should be reflected
on the film response relative efficiency, REg,.

3. Results

The netOD as a function of the absorbed dose within the film sen-
sitive volume is displayed in Figs. 5a and 5b for the EBT3 and MD-V3,
respectively. The symbols are the experimental data and the lines cor-
respond to a polynomial fit to data. Independent of the film models and
for a given absorbed dose value, the netOD increases as the photon
energy beam decreases, which is possibly associated to the high pattern
of energy deposited within the film by low energy secondary electrons
generated by the photons. Tables 3a and 3b present the absorbed dose
within the film sensitive volume for three netOD values of all the colour
channels as a function of the photon energy beam. Note that the ab-
sorbed dose associated to a given netOD value (corresponding to each
colour channel) increases with photon energy, regardless of film model.
Also, Tables 3a and 3b show that, within measurement uncertainty, the
absorbed dose does not depend on the colour channels. Therefore, a
weight averaged relative efficiency of the three colour channels, REg;;,,
for three netOD values evaluated with Egs. (1) and (2) was obtained
and is shown in Figs. 6a and 6b for both film models. Besides the colour
channels, REg;,, also appears to be independent of netOD within mea-
surement uncertainties. Thus, a weight averaged REp;, was obtained
for the three netOD values as a function of the photon energy beam.
Table 4 displays the result and note that the relative efficiency for the
MD-V3 film has higher uncertainty than the EBT3 film. This is due to
the dose interval considered in this study (0.1 Gy and 15.0 Gy). It is well
known that the optimum absorbed dose limits for the MD-V3 and EBT3
films are around 25 Gy [20,28] and 10 Gy [14], respectively. Qualita-
tive agreement can be seen between the Monte Carlo simulation and the
experiment. In both cases REp;, increases as the photon energy de-
creases, which means that higher absorbed dose is required from high
photon energy beam in order to produce the same response within the
film sensitive volume at low energy. Fig. 7a shows the energy depen-
dence factors, f, ; 4> calculated with Eq. (6) using data from Tables 2b
and 4 for both film models as a function of depth in the PMMA
phantom. A rapid decrease of f, , ., With depth can be observed, as
well as a decrease in the f, ; ,,.q as the photon energy decreases. Table 5
and Fig. 7b show f; 5 ..q s @ function of the effective energy, con-
sidering measurements performed in air and at the entrance surface of
liquid water and PMMA phantom material, i.e. at a depth x = 0. A clear
influence of the phantom material is observed, independent of the film
models and a larger energy dependence can be observed for the MD-V3
film. Also shown in Fig. 7b are the relative total energy dependence for
EBT3 reported in the literature [9,18] and a qualitative agreement can
be seen.
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Fig. 5a. NetOD as a function of the absorbed dose (calculated with Eq. (1))
within the EBT3 film sensitive volume.
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4. Discussion

This work investigated the relative efficiency, RE, of Gafchromic
EBT3 and MD-V3 films exposed to five x-ray beams from 20kV to
160kV and °°Co gamma to determine its influence on the energy de-
pendence factor, f, .4 in order to reduce the influence of absorbed
dose and colour channel. As observed in Figs. 5a and 5b, the netOD is
nearly constant (variation around 0.44% versus 1.12% maximum un-
certainty) for several absorbed dose values, independent of film models
and colour channel. This is particularly interesting since even at very
low netOD values (i.e. low dose delivered), such a feature is still ob-
served.

4.1. Relative efficiency, REgy,, of the films
According to Figs. 6a and b, within uncertainties, the relative effi-

ciency, REpm, increases with decreasing photon energy beams, in-
dependent of the film models and netOD values for both Monte Carlo

12
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and experimental methods. This implies that much lower absorbed dose
needs to be delivered by low photon energy than high energy beam in
order to activate the same amount of colour centers within the film
sensitive volume. This is due to the very compressed ionization density
distribution generated by secondary electrons from low photon energies
relative to that created by a high photon energy beam which is sparsely
imparted. The results also suggest that the activation of colour centres
that gives rise to the polymerization process might probably be gov-
erned by the amount of ionization density, i.e. LET, produced by a given
beam quality regardless of the amount of absorbed dose delivered
during the irradiation process. For example, both experiment and
Monte Carlo results suggest that roughly 3.8-3.2 and 2.7-2.2 times
more absorbed dose delivered by ®°Co gamma rays are required to
produce the same response in EBT3 and MD-V3, respectively, than
when exposed to 20kV x-rays. This means that, regardless of the ab-
sorbed dose delivered during the irradiation, the film response will be
raised with decreasing photon energy up to the limit that all colour
centres are fully activated and reach saturation. Comparing the relative
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efficiency results (Figs. 6a and b), the Monte Carlo simulation re-
produces qualitatively quite well the experimental data. However,
quantitative differences of around 20% are observed for both film
models, independent of the photon energy beam. Such differences were
expected and supported by our previous analysis of the thermo-
luminescent response of LiF;Mg,Ti exposed to 20-300 kV narrow x-ray
spectra, *’Cs and ®°Co [23] which, were associated to the non-existent
of accurate cross sections for electron interactions at energies below
1keV in the MC code [23,27].

For a similar film area of 1.4 x 1.4 cm? analysed in this work, the
sensitive volume of EBT3 film is roughly twice that of MD-V3 (see
Fig. 1). However, data in Table 4 indicate that REg, for EBT3 film are
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greater than those for MD-V3 by only by 29% to 4%, being smaller at
high energy. Nevertheless, if REg, is normalized with respect to the
active layer, an inverse scenario is observed. That is, REg, per micron
for MD-V3 is greater than that obtained for EBT3 by about 24%-44%,
being smaller at lower energy, regardless of the method used (experi-
ment or Monte Carlo). The high efficiency of the MD-V3 film could be
explained by the differences in the concentrations of chemical elements
present in each film model as displayed in Table 1. The concentration of
chlorine within the MD-V3 film sensitive volume is 6 times that of
EBT3. Thus, being the chemical element with the larger atomic number,
Z, the chlorine has a higher interaction probability with the photons,
which would translate into more ionization density. This means that at
low photon energy where the photoelectric is the most important effect
with cross-section interaction proportional to Z°, the REg, increases
and steadily decreases when the cross-section interaction becomes
proportional to Z as the Compton effect is taking place.

On the other hand, it can be seen that the relative efficiency for the
MD-V3 film has higher uncertainty than the EBT3 film. This is due to
the dose interval considered in this study (0.1 Gy and 15.0 Gy). It is well
known that the optimum absorbed dose limits for the MD-V3 and EBT3
films are around 25 Gy [20,28] and 10 Gy [14], respectively

4.2. Energy dependence factor, f, o neq» Of the films

As Fig. 7a indicates, the energy dependence factor, f, o n.q Strongly
depends on depth and photon energy. At low photon energies, e.g. at
20KV X-rays, f, o meq for both film models rapidly decreases and tends
to zero at about 20 mm depth in PMMA. And as the photon energy
increases, f, o . diminishes gradually. f ;.4 tends to zero can be
interpreted as a result of the rapid decrease of the photon fluence with
increasing phantom depth caused by the photoelectric effect at low-
energies [23] and the slight change in the absorbed dose at energies
where the Compton effect becomes dominant, i.e. at ®®°Co gamma. Such
feature should be considered when film is exposed at a certain depth in
phantom material during exposure to low photon energy beams. Con-
cerning the energy dependence factor at the phantom entrance surface,
Jo.o.mea> 1-€- at depth x = 0, shown in Fig. 7b, note that the shape of the
curve depends on the film models. Regardless of the phantom material,
Jo.omea fOr MD-V3 steadily decreases with photon energy, reaches a
minimum, increases and then decreases toward ®°Co gamma. In the
case of the EBT3 film situated in air and at the entrance surface of liquid
water phantom, f; ;. increases, reaches a first maximum, then de-
creases to a minimum, then increases before decreasing to ®°Co gamma.
For EBT3 situated on top of PMMA phantom, f; ;,,,¢ Mmonotonically
increases as the energy augments. The difference observed on the shape
of the energy-f; o nea CUrves between air, liquid water and PMMA could
presumably be related to the photon interaction processes as seen in
Fig. 4 and Table 2b. Noted in Fig. 7b, the energy dependence factor for
both films situated at the entrance surface of PMMA phantom is
strongly dominated by the film response’s relative efficiency, REpy,,
which could be attributed to the relative proximity in terms of chemical
compositions (differences on mass-absorption coefficient of 62%-67%)
between PMMA and the film sensitive volume. However, for the films in
air and at liquid water entrance surface, the energy dependence factor
is dominated by their mass-absorption coefficients which are more than
2.7 times that of the film sensitive volume (see Table 2b).

The results also indicate that, regardless of the film models, the
amplitude of f; ; ,,.q depends on the phantom material used during the
irradiation process. The smaller the electronic density of the phantom
material is, the larger the f; ; .4 This means that materials with higher
electronic density can generate more ionization during the interaction
process that would consequently contribute to the absorbed dose de-
posited within the film sensitive volume. Considering the energy in-
terval studied, f; o neq varies from 1.071 *= 0.013 to 1.128 * 0.020,
from 0.985 + 0.012 and 1.057 + 0.018 and from 0.607 = 0.007 to
0.900 = 0.015 when the EBT3 film is irradiated in air, at the entrance
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Table 4
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Weight averaged relative efficiency obtained for the experimental absorbed dose and that calculated by Monte Carlo simulation. Combined standard uncertainty

corresponds to 1o (coverage factor k = 1) [19].

Equivalent Energy REFiim
Experiment Monte Carlo simulation

(keV) EBT3 MD-V3 EBT3 MD-V3
13.48 = 0.01 3.852 + 0.046 2.743 + 0.093 3.181 + 0.053 2.237 + 0.085
23.56 = 0.04 3.044 + 0.055 2,497 = 0.117 2.588 = 0.054 1.965 = 0.099
32.33 + 0.04 2.329 + 0.041 2.099 + 0.097 1.943 = 0.040 1.617 = 0.080
47.93 + 0.02 1.704 = 0.028 1.614 = 0.075 1.364 + 0.028 1.228 + 0.061
67.39 = 0.01 1.299 = 0.022 1.245 = 0.059 1.060 = 0.022 1.007 = 0.051
1044.7 1.000 = 0.016 1.000 = 0.048 1.000 = 0.023 1.000 + 0.053
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Fig. 7a. Energy dependence factor, f, ; ,..q> calculated with equation (5) as a 1()1 102 103

function of the depth in PMMA for both films.

surface of liquid water and PMMA phantoms, respectively. While for
MD-V3 situated in air, at the entrance surface of liquid water and

PMMA phantoms, f; o fluctuates from 1.149 + 0.053 to

1.568 + 0.053, from 1.080 * 0.050 to 1.442 = 0.049 and from
0.805 = 0.037 to 0.943 =+ 0.045, respectively. As observed in Fig. 7b,
Table 5

Effective energy (keV)

Fig. 7b. Energy dependence factor, f; ,,..4> calculated with equation (6) as a
function of the effective photon energy for both film models exposed in air and
at the entrance surface of liquid water and PMMA phantom. Also shown, the
relative response data published in the literature for EBT3 with 6.7% Al [9] as
well as EBT3 with 7% Al and 4% CI [18].

Weight averaged energy dependence factor calculated with equation (7) for different medium. Combined standard uncertainty corresponds to 1o (coverage factor

k = 1) [19]: Experiment.

ﬁ),Q,med

Equivalent Energy Air Liquid Water PMMA

(keV) EBT3 MD-V3 EBT3 MD-V3 EBT3 MD-V3

13.48 = 0.01 1.071 = 0.013 1.568 *= 0.053 0.985 + 0.012 1.442 = 0.049 0.607 + 0.007 0.888 + 0.030
23.56 = 0.04 1.128 = 0.020 1.412 *= 0.066 1.029 = 0.019 1.288 = 0.061 0.656 + 0.012 0.821 = 0.039
32.33 + 0.04 1.120 = 0.019 1.265 *= 0.058 1.032 + 0.018 1.166 = 0.054 0.713 + 0.012 0.805 + 0.037
47.93 + 0.02 1.078 = 0.018 1.149 *= 0.053 1.013 * 0.017 1.080 = 0.050 0.787 + 0.013 0.839 + 0.039
67.39 + 0.01 1.107 = 0.018 1.159 *= 0.055 1.057 = 0.018 1.108 = 0.052 0.900 + 0.015 0.943 = 0.045
1044.7 1.000 = 0.016 1.000 = 0.048 1.000 = 0.016 1.000 = 0.048 1.000 = 0.016 1.000 + 0.048
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MD-V3 is much more dependent on the photon energy than EBT3 and
consequently, careful attention should be paid when used in radiation
fields with important contributions of photon energies below 100 keV.

To compare the method proposed in this work with the “relative
response” one commonly used by the community [4,12,14,16,18], the
raw data obtained for the same EBT3 batch reported in Massillon-JL
et al. [14] was reanalysed using the new method to determine the en-
ergy dependence factor. Besides being independent of absorbed dose
and colour channel (results not shown), the results suggest that f; ; y.eq
is greater than the previous values. A variation of 2%-7% was pre-
viously reported for the red channel, which varied with the absorbed
dose [14], versus 1.071 + 0.013 to 1.128 = 0.020 obtained in this
work, depending on the photon energy beam. The result of this analysis
suggests that the method used in the previous studies to convert the
film response into absorbed dose is not correct, i.e. it is not appropriate
to transform the absorbed dose in air to absorbed dose in water without
considering the absorbed dose deposited within the sensitive volume of
the film which generates the netOD. Thus, one can argue that f, ; ;.4
defined in this work is the most reliable parameter for evaluating the
degree of energy dependence of the film rather than the method com-
monly used in the literature.

Fig. 7b also displays data reported in the literature for EBT3 which
included 6.7% Al [9], 7% Al and 4% Cl [18]. Note that the relative total
energy response, S and ijflw (Q) described in Ref. [9] and Ref. [18],
respectively, are very similar to the method commonly used by the
community using a relative response, R. This method is based on the
ratio of the film response per absorbed dose in water unit for a given
beam quality Q with respect to the same for a reference radiation beam,
Qp. This means that this factor does not consider the absorbed dose
deposited within the film sensitive volume. Nevertheless, qualitative
agreement is still observed with our data, which should be associated to
the physical interaction processes of photons with matter. Similar to
Jo,o.mea for EBT3 exposed in air and at the liquid water phantom en-
trance surface, the relative total energy responses, S [9] and ij,é,w Q)
[18], increase, reach a first maximum, then decrease to a minimum,
then increase before tending to ®°Co as the photon energies increase.
However, at energies below 100 keV, discrepancies of around 9%-16%
and 10%-21% are observed between f; ;.. and, S and S}, (Q), re-
spectively which agree with the result obtained for EBT3 film analysed
through the relative response method and reported elsewhere [14].
Considering the small difference observed on S7,,(Q) between EBT3
with 7% Al and that containing 4% Cl [18], one can argue that the
observed discrepancies are most likely related to the methods rather
than the film batch and/or chemical composition. Consequently, f; o ea
might be batch independent. In this case, more study should be per-
formed with different film batches in order to confirm or not such as-
sumption.

5. Conclusion

This work has investigated the relative efficiency, REpy,, of
Gafchromic EBT3 and MD-V3 films exposed to five x-ray beams from
20kV to 160kV and *°Co gamma and its influence on the energy de-
pendence. In particular, an energy dependence factor, f, ; .- ased on
REg;, has been determined in order to reduce the influence of the ab-
sorbed dose. The effect of phantom material and depth was also eval-
uated. The results suggest that higher absorbed dose is required from
high photon energy beams in order to produce the same response
within the film sensitive volume at low energy. Furthermore, within
uncertainties, REg;,, and fx,Q,med were found to be independent of the
absorbed dose and colour channel, but varied with film model,
phantom material, depth and probably by ionization density. Thus, one
can conclude that the f, ; ,,.4> defined in this work, is the most reliable
and wide-ranging parameter for evaluating the degree of energy de-
pendence of Gafchromic films rather than the commonly used relative
response, R. From a practical standpoint, this implies that for

16

Physica Medica 61 (2019) 8-17

measurements performed in air, at the entrance surface of liquid water
or PMMA phantom of the same film models exposed to photon beams
within the energy range studied in this work, the data displayed in
Tables 4 and 5 can be used through the interpolation method, otherwise
Egs. (1) and (6) should be applied.
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