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Abstract

Fricke gel dosimeters were prepared using a ma&ded on poly(vinyl-alcohol) chemical cross-linkeith
glutaraldehyde and loaded with Xylenol Orange. $amples were irradiated with gamma rays to doses in
the range of 5-30 Gy and the consequent color @dsngre investigated by using spectrophotometry and
colorimetry techniques.

Starting from the measurement of the transmitteapextra, an analysis of the color of the dosimeters
carried out considering the CIELAB color spaceallbwed to highlight correlations between the color
coordinates and the dose. Furthermore, the auttat@n processes occurring in the samples wasestumi
colorimetric measurements on both un-irradiated iaradliated samples at different times, up to tweelw
post-irradiation. The results showed no significdifiterences in the oxidation effect on the dosengt at
least in the investigated dose interval.

The study suggested that colorimetric analysis,bioeud with the spectrophotometric one, can be &ulise

tool for characterizing the samples in view ofansllardization of Fricke gel dosimetry.

Keywords: Gel dosimeters, Radio-chromic gels, Poly (vinybalal), Xylenol Orange, Colorimetry.



1. Introduction

Radiation dosimetry refers to the measurement arcHizulation of the dose absorbed by an object as
consequence of the interaction of ionizing radmti@osimetry is essential in many applications like
radiotherapy, food irradiation and radiation steaiion. The dose, measured in gray (Gy=J/kg), isteién

the energy deposited, by ionizing radiation, peit orass of matter being irradiated. Over the yetrs,
physicists have developed several systems to ned#seiradiation dose or, more in general, to cherize

the quality of an ionizing radiation field [1]. Tée include ionization chambers, radiographic and
radiochromic film, semiconductor detectors, themmuhescence and optically stimulated luminescence,
scintillation dosimeters and electron spin resorahasimeters [1-7]. However, current dosimetersoalg
able to measure the dose in a limited volume (1Birdeters) or in a plane (2D dosimeters) and thag th
cannot provide a dose distribution over largerdtdienensional (3D) volumes [8]. Recording the disttion

of the dose in three dimensions is characteridtigeb dosimetry [9] and in particular of Fricke GEIG)
[10].

In FG dosimetry, ferrous ions (B are dissolved in an acidic medium and the intavacof ionizing
radiation with the gel causes water radiolysidofeéd by and a series of chemical reactions leatiintye
conversion of F& to ferric ions (F&). The final concentration of Eeis proportional to the absorbed dose,
up to saturation [11].

The presence of paramagnetic®Falters the proton relaxation times of water anes¢hchanges can be
measured by means of Nuclear Magnetic ResonanceRjNiglaxometry [12] and Magnetic Resonance
Imaging (MRI) [10,13]. Furthermore, the spatialtdisution of Fé" can be used to produce a 3D dose map
by optical imaging [14,15] if a suitable metallaniindicator is added to the gel matrix [16-19].

The most used metallic-ion indicator is Xylenol Gya (XO) sodium salt. The Febinds to XO forming a
colored complex (XO-F®) that can be detected by spectrophotometric tgckesi Actually, this complex
absorbs light in the green-yellow spectral regi®-600 nm, making the irradiated Fricke gel doserst
easily recognizable with the naked eye [20-22].ebd] their color changes from yellow to purple with
increasing the absorbed dose.

Several papers available in the literature focusedhe effects produced by the ionizing radiationtioe
optical and structural properties for different eratls. In many cases, the color changes induced by
radiation can be correlated with the absorbed 3J2]3-

In this study the effect of gamma irradiation oe tolorimetric properties of the Fricke gels loaadth
Xylenol Orange was investigated and correlatiorte/éen absorbed dose and color changes were discusse
The optical characterization of the irradiated geés performed (i) by spectrophotometry for assgstie
transmittance properties, and (ii) by the colorimdor the color specification using the systemified by

the Commission Internationale d’Eclairad€IE).

It is worth noting that spectrophotometry allowsasmering the intensity-energy relationship in sadct
regions of the electromagnetic spectrum. It analythe reflecting, absorbing or transmitting proigsriof

samples without human interpretation and it cambiectly linked to the colorimetric informatiorsimg the
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color matching functions and the spectral powetritistion of the illuminant according to CIE standa
rules [38].

The spectral transmittance information obtainedspgctrophotometry was combined with colorimetryt tha
performs a psychophysical analysis combining thgsigll stimulus resulting from the interaction ahit
with objects, with the response of the human visyatem, which is based on the spectral sensgsviif the
three photoreceptors of human eye, the tristimuéilses.

In particular, after the assessment of the optiealsmittance characteristics of the investigateckgé gel
dosimeters, we correlated their color with the abbsd dose and explored the color coordinate mostly
influenced by the dose. Color measurements atrdiffetimes post-irradiations were also performecé W
chose the CIELAB 1976 color space that is one efftiost used for communicating and expressing @olor
the research field considered. Furthermore, theLSHE: color space was designed to be perceptually
uniform with respect to human color vision, whicleans that the same amount of numerical variation
corresponds to approximately the same amount afgehperceived visually [38].

We performed the experiments using dosimeters pedpavith a gel matrix composed by synthetic
hydrogels based on poly(vinyl-alcohol) (PVA) cheaticross-linked with glutaraldehyde (GTA) and lodde
with XO. Such composition proved to be characterikg a diffusion rate of ferric ions significantigwer
that what achievable with natural gel matrices kijedatin from porcine skin and agarose [39,40]. this
reason, the interest toward PVA-GTA Fricke gel dedry is gaining importance, as attested by the
increasing literature about this topic [41-47]. TR&A-GTA Fricke gels have, in fact, sensitivities
comparable to the conventional gel dosimeters hay &re promising tools in X-ray external radiotpsr
applications. It has been demonstrated that PVA-GTieke gels are almost tissue equivalent overrg ve

large photon energy range with independent doss eatd radiation energy [45].

2. Materials and Methods

2.1 Samples preparation

The PVA-GTA-FG dosimeters were prepared using pilire water (resistivity 18.2 §I:cm), obtained by a
water purification system (Milli-& Direct, EMD Millipore, Germany), and using the ltaling analytical
grade compounds: 8.0 % w/w poly(vinyl alcohol) (PViowiol®18-88, Sigma Aldrich [48]), 0.5 mM
ferrous ammonium sulfate hexahydrate (FAS, CarloaEr0.165 mM Xylenol Orange tetra-sodium salt
(X0, Riedel-de Haén), 21.2 mM of glutaraldehyde £GBigma Aldrich), and 25 mM of sulfuric acid (SA,
Sigma Aldrich). The procedure for PVA-GTA Fricke | gdosimeters preparation, described in detail
elsewhere [45], is here briefly summarized.

PVA solution was prepared by dissolving dry PVAuitrapure water (80% of the total water volumey@t
°C under magnetic stirring. After the complete diggon, the PVA solution was left to cool downrabm
temperatureife. 18°C). Then, Fricke-XO solution was prepared bgiag SA, FAS and XO in this order

into ultrapure water (20% of the total water volgmdth moderate stirring.



Finally, FG dosimeters were obtained by incorpaatrricke-XO solution into the PVA solution (with a
rate of about 10 ml/min) and subsequently by addhey GTA under a slow magnetic stirring of 50
revolutions per minute (rpm).

The final solution was poured into UV-Vis standamavettes (10 mm optical path length) closed with
cuvette-stoppers and sealed with Parafilm™. Intamdiother FG dosimeters were obtained by pouitireg
solution into parallelepiped polyethylene-vess&B hm optical path length, 12 mL volume) and eqedp
with a stopper and sealed with Parafilm™. Thesepsssnwere used for colorimetric investigations.efft
the complete gelation, all the Fricke gel dosinetgere stored in the dark at the controlled tenipsezeof
6°C in order to minimize auto-oxidation phenomed®][ The samples were brought back to room
temperature 1 hour before the irradiations anccaptheasurements.

2.2 Samples irradiation

To assess the dose-response of the PVA-GTA Xylé@ringe Fricke gel dosimeters were uniformly
irradiated, with an IBL 437C°®'Cs blood irradiator at the “Fondazione IRCCS IstitiNazionale dei
Tumori” of Milano (Italy) at room temperature adng a dose rate of 11 cGy/s. [22]. The irradiatiorese
performed the after their preparation.

The dose interval 5-30 Gy was selected for covedangange of clinical interest for conventional and
stereotactic radiotherapy practices. For each #ake, three samples were irradiated. Figure 1 shine
picture of various Fricke gel dosimeters irradiaiedifferent doses, together with an un-irradiagachple (0

Gy). The figure highlights that the color changeduiced by gamma irradiation are visible with na&ge.

0 Gy 5Gy 7 Gy 10 Gy

15 Gy 20 Gy 25 Gy 30 Gy

Figure 1- Picture of PVA-GTA-FG inside cuvettes tmlorimetric measurements, irradiated at differdoges in the

interval 5-30 Gy, together with an un-irradiatechgte (0 Gy). The delivered dose was reported retred sample.

In the range of dose irradiation, the choice of ltweer value is linked to the delivered dose uraiaty.
Preliminary studies indeed have shown that timediation values lower than 30 seconds (correspgntdin
a dose of about 3 Gy) leads to an uncertainty @re@t 10% of the dose value. For this reason, the

experiments started from 5 Gy.



2.3 Optical Measurement

An UV-Vis spectrophotometer (Cary 100 UV-Vis, AgiteTechnologies, Santa Clara, CA, USA) was
employed for optical transmittance (T) measuremehfthe samples in the wavelength range of 380+#80
with steps of 1 nm. Optical transmittance specteaevacquired using one cuvette filled with ultrapuater
as a reference. In order to highlight optical clenglue to the irradiation, the differences in @ptic
transmittanceA(T) between the irradiated samples and an un-atadi one were considered. The

measurements were performed approximately one{mmsirirradiation [40].

2.4 Color measurement

The measurements were performed using a Konicalddi@R5 colorimeter with the transmission geometry
known as “di:180°". This means that the sample ivecethe diffuse illumination and the total tranted
light, consisting of diffuse and directional compats, was detected at 180°.

The transmittance measurements are carried ouelosagples contained in rectangular cells compo$ed
glass for transmittance measurement with an oppiadd of 10 mm. For this experiment, the D65 illoanit
and the CIE 1964 standard colorimetric observeewsed. The standard CIE observer for 10° vised fi
was employed because it is mainly used in inddstakorimetry and the daylight illuminants simulattne
sunlight environmental conditions. The selectedniihant, in fact, is denoted by the D that starmls f
daylight and the number 65 specifying the correlatelor temperature expressed in kelvin and divibed
100. The scale adjustment, fundamental in coloryngtactice [50], was performed by the black (0%l a
the white calibration (100%) references with whtble instrument is equipped. The color measurements
were carried out at different times on the sameftgtadiated gels in order to check any changestd the
auto-oxidation process. With this purpose, we natimed 0 (t=0) the first colorimetric measurementrieal
out one-day post-irradiation, and time 1 and 2attguisitions made after one and two weeks, res@dygti
Starting from the CIE tristimulus values XYZ, wesdissed the colorimetric results considering tHeL&B
color space defined by CIE in 1976 [38], as donerevious studies conducted in the same field [23-2
The XYZ values, for a transmitting sample, werecakdted considering the product of the spectral grow
distribution of illuminant, the spectral transmitte of the FG and the color matching functions hef t
observer at each wavelength of the visible spectasngiven by the following equations (Equations 1)
[51,52].

780

X =k [[o PAZ(DT(A)dA
Y =k [ P(DFT(A)dA
Z =k [ P(DZA)T(A)dA (Eq.1)

whereP (1) is the relative spectral power of a CIE standéybtisource at the wavelength T(4) is the

transmittance of the sample at the wavelergttand x(4),y(1) and zZ(1) are the CIE color matching
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functions for the standard observer at the wavélehglhek factor normalizes the tristimulus value so that
Y is equal to 100 for a perfect white diffuser [3B]gure 2 showsin the visible range (380-780 nm), the
Color Matching Functions (CMB)(4),y(1) andz(4) for the 10° standard observer and the spectrakpow
distribution CIE illuminant D65 chosen in this exipeental set-up [38].

2.4 A B B DU S LA A LA S 1.5
—iw(}')
2.0 V5%
® Z,,(3) 5
g ----- CIE llluminant D65 s
= 1.6 L 41.0 2
(] (=
c 0
& 1.2 2
g " 2
5§ [ v 2
' v/ ~
g 0.8 10.5 <
= g
S 2
8 0.4 a
0.0 0.0
t +—————+—+ ——f—+—+

+ +—t——+ t t +——+
420 480 540 600 660 720 780
Wavelength (nm)

Figure 2 — The CIE Color Matching Functionét), y(4) andz(4) for the 10° standard observer (primary scale in
black) and the spectral power distribution CIEnriinant D65 (secondary scale in red) are plottethén380-780 nm

range with solid and dashed lines, respectivelyg3JL

One of the main drawback of the tristimulus coloace is the lack of perceptually uniformity, asnped out
in the “Supplementary Materials” and in the Fig&®a. For this reason, we used the CIELAB color spac
that better approximates human vision describihghal color visible to the human eye [45]. The CAR.
coordinates were calculated from the tristimulusuea (Eq. 1) according to the following equations

(Equations 2) [51]:
L* = 116f (1-)-16

@’ =500[f () = £ ()]

b* =200[f (yin) —f (%)] (Eq.2)
where f(s)=3" for s> 0.008856 and f(s)=7.787s+16/116 fer0s008856and X, Y andZ are the tristimulus
values. In Eq. 2 the same values with the subsgripter to the tristimulus values of the perfect waktr for
the given illuminant and standard observer [51]CIELAB color space, the color is mapped onto @ehr
dimensional space in which L* coordinate indicates darkness and lightness axis and the coordiaates
and b are associated to red (positive values) and gieegative values), and yellow (positive values) and
blue (negative values), respectively. In the CIELA&or space the same amount of numerical variation
corresponds to approximately the same amount afigghg@erceived visually [38]. More details on color

spaces are given in Figure S1b of the “Supplemghdaterials”.
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The CIELAB color difference between two colors épresented by the Euclidean distadd®,, expresses
by the equation 3a [51]:
1
AEy, = [(L5 = L1)? + (a3 — a1)? + (b3 — b))*2 (Eq.3a)
In our case, the subscripts 1 and 2 refer to the@radiated and to the irradiated samples, respelgti

Equation 3a, with the obviously meaning of the sgtabcan be rewritten as:

AE', = [(AL)? + (4a° )2 + (4b" )]z (Eq.3b)

3. Results and Discussion

Figure 3 shows some examples of optical transnuigtapectra of FG dosimeters irradiated to diffedases
(panel a), together with the spectra of the opticahsmittance variatiol\(T) as effect of the gamma
irradiation (panel b). It can be observed thattthesmittance decreases with increasing the radiakse in

the wavelength region 500 nm - 600 nm (green rggiarfact, it is known that the irradiated FG duosters
loaded with XO are characterized by a broad optbabrption peak around 585 nm [21]. Additionahdet
about the absorbance spectra of these dosimetérthein relationship with the absorbed dose arergim

the “Supplementary Materials” (Figure S3). The s$raritance spectra have been used to highlight the

relationship with the colorimetric analysis perfeanby colorimeter.

1 A(T)l

-O.8:}::{:::::i::i:::::
420 480 540 600 660 720 780

Wavelength (nm)
Figure 3 — Optical transmittance spectra of PVA-GFAcke gels irradiated to different doses (pangl and

corresponding optical transmittance variati(ii) spectra (panel b).



Starting from the transmittance spectra and corisiglehe approach described in Section 2.4, the CIE
tristimulus values XYZ of the investigated FG dosiers were derived and their spectra are shown in
Figures 4-6 in the interval of the visible electammetic spectrum (380-780 nm) according to CIE.[51]
From the curves’ trends of XYZ we can gather sowieranformation about what happens in the gel with
the gamma irradiation. It can be observed thatcZeimses with increasing the radiation dose. It melaat

the blue color perception of the samples is prayvely enhanced with increasing the dose absorgeatid
Fricke gel dosimeters. By contrast, X and Y de@ewsth increasing dose, indicating a progressive
reduction of the yellow-orange (450-650 nm) pencepof the irradiated samples. Furthermore, X and Y
spectra show at least two peaks in the region letv#@0-650 nm, deriving from the transmittance esrv
They are related to the chemical reactions ocayipetween radio-induced ferric ions and XO as éfbéc
the gamma irradiation which produce different typesomplexes [54]. For more clarity, the trends<ofy

and Z coordinates versus dose are reported inShpgiementary Material” in Figure S2.
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Figure 4 — X values in the visible range of theetemagnetic spectrum of Fricke gel samples irtaediao different

doses.
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Figure 5 -Y values in the visible range of the electromagnsgiectrum of Fricke gel samples irradiated toedéht
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Figure 6 —Z values in the visible range of the electromagnspiectrum of Fricke gel samples irradiated toeddt

doses

As explained in Section 2.4, in addition to the X¥alues, the color coordinates in the CIELAB cdpace
were derived to better investigate and quantify ¢bbor differences of the irradiated samples. Thiorc
differencesAL*, Aa*, Ab* and AE*,, calculated using Eq. 2 and 3, are reported ineTab Using these
values it is possible to detect color variationatthre not visible with the naked eye, and to distab
thresholds revealing significant color changesfdct, unlike the human eye perception, in the CIBLA
color space it is possible to define tolerance emland range for acceptability, useful for various
applications. Tolerance values should correlateh® human eyes so that color is both visually and
numerically acceptable. This ensures, for instaocesistency from one batch of material to the oee. It

is worth noting that only trained observers canagotolor differences characterized dg*ab ranging from

1 to 2. By contrastAE*ab values greater than 5 can be easily noticeallmbservers [55]. In the case of the
irradiated Fricke gel dosimeters, considering theedrange selected for the experiments, significéugh
AE*ab values were obtained.

Among the various color differences shown in TabléL*, Aa* andAb* are of particular interest since
they are related to changes in color brightnessiardrms of red (positive) -green (negative) aetlopv

(positive) -blue (negative) shifts, respectively.



Table 1- AL*, Aa*, Ab*, AE*,, values, obtained using an un-irradiated gel asreete, and the related
uncertainties for each irradiation dose (Gy) asted. The uncertainties were calculated by theggation

of uncertainties.

?g;)e AL* Aa* Ab* AE%,

5 -16.8 0.1 57 +0.1 255 #0.2 31.1 0.2
7 21.6 #0.1 6.7 0.1 -32.7 0.2 39.7 #0.2
10 -29.3 0.1 7.9 0.1 -46.0 +0.2 55.1 +0.2
15 -38.2 0.1 8.8 0.1 61.9 +0.2 73.3 #0.2
20 445 +0.2 9.0 0.1 74.3 +0.2 87.1 0.3
25 -48.7 +0.2 8.7 0.1 -83.8 +0.2 97.3 #0.2
30 -51.8 0.1 8.2 +0.1 -91.8 #0.2 105.8 +0.2

AL* values are negative and decrease dose from -.8y) to -51.8 (30 Gy), indicating that the gel
samples become darker with increasing the absalbed.Aa* are positive, characterized by very small
values compared to the other color differences, witidout any monotonic trend with the radiation €os
Finally, considering thé\b* negative values, significant blue-shifts werdaified, as expected. In fact, the
color of the Fricke gel dosimeters changes, wheseked with naked eye, from orange to purple, with
increasing the radiation dose.

The plots of the L*, a* and b* color coordinategsigs radiation dose are shown in Figure 7. Infibisre,
the dash blue line is a guide for the eye obtairs#dg a basis spline function. By contrast, thesad lines
are fitted curves to the experimental data ovemthele dose interval.

Figure 7a shows the decrescent exponential treatcittscribed the behavior of L* coordinate with dose.

In the same Figure, the a* and b* coordinates (f@dib-c) are shown. As highlighted in Figure 7b &fe
coordinate presents two types of responses. Uiy She samples are subjected to a red-shift, diexhtn
Table 1 byAa*=5.7. Then, the behavior seems to be monotoneiartie higher doses region, it becomes

slightly decreasing.
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Figure 7 - (a) L*, (b) a* and (c) b* color coordiea versus radiation dose. The dash blue linegside for the eye
obtained using a basis spline function. The sdillimes are fitted curves to the experimental datx the whole dose

interval.

In detail, the exponential function:

Dose.

CC=A+* exp(_T) +C (Eq.4)

was fitted to the experimental data related tolth@nd b* coordinates. In Equation 4, CC are théorco
coordinates (L* and b*) and A, B, C the fit paraemst(A is a scaling factor, B is the parameterteeldo
exponential decay and C is the offset). The vatideke fit parameters together with th&iRdex are shown
in Table 2.

Table 2 — The exponential fit parameters of theahti b* coordinates obtained by color measurements.

cC A B C R?
L* 60.3+0.4 15.1+0.3 11.8+0.5 0.9998
b* 120.9+1.5 20.9+0.5 -19.7+1.6 0.9998
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In order to investigate and quantify color chandes to the auto-oxidation process occurring inRhieke
gel dosimeters, the b* coordinate was evaluatediffrent times post-irradiation, as explained icton
2.4.

Figure 8a shows the trend of b* values vs doseimédaup to two weeks post-irradiation.

In the Figure the t=0 indicates the first colorimetmeasurement after irradiation and t=1 and & t
acquisitions made after one and two weeks lat@ectsely.

Each point in Figure 8b is the mean value of thmeasurements performed on different samples. Trioe er
bars, corresponding to one standard are includ#tkisize of the symbols.

Using the exponential fit parameters of Table 2tesl the b* coordinate obtained at t=0, the recootd

dose values achievable at different times posthatgon were calculated using the following Equat®

Reconstructedposg = —B * In (b%c) (Eq.5)

Where A, B and C are the fit parameters previoasytioned for Eq.4.
Figure 8b shows the reconstructed dose valseshe delivered dose. The errors bars in Figure 8b,
corresponding to one standard deviation, were ki by the propagation of uncertainties, congigethe

uncertainties of the fit parameters A, B and C treduncertainty in the experimental measuremeht of

120 73T & ol "~ 1T T T T 7177
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Figure 8 — (a) Trend of b* values vs dose measatatifferent times post-irradiation Each pointhe tmean value of

three measurements performed on different sampleserror bars, corresponding to one standard tiewiare smaller
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than the dimensions of the symbols. (b) Reconstuctose values vs the delivered dose at diffeiemst post-
irradiation, together fitted straight-lines.

A linear function expressed by Equation 6:
Reconstructedposg = m * Deliveredposg + q (Eq.6)

was fitted to the experimental data of Figure 8fe Values of the fit parameters related to thees(op and
the intercept (q) of the fitted straight lines, aeported in Table 3, together with thé iRdexes. It can be
observed that the three fitted lines of Figure 8tedonly in the value of the intercept, that repent the
dose related to the auto-oxidation of the gel sampl

For each dataset (i.e. for each post-irradiatiore}j the differences between the delivered dosdstlam
reconstructed onesADose) were calculated. The corresponding mean salimean ADose) and

uncertainties (one standard deviations) are regoria Table 3.

Table 3— Values of the fit parameters indicating the slopg and the intercept (q) of the straight lindted
to the data of the reconstructed dose vs delivered Values of Rand meamDose are also reported. All

the values are given with the associated uncegi@tm, Aq ando).

Time (week) mAm g+AqQ Mean ADosexo R?
0 1.003+0.005 0.00+0.05 0.07+0.09 0.9999
1 1.004+0.006 1.15+0.06 1.15+0.07 0.9993
2 1.008+0.005 2.05+0.05 2.11+0.06 0.99943

In Figure 9, theADose values are plotted versus the delivered ddse solid red lines and the dotted blue
ones in Figure 9 represent the me@&dose values and the q values, respectively. Ndfgignt trends of the
ADose values with increasing the delivered doseakasrved, for all the three sets of measurements.

3.0 T v T T T v T T T T
e 0 o =1 e 2|
2.5+ : : ]

2.0L: %o onnnss e N enrena TR

ADose (Gy)

0.5+ ; ‘ .

i PR D e —— e s =

05 ¥ FF—F+—F+
0 6 12 18 24 30 36

Delivered Dose (Gy)
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Figure 9 — Delta DoseADose) values vs the delivered dose for differerstiwadiation times. The solid red lines and
the dotted blue ones represent the meanse values and the g values reported in Tablespectively.

Using the unpaired t-test, confidence levels etu&0%, 100% and 45%, between intercept paramédgrs
and the meamDose values were obtained, considering the data pait=0, t=1 and t=2, respectively. It
suggests that the oxidation process depends ortlgeotime elapsed by the radiation and not on tse dat
least in the investigated interval. The same caigoiucan be drawn by fitting the function of Eqtct
experimental data of Figure 8b and comparing tHeegaof the fit parameter B. Values equal to 20.9;+0
20.240.4 and 20.4+0.4 were obtained for t=0, t=8l &2, respectively. Applying the unpaired t-testia
considering the data pairs at t=0/t=1; t=0/t=2 &idt=2, the confidence levels estimated are of 32886
and 76%, respectively.

In fact, differences in the auto-oxidation of inatéd samples with the delivered dose could beagdeonly
close to the saturation of the dosimeter’s resparisen ferrous sulfate to oxidize is no more avaddbe. at
doses higher than 30 Gy). It is worth noting thhe tsame information would be attained by

spectrophotometric analysis, as previously donk different Fricke gel matrices [11, 47].

4. Conclusions and Remarks

Fricke gels as dosimeters are well known toolsaghation dosimetry. As consequence of the intevaabif
ionizing radiation, ferrous ions (E% are converted into ferric (8 ions and, by adding Xylenol Orange
sodium salt into the gel dosimeters, a colored demXO—F€") is formed. The study of the color of this
complex and its variation with changing the radiatilose and the post-irradiation time was the olgjethis
research.

Starting from the measurement of the transmittapeetra, an analysis of the color of PVA/GTA Frigiads
loaded with XO was carried out considering the GABLcolor space. The calculation alL*, Aa*, Ab*
allowed quantifying the color changes and to stpdgsible correlation between the color coordinares
the dose. Exponential decreases of L* and b* witltdasing the radiation dose were observed, ateste
effect of ionizing radiation to darken the sampéasl to change their color from orange to violet. By
contrast, no significant correlation of the a* adioate with the dose was observed.

The auto-oxidation processes of the samples werdbest by assessing the b* values of both un-irtadia
and irradiated samples at different times, up -iveeks post-irradiation.

The results showed no significant differences ie txidation effect on the dosimeters, at leasthie t
investigated dose interval.

The methodological approach used in this reseatatieais turned out to be very useful becauselawaed
to match information coming from transmittance aotbrimetric measurements. It must be pointed loai, t
despite the long and extensive research carriedro&ticke gel dosimeters in the recent decadesegttools
still require further optimization and standardiaatof the production procedure. When used in theceal
practice for 3D dose reconstruction, MRI and optioenography are the reference techniques. Howeger,

far as the research and development phase is cattahe results of this study suggest that coletriyn
14



combined with the well-established spectrophotomedchniques, can be useful for characterizingkeric
gel samples. The relevance of such color changdshanfurther variations due to the interactiononiizing
radiation or auto-oxidation processes can be ealstgcted and quantified by colorimetry. Furthemmor
because any variation in the receipt and/or inctiemical components used for Fricke gel preparatiag
induce color changes in the sample, the colorimeiay contribute to the standardization of the Figel
dosimetry. With this purpose, a new campaign obicoleasurements has scheduled using differenttonela

(such as Methylthymol blue) that have a charadteneeak of optical absorption differing from th€®X
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Table 1 — AL*, Aa*, Ab*, AE*,, values, calculated using as reference the uniatied gel, and the related
uncertainties for each irradiation dose (Gy) aseetl. The uncertainties have been calculated aocptd
the error propagation theory.

Dose (Gy) AL* Aa* Ab* AE,
5 -16.8 £0.1 5.7 0.1 -25.5 +0.2 31.1+0.2
7 -21.6 #0.1 6.7 0.1 -32.7 0.2 39.7 +0.2
10 -29.3 £0.1 7.9 0.1 -46.0 £0.2 55.1 +0.2
15 -38.2 +0.1 8.8 £0.1 -61.9 +0.2 73.3 0.2
20 -44.5 +0.2 9.0 £0.1 -74.3 £0.2 87.1 £0.3
25 -48.7 £0.2 8.7 £0.1 -83.8 0.2 97.3 £0.2
30 -51.8 +0.1 8.2 +0.1 -91.8 £0.2 105.8+0.2




Table 2 — The exponential fit parameters of the L* and bdiinates obtained by color measurements.

cC A B C R?
L* 60.3+0.4 15.1+0.3 11.8+0.5 0.9998
b* 120.9+1.5 20.9+0.5 -19.7+1.6 0.9998




Table 3— The parameters of linear regressions (m, q @ydRthe reconstructed dose are listed together

with the meam\Dose for the considered times. All the values eported with the associated errossn, Aq

ando).
Time (week) miAm g+AqQ Mean ADose+o R?
0 1.003+0.005 0.00+0.05 0.07+0.09 0.9999
1 1.004+0.006 1.15+0.06 1.15+0.07 0.999$
2 1.008+0.005 2.05+0.05 2.11+0.06 0.99943
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HIGHLIGHTS

The color specification of the Fricke gels has been performed.
L* and b* follow a decrescent exponential trend with increasing dose values.
Reconstructed dose values are calculated at different times in 0-30 Gy.

Gels, measured at different times, oxide in an equal way with the considered dose-range.
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