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Abstract

Purpose: Radiochromic material used in recent commercial films has been
suggested as a candidate for in vivo dosimetry because of its dose sensitivity,
real-time response, and atomic composition. It was observed that its sensitive
material, lithium pentacosa-10,12-diynoate (LIPCDA), can have two distinct
forms, with main absorbance peaks at ~635 and ~674 nm. The spectrum of
the latter is similar to that of pentacosa-10,12-diynoic acid (PCDA) used in the
commercial predecessor, obtained through desiccation of the commercial film.
Water was suggested to be a part of the crystal structure and thus its presence
or absence would affect dosimetric parameters. The objective of this study is to:
(a) investigate how desiccated commercial films compared to the native form
in terms of macroscopic crystal structure, dose—-response, signal linearity, and
post-exposure kinetics; (b) demonstrate proof-of-concept that the two versions
can be combined into one optical dosimeter and measured simultaneously.
Methods: Commercial radiochromic film, EBT-3, was desiccated for 10 days at
45°C. Using a 6 MV LINAC beam and standard setup of 100 Source to Axis
Distance (SAD), 10 cm x 10 cm field size, and 1.5 cm depth, commercial and
desiccated films were irradiated to 50, 100, 200, 500, 1000, 2000, 3000 cGy and
the latter to 4000, 5000, and 7000 cGy. A custom phantom equipped with opti-
cal fibers for real-time read-out was used for all measurements. Absorbance
spectra were collected at ~1 Hz before, during, and after irradiation. Data were
collected for ~1 h after the end of irradiation for 200 cGy experiments. The
radiation-induced change in optical density (AOD) was calculated with a 10 nm
band around the primary absorbance peak. The post-exposure percent optical
density change was calculated and compared to AOD at the end of irradiation.
Both commercial and desiccated films were also irradiated and measured simul-
taneously as proof-of-concept for using two materials within one optical path.
For electron microscopy imaging, active materials from commercial and desic-
cated films were imaged on a scanning electron microscope at an accelerating
voltage of 10 kV.

Results: Scanning electron microscope images showed that desiccated film
was similar in topographical structure to the commercial EBT-3 form. It main-
tained a non-linear AOD with dose but resulted in ~1/3 signal compared to
the commercial film. Evaluation of post-exposure response showed significantly
lower percent increase in AOD for desiccated film initially, with no statistically
significant difference at 1 h after the end of irradiation. Combining both films and
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1 | INTRODUCTION
Over the last two decades, radiotherapy treatments have
become increasingly sophisticated and complex due to
advances in technology. Techniques such as volumetric-
modulated arc therapy, intensity-modulated radiation
therapy, and interstitial high dose-rate brachytherapy
paired with image guidance have allowed for highly con-
formal doses,"? leading to tighter margins® around the
targets and adaptation of hypofractionation.* However,
complex processes are vulnerable to sources of error
potentially harmful to the patient, and with high dose
per fraction treatments a single error can have a large
impact to overall dose. Thus, the International Atomic
Energy Agency has recommended “in vivo dosimetry for
routine verification of the dose delivery for all groups of
patients undergoing radiotherapy.®

We have previously investigated GafChromic MD-55
and EBT films (Ashland, Bridgewater, NJ, USA) for
real-time dosimetry measurements®° and the latter
was shown to be a suitable candidate. The active
component in EBT film is lithium pentacosa-10,12-
diynoate (LIPCDA) crystals, a form of diacetylene.'%!
Diacetylenes undergo a solid-state polymerization
resulting in a rapid color change induced by ionizing
radiation® characterized by the change in optical den-
sity (AOD) that is correlated with the radiation dose.'%'?
Variation in monomer packing within the diacetylenes
affects dose—response’* as well as other parameters,
such as location of main absorbance peak within the
spectrum (Amax), @ shift in 4,2« with dose, and post-
irradiation darkening.'® The LiPCDA crystal, “hair-like”
in structure,” used in EBT-3 film undergoes a radiation-
induced polymerization resulting in an absorbance
spectrum with the major peak at ~635 nm.'316.17
However, we have previously shown that LiPCDA crys-
tals can have an alternate form, with an absorbance
peak occurring at ~674 nm,'® achieved through either
desiccation of commercial EBT-3 or through direct
formulation.

A previous study'® has examined the effects of water
in the binder of GafChromic films, showing that the OD
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simultaneously measuring their absorbance illustrated that the two absorbance
peaks were identifiable and resolvable to allow for an independent determina-
tion of dose from each.

Conclusions: Water is implicated in the crystal structure of the EBT-3
radiochromic film, with its removal through desiccation affecting both dosimetric
and spectroscopic characteristics of the material. The two forms of radiochromic
material (with and without water) are spectrally resolvable allowing for indepen-
dent dose determination from each, opening up possibilities for dose measure-
ments at different locations along a single fiber.

absorption spectroscopy, radiation dose measurement devices, radiochromic film

changes upon increasing water content in the binder
material. Since the radiochromic monomer crystal in
EBT-3 already contains water,'®?0 the crystal struc-
ture of the LIPCDA does not change upon water expo-
sure. However, the effect of removing water from the
radiochromic monomer crystal in EBT-3 film on dosimet-
ric properties has not been studied previously.

This manuscript focuses on the form achieved
through desiccation, termed DesEBT-3 throughout, and
we aim to investigate the spectral response to dose
of DesEBT-3. Based on previous observations,'® we
hypothesize that DesEBT-3 will differ in its response
to dose compared to the commercial EBT-3. Specifi-
cally, without changing the chemistry of the monomers
(LIiPCDA), the dose—response is altered through a differ-
ence in packing structure and monomer separation due
to removal of a water molecule that was incorporated
into the crystal. We further hypothesize that DesEBT-3
may be used to expand dosimetric applications by incor-
porating both forms into the same optical fiber dosime-
ter, thus improving the current single measurement point

prototype 222

2 | MATERIALS AND METHODS

21 | Modification of EBT-3 film

Each EBT-3 film (two from each lot, nos. 03111902 and
01142103, see Table 1) was cut into two halves. Half
was left unaltered and stored in a light safe box, and later
used to cut pieces of commercial EBT-3 films. The sec-
ond half had the radiochromic material exposed by peel-
ing of a layer of polyester. Our previous work demon-
strated that unlaminated EBT film (2.5 cm x 2.5 cm)
was desiccated after 5 h at 50°C, as demonstrated qual-
itatively through spectroscopy.'® In the current exper-
iments, the delaminated half of the film was further
cut into 5 cm x 3 cm pieces and desiccated in an
oven at 45°C with ~10 g of calcium chloride desic-
cant over 10 days. Three separate 5 cm x 3 cm pieces
from each lot were also weighed on a microbalance
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TABLE 1 Summary of experimental design (N = 5 for each measurement checked in gray)
Dose (cGy)
EBT-3 lot # Film # Film type 0 50 100 200 500 1000 2000 3000 4000 5000 7000
03111902 1 EBT-3
DesEBT-3
2 EBT-3
DesEBT-3
1 EBT-3 and
DesEBT-3
01142103 1 EBT-3
DesEBT-3
2 EBT-3
DesEBT-3
Clinical Linear Film holder
Accelerator
l Delivery fiber B " | Detection fiber
Sample
Film in Solid Water ™ ™{_
phantom -
DeIiv;y—ﬁ.bZr B _R;dEtIFn—B-aFIG_I‘ -
Spectrophotometer
_‘O’_ Solid Water™ Phantom
Halogen
Light source ¢ N
Analysis Computer
FIGURE 1 Schematic diagram of the real-time irradiation and measurement setup. The arrow shows a close-up top view of the fiber and

film holders embedded into the phantom, with delivery and detection fibers protruding from the phantom. A magnified view of the film holder

demonstrates the light path through the sample film

(Sartorius ENTRIS124-1S, Sartorius Lab Instruments
GmbH, Goettingen, Germany) over a period of 10 days
to assess both time to reach stable mass and variability
in mass lost. Immediately prior to irradiation, the films
(EBT-3 and DesEBT-3) were cut into ~1 cm x 1 cm
pieces. A single 5 cm x 5 cm piece of film (film 1,
lot no. 03111902) was desiccated for scanning electron
microscopy (SEM) imaging (see Section 2.3).

2.1.1 | Optical measurement

All measurements were obtained using a custom
30 cm x 30 cm x 4 cm Solid Water phantom, with
10 cm of backscatter. The phantom holds the sample
film along the LINAC beam’s central axis, with the point
of optical measurement at a depth of 1.5 cm& Two

(1500 um/1550 um) (core/cladding diameter) optical
fibers at 1.5 cm depth in the phantom, perpendicular
to the film, were allowed for real-time transmission
spectroscopy. Light source and spectrophotometer
are connected to the optical fibers in the phantom
through ~17 m of fused silica fiber (600 um/630 um
core/cladding diameter, Thorlabs, Newton, NJ, USA)
and SubMiniature A (SMA) connector. The light source
is a broad spectrum (360-2400 nm) tungsten halo-
gen source (5 W HL-2000-FHSA, Ocean Optics Inc.,
Orlando, FL, USA), and the spectrophotometer is a
200-1100 nm range charge-couple device (CCD) cam-
era (USB4000, Ocean Optics Inc.). Figure 1 shows a
schematic diagram of the complete measurement setup.

Spectra (346—1000 nm) of light transmitted through
the film sample was continuously measured at ~1 Hz
prior to, during, and after irradiation with 6 MV beam. For
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FIGURE 2 A model representation of the optical density change
as a function of time. Segment a is the time before irradiation; the
irradiation is applied for some time, depicted by segments b and c is
the time after irradiation

post-exposure development experiments, spectra were
collected for ~60 min after exposure. Spectral data were
processed after completion of experiments using MAT-
LAB v 2018b or 2020b (MathWorks, Natick, MA, USA).

The change in absorbance (AA) is calculated using
Equation (1):

I(/l)ref - I(/l)dark > (1)

M) = logio <I(/1)data - I(/l)dark
where /(1).¢f is the intensity with light source on at wave-
length A of unirradiated film collected before the X-ray
beam was turned on, /(4)4ark IS the dark intensity due
to stray light collected by spectrophotometer when light
source is off, and /(1) 4ata is the transmitted light intensity
collected before, during, and after exposure. The AOD,
as shown in Equation (2), is then calculated by integrat-
ing the absorbance over a 10 nm band around the main
absorbance peak?®?

n—1

) (AA’ +2AA"“><A,-+1—A,») ?)

AOD =
An =21 /4

where 4, to 41 spans the 10 nm window. A schematic of
AQOD as a function of time is shown in Figure 2 with three
distinct sections: (a) pre-irradiation, (b) during irradiation,
and (c) post-irradiation. The AOD for a given dose is the
value at the sharp change between sections b and c,
occurring at the end of the beam delivery. The uncer-
tainty in average AOD is reported as a percent standard
deviation (%c), determined by Equation (3):

\/ [ (a0D; - (a0D)?] /1N -1
(AOD)

%o = x100 (3)
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where (AOD) is the mean AOD of the sample set. Sat-
uration in absorbance is reached when the transmitted
photons through irradiated film (/455) are within noise
(~218 counts using spectrometer 300:1 signal-to-noise
(SN) ratio at maximum intensity) of the dark counts
(lqark)- At best case scenario of I being maximized
to 216 of spectrometer upper range through adjust-
ment of integration time, this results in absorbance
of ~log(216)(218) = 2.48. Since the AOD is calcu-
lated using the narrow 10 nm band around the main
absorbance peak where transmitted light decreases
most rapidly with dose, saturation of AOD is also taken
to be at ~2.5.

2.1.2 | Dose delivery
Films were irradiated within the custom phantom (Sec-
tion 2.1.1) with a 6 MV X-ray beam from a Varian
True Beam linear accelerator (Varian Medical Systems,
Palo Alto, CA, USA) to 50-7000 cGy (see Table 1) at
300 cGy/min under standard conditions (100 cm source-
to-axis distance, 10 cm x 10 cm field size). LINAC out-
put was verified using an ion chamber measurement
and our institutional clinical protocol prior to sample irra-
diation. Five pieces of film were used for each dose.
EBT-3 films were not irradiated above 3000 cGy as they
reached saturation of AOD >2.5 by this dose.
Calibration curves for both DesEBT-3 and EBT-
3 were generated from plots of AOD as a func-
tion of absorbed dose. The third-order polynomial
function,®2324 of the form shown in Equations (4) and
(5), was used:

AODM 4

st = P1(D) + p2(D)? +p3(D) +p4  (4)

AOD{ M, = p5(D)? + p6(D)’ + p7 (D) +p8  (5)
where D is the total dose in cGy delivered and p1-p8
are coefficients determined experimentally by fitting the
polynomial to the calibration curves established using
the film pieces mentioned in the first two rows of Table 1.
Intra- and inter-batch comparison was made for films
irradiated to 500 cGy (see Table 1), including those used
as part of the calibration.

The continual darkening of radiochromic film is a
potential point of concern for both traditional®® and real-
time dosimetry®? Due to difficulties in teasing out this
information during irradiation, this is assessed by mea-
suring the extent of AOD increase after the end of expo-
sure as a function of time? The ratio between AOD at
the point of radiation off and AOD in segment ¢, shown
in Figure 2, is used as a surrogate measure of kinetics
during exposure, referred to as post-exposure kinetics.
The percentincrease in AOD in the post-irradiation seg-
ment ¢ was measured for ~1 h after exposure to 200 cGy
for both commercial and desiccated films.
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2.2 | Dosimetry using combined EBT-3
and DesEBT-3 films

We investigated combining two forms of radiochromic
films into the same dosimetry system by placing them
in series. The light path is directed through both films
from the delivery fiber to the detection fiber. Since the
absorbance of each film is additive, the total change in
optical density at any given wavelength range is given
by Equation (6),

An—21 _ An—21 An—21

AOI:)measured total — AODEBT—3 + AODDesEBT—S (6)
Ap—24 . . .

where AOD " 'O IS the change optical density

measured for the combined absorbance spectra calcu-
lated using Equation (2). Using the calibration data of
EBT-3 and DesEBT-3, curves for each were fitted both
at 630—-640 nm and 670-680 nm, corresponding to main
absorbance bands of EBT-3 and DesEBT-3, respec-
tively. Using the two bands of 630-640 nm and 670—
680 nm then, we have two equations of AOD (Equa-
tion (6)) with two unknown doses received by EBT-3
and DesEBT-3, and therefore the values of two doses
can be mathematically solved for. In a simplest iteration
illustrated here as proof-of-concept, the films are placed
face to face in the film holder, thus receiving the same
dose, reducing the problem to two equations and one
unknown. The dose is then determined by solving the
third-order polynomial shown in Equation (7), which we
have done at each wavelength band.

0 = (p5 + p1)(Dose)? + (p6 + p2)(Dose)? + (p7 + p3)

Ap—A
(Dose) — (AODmeas1ured total p4 — p8) (7)

The solution to Equation (7) is then determined itera-
tively using the fitted coefficients.

The combined films were exposed to 100-3000 cGy
(see Table 1) using a 6 MV beam at 300 cGy/min
dose rate and calculated dose from Equation (7) using
each of the bands was compared to nominal dose. For
comparison, only one calibration curve (Equations (4)
and (5)), and the respective main absorbance peaks,
were used as well. Since the second film is not being
taking into consideration, but is contributing to AOD, the
measured dose is hypothesized to be overestimated,
with a greater residual error than when both films are
considered.

2.3 | Scanning electron microscope
imaging

To prepare the films for SEM, 5 cm x 5 cm (each subdi-
vided further into ~1 cm x 1 cm pieces) pieces of film
were cut from both the DesEBT-3 and commercial EBT-

100.2
——03111902 Film1
100.0 ++®+:03111902 Film2
—4=03111902 Film3
99.8
++0+-01114203 Film1
99.6 —e—01114203 Film2

—4—01114203 Film3

% Mass

99.4

99.2

=)

99.0

98.8

Time (days)
FIGURE 3 Percent mass of 5 cm x 3 cm pieces of EBT-3 film

as a function of time in days in the oven desiccator. The error bars
are the propagated uncertainty from the microbalance

3 films. These were placed into a beaker in a hot water
bath at ~45°C and stirred for 2—3 h. This process dis-
solved the binder and separated the coating from the
polyester substrate. The polyester pieces were picked
out, and the remaining contents of each beaker were
then poured onto filter paper (Whatman™, particle reten-
tion >11 um) and left to dry for 3—4 days. The LiPCDA
crystal powder was then scraped off the filter paper,
placed onto SEM stubs and imaged under high vacuum
with an accelerating voltage of 10 kV (SEM, Quanta™,
Thermo Fisher Scientific™, Waltham, MA, USA).

3 | RESULTS

3.1 | Verification of desiccation

Percent mass normalized to the value on day 0, as a
function of number of days in the oven, is shown in
Figure 3. The error bars represent propagated uncer-
tainty from the microbalance (+0.1 mg), where starting
masses were ~300 mg for the films. A plateau in mass
was achieved by 10 days time. A one-way analysis of
variance (ANOVA) comparing all groups could not show
the differences between films to be statistically signifi-
cant (p >> 0.05).

Absorbance spectra of commercial EBT-3 and
DesEBT-3 films after 5 Gy dose are shown in Figure 4.
The peak absorbance for commercial EBT-3 film
occurred at the expected wavelength of ~635 nm.
DesEBT-3 peak absorbance occurred at ~675 nm with
a shoulder peak at ~620 nm, similarly to pentacosa-
10,12-diynoic acid (PCDA)-based films like the commer-
cial MD-55512:26 The shift of the main absorbance peak
from 635 to 675 nm, and the absence of residual second
peak at 635 nm,'® shows that most or all of the LIPCDA
crystals have been converted to the desiccated form.
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TABLE 2 Percent standard deviation (%0o) of dose measurement with N = 5 independent samples and the residual error in AOD between
the data and the calibration curve (data point being greater than fit is denoted as positive residual, and lower than fit as negative residual)
Dose (cGy)
50 100 200 500 1000 2000 3000 4000 5000 7000
%a EBT-3 1.4 0.7 0.4 0.8 0.6 0.2 0.4 - - -
Res (in AOD) 0.0008 0.05 0.09 0.007 -0.07 0.03 —0.006
%c DesEBT-3 4.9 2.6 15 1 2.8 1.9 2.2 2.2 15 0.5
Res (in AOD) -0.03 —0.01 0.02 0.06 0.04 —0.04 —0.01 —0.04 0.06 —0.01
1.4 : - is shown in Figure 5. Table 2 summarizes the percent
—DesEBT-3 - -EBT-3 2 . ;
, standard deviation for each film type at all nominal
1.2} " doses, and the residual between the data and the cal-
- o ibration curve. Commercial EBT-3 film reached satura-
;! 1 H tion of our experimental setup between 20 and 30 Gy.
208! L DesEBT-3 results demonstrated lower dose sensitivity
- S8 than EBT-3, while maintaining non-linear response over
g 0.6 N \ the dose range tested.
. 1 .
8 / N ' Table 3 shows AOD for five samples taken from two
4 \ . " .
<04l .’ ' different films in each of the two lots tested. DesEBT-3
. ! consistently demonstrates lower change in optical den-
0.2} sity as a function of dose, although the exact ratio dif-
N fered between films and lots (p < 0.05 for both intra- and

0 L 1 1
500 550 600 650 700 750 800
Wavelength (nm)

FIGURE 4 Change in absorbance of DesEBT-3 and commercial
EBT-3 film after 500 cGy irradiation with 6 MV beam

3 : : ;
* DeseBT-3 « EBT-3
25/ o
2 2
[a] .
015
< R .
1 I Ll
055
0% - - - - : g -
0 1000 2000 3000 4000 5000 6000 7000 8000

Dose (cGy)

FIGURE 5 AOD as a function of dose for EBT-3 and DesEBT-3
films. The calibration curves are generated using the respective main
absorbance peaks (630-640 nm for EBT-3 films, and 670-680 nm for
DesEBT-3 films)

3.2 | Dose-response of DeseBT-3

The AOD versus dose for both EBT-3 and DesEBT-3
films (taken from one film, lot no. 03111902, see Table 1)

inter-lot comparison, using two-way ANOVA).

Figures 6 and 7 demonstrate a shift in A, for
DesEBT-3 above 500 cGy, and no shift for EBT-3 film.

Figure 8 shows the percentincrease in AOD over time
after exposure to 200 cGy for a single sample of EBT-3
and DesEBT-3. A summary of the post-exposure per-
cent increase in AOD for both films, along with p-values,
is shown in Table 4. Results show an average (N = 5
independent samples) of 5.0 + 0.1% increase in OD
after 1 min and 29.2 + 0.3% after 60 min following expo-
sure for EBT-3, while the DesEBT-3 had a 3.7 + 0.1%
at 1 min and 25.2 + 3.8% after ~1 h.

3.3 | Dosimetry using combined EBT-3
and DesEBT-3 films

The absorbance spectrum of the EBT-3 and DesEBT-
3 measured using a single optical path is shown in
Figure 9, qualitatively appearing as a sum of the spectra
from individual films.

Using AQDS®30-640nm gnq AQD®70-680nm  cajipra-
tion curves generated for each film type, EBT-3 and
DesEBT-3, as a function of dose, coefficients were
determined using Equations (4) and (5). Since the films
were irradiated to the same dose, using the simpli-
fied two equations and one unknown, the calibration
curves were used with Equation (7) to calculate the
dose received by the films. Although this could have
been done at either wavelength band because of one
unknown, we performed the calculation at both wave-
length bands as shown in Table 5. The combined film
data were also interpreted using only the calibration
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TABLE 3 Inter- and intra-lot comparison for films irradiated to 500 cGy (N = 5 independent samples)
Ratio (AOD)
(AOD) (AOD) (DesEBT-
Lot # Film # EBT-3 %o DesEBT-3 %o 3/EBT-3) %o
03111902 1 1.26 0.8 0.40 1.0 0.32 1.3
2 1.21 2.0 0.30 1.2 0.25 24
01142103 1 1.25 0.5 0.31 2.3 0.25 24
2 1.25 0.3 0.32 1.3 0.26 1.4
2.5 y 1.8 .
---50 cGy N - -50 cGy
1000 cGy 16 Fa —2000 cGy
—2000 cGy i ---7000 cGy
Y 1 14 P
3 o
5;1 5 1.2 : ‘-
g 1 !
£ i
8 0.8 ‘
c 17
2 0.6
< -
050" 0.4
0.2
QLT : [N 0 e -
500 550 60 650 700 750 800 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
FIGURE 6 Sample absorbance spectra of EBT-3 (left) and DesEBT-3 (right) with a vertical dashed line at 635 and 677 nm, respectively
{ DesEBT-3 i EBT-3 35 ' ' ' ' '
680 1 —DesEBT-3 - -EBT-3
[
gi Ix T z x 3 = g 30+ J—
670 Inset ] e
679 -i-DesEBT-3 3] | e
c25 -
678 = .
660 - | (a] e
é ><s77 o° 20! "’_,
KE Se76 B .
p, ,
650 2 s
675 * B 515! s
674 ’ + ------- . + | g )
640 - 1 Q K
6730 200 400 600 800 1000 x 10 [ s
- - xz = Dose (cGy) 2 1,
7]
630+ O Bl
I 1 1 L 1 1 L m 5
0 1000 2000 3000 4000 5000 6000 7000 8000 0 . . . . .
Dose (cGy) 0 10_ 20 30 40 50 60
Time post-exposure (min)
FIGURE 7 Wavelength at peak absorbance against total

nominal dose delivered for N = 5 film samples (0-30 Gy for EBT-3
and 0-70 Gy for DesEBT-3). Error bars represent 1o standard
deviation. The inset figure shows the initial decrease in 4,5« With the
dose of DesEBT-3

FIGURE 8 Percent change in AOD for N = 1 sample each,
exposed with a 6 MV beam to 200 cGy at a 300 cGy/min. Data were
continually collected for ~1 h after exposure

dose of two films showed a higher predicted dose com-
pared to that delivered, and compared to that calculated
using both calibration curves. For 670-680 nm, the cal-
culated dose using only DesEBT-3 film calibration curve
was also higher than that computed using both films, and
higher than actual delivered dose for all but 100 cGy.

curve of a single film and ignoring the contribution to
AQD from the second film. For 630-640 nm band, cali-
bration curve of EBT-3 film was used; for 670—680 nm
band, calibration curve of DesEBT-3 film was used. Con-
sistently, using only EBT-3 film calibration to calculate
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TABLE 4 Percentincrease in AOD for EBT-3 and DesEBT-3
with N = 5 samples averaged at specific time points after exposure

(%0D increase) (%0D increase)

Time (min) EBT-3 DesEBT-3 p-Value
1 5.0 + 0.1 3.8 + 0.1 0.0000006
5 13.3 £ 0.3 9.6 + 0.6 0.00003
10 182 + 04 12 + 1 0.0002
15 211 £ 05 15+ 2 0.0006
30 25.7 + 0.6 20+ 3 0.006
60 299 + 0.6 26 + 4 0.1
1.6 T T T : :
6MV - -DesEBT-3 --—~EBT-3 —Combined
1.4} 500cGy
300cGy/min
51.2 [
3
8 1
]
e
c0.8r
o)
0.6
0.
Q
<04}
0.2¢

450 500 550 600 650 700 750
Wavelength (nm)

FIGURE 9 Absorbance spectra of combined EBT-3 and
DesEBT-3 films in single optical path (solid) and independent
absorbance spectra of EBT-3 (dash) and DesEBT-3 (dash-dot) after
exposure to 500 cGy with a 6 MV beam at a 300 cGy/min, shown for
comparison

3.4 | Macroscopic crystal structure
comparison

Electron micrographs (Figure 10) show a qualitative
comparison of the overall structures at 2500x magnifi-
cation and 10.00 kV accelerating voltage. Crystals from
DesEBT-3 films did not show any notable difference
in crystal morphology compared to the LiPCDA crys-
tals in commercial film. They maintained an aspect ratio
greater than 10:1, with no notable fragmentation due to
the desiccation even when viewed at 25 000x magnifi-
cation (not shown).

4 | DISCUSSION

The lack of change in crystal shape and size as
observed on SEM images accompanied with a shift in
the main absorbance peak suggests that while removing
the water alters the monomer packing, it does so with-
out fragmenting the macroscopic structure. This causes
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a decreased change in optical density with dose, likely
at least in part due to altered distance in between
monomers within a crystal. The exact percent decrease
in AOD varied between pieces of films from different
lots, as shown in Table 3, based on the difference in
history of the individual pieces of film (film 1 from lot
no. 03111902 was desiccated separately from the oth-
ers). The impact of film history on dose response is not
unique to the DesEBT-3, as commercial radiochromic
films have been shown to be sensitive to storage
conditions?”-?® There was also an observed increase
in uncertainty in AOD of desiccated films (Tables 2—4).
This may be due to some water molecules remaining
within the crystal despite the films reaching a plateau in
mass (Figure 3), and acting as an impurity to an other-
wise desiccated structure. If so, this would affect poly-
merization and thus measured response to dose.

The AOD remained non-linear with dose contrary to
our hypothesis. The presence of Li* in both forms of
EBT-3 causes deviation from signal linearity which was
not observed with predecessor films using PCDA until
at least 20 Gy using the same irradiation and read-
out methods® Similarly to PCDA-based radiochromic
films,?® a shift in A, for DesEBT-3 was observed, indi-
cating a small reorientation of the polymer backbone.
In contrast, EBT-3 with water still present in the crys-
tal maintained a constant A,,5x over the range tested, in
agreement with previously published data that used the
same radiosensitive material.”

In Table 4, a t-test to compare percent change in opti-
cal density after irradiation showed statistically insignif-
icant difference at ~1 h (a = 0.05) between EBT-3
and DesEBT-3 due to the increased uncertainty in the
AQOD of DesEBT-3. However, at times <1 h, the percent
increase in AOD was significantly greater for commer-
cial EBT-3 film. This is an unexpected result given that
EBT-3 previously showed faster polymerization than
PCDA-based MD-55,” and we hypothesized desiccated
LiPCDA to pack similarly as PCDA. To make a definitive
conclusion, repeat post-exposure data needs to be col-
lected over a longer period of time (>1 h) and also at
expanded dose and dose-rate ranges.

When two films are used in the same optical path,
but only one calibration curve is utilized (Equation (4)
or (5)), the calculated dose is consistently higher than
when both EBT-3 and DesEBT-3 are taken into consid-
eration (Equation (7)) (see Table 5). Simply, it is because
the contribution of second film to total AOD is not being
accounted for. In most cases, this had led to a higher
percent error between true dose and calculated dose,
with the exception of 3000 cGy using EBT-3 peak and
calibration, and 100 cGy using DesEBT-3 peak and cal-
ibration. The calibration curve for DesEBT-3 film has a
negative residual error (see Table 2), resulting in an over-
estimate of AOD and an underestimate of dose when
DesEBT-3 film is used with the corresponding calibra-
tion equation. However, when given a higher value of
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FIGURE 10
were taken at 2500x magnification

Scanning electron microscopy (SEM) images of DesEBT-3 (left) and commercial EBT-3 (right) with binder removed. Images

TABLE 5 Summary of calculated dose and percent difference to the actual dose delivered using Equation (7) for combined films, and
Equations (4) and (5) for calibration curves at main absorbance peaks of DesEBT-3 and EBT-3, respectively

630—640 nm 670—680 nm

Calculated Calculated Calculated Calculated
Delivered dose (cGy) dose (cGy) dose (cGy) dose (cGy)
dose (cGy) Equation (7) %Diff Equation (5) %Diff Equation (7) %Diff Equation (4) %Diff
100 100.8 +0.8 119.5 +19.5 81.9 -18.1 94.5 -55
500 504.3 +0.9 629.1 +25.8 566.8 +13.4 689.8 +38.0
1000 863.0 -13.7 1201.9 +20.2 1031.0 +3.1 1305.9 +30.6
2000 1281.7 -35.9 3030.6 +51.5 2075.5 +3.8 3001.5 +50.1
3000 1505.2 —-49.8 3418.0 +13.9 2872.0 -4.3 4888.7 +63.0

Note: An overestimate of dose is denoted as positive percent difference, and an underestimate as negative.

AOD with unaccounted extra film (as in Table 5), the
underestimate of dose becomes lower. Hence, using just
the DesEBT-3 film calibration and 670-680 nm band
for 100 cGy resulted in smaller percent error between
calculated and delivered dose. For the 3000 cGy dose,
using 630-640 nm band and EBT-3 film calibration
curve (Equation (5)) overestimates the dose compared
to actual dose, but has smaller percent error. This is
because the combined AOD from the two films at this
dose has already saturated the detector (AOD for EBT-
3 and DesEBT-3 films alone at 630—-640 nm is 2.53 and
0.72, respectively). At this point, AOD is no longer addi-
tive because of the saturation. Hence, ignoring the con-
tribution of the DesEBT-3 film and only interpreting the
data using EBT-3 film calibration curve results in a better
estimate.

On the other hand, dose calculated using both EBT-
3 and DeskEBT-3 in a single optical path showed rea-
sonable agreement (within 1%) up to 500 cGy when the
630-640 nm absorbance window was used. At doses
10 Gy and above, this band led to under-reporting
of dose due to approaching saturation for combined
absorbance in this part of the spectrum. However,
switching to 670—-680 nm band allowed for agreement
between delivered and calculated dose within 5% error.
These results may be improved with selecting other

diacetylene crystals with polymer absorbance peaks
that are further spectrally separated, and by optimiz-
ing the thickness of each material within the optical
fiber to achieve a desired sensitive and dynamic range.
Since we were working with commercial materials here,
neither spectral peak location nor thickness was opti-
mized in this proof-of-concept experiment. Given the
high dependence of DesEBT-3 film on its history, this
material is a rather poor candidate for multi-point mea-
surements. However, another form of LiPCDA absorbing
at ~675 nm,'820.30 which has yet to be fully character-
ized, can be potentially used instead.

The above results strongly suggest that water is inte-
grated into the crystal structure, altering the monomer
packing, and removal of it via desiccation has an effect
on dosimetric parameters of relevance to traditional
and real-time dosimetry use. This is corroborated by
the Fourier transform infrared spectroscopy and thermo-
gravimetric analysis experiments showing that the com-
mercial EBT-3 film consists of monohydrated form of
LiPCDA and dehydration results in the loss of one water
molecule per monomer, converting LIPCDA to another
form.20

Co-crystallization of PCDA with other molecules
besides water has been demonstrated, with some
yielding radiation sensitive forms.2" Co-crystals of other
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diacetylenes besides PCDA may also be possible,
opening the door to a selection of different monomer
crystals with spread out absorbance bands and optimal
dosimetric parameters, and which may be incorporated
into a single optical fiber for multi-point measurements.

5 | CONCLUSIONS

The active material of DesEBT-3 film was observed by
SEM to be structurally indistinguishable from the active
material in the commercial EBT-3 form but showed
spectral and dosimetric differences. Specifically, the
main absorbance peak of the resulting polymer in
DesEBT-3 film shifted to ~675 nm, resulting film yielded
lower AOD with dose, 1,ax shifted with increasing dose,
and post-irradiation growth in AOD may have been
altered. These results indicated that water is an inte-
gral part of the diacetylene crystal structure and remov-
ing it through desiccation changes the monomer pack-
ing, as demonstrated through changes in spectral and
dosimetric parameters. Incorporating two distinct forms
of diacetylenes into a single optical path allowed dose
measurements from individual absorbance bands with
limitations, which may be solved with optimized selection
of diacetylenes and material thicknesses for use over a
desired dose range.
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