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Chapter 10

CHEMICAL DOSIMETERS DEVELOPMENT
AT IPEN FOR THE RADIATION PROCESSES
QUALITY CONTROL

Ana Maria Sisti Galante” and Leticia Lucente Campos
Instituto de Pesquisas Energéticas e Nucleares, IPEN — CNEN/SP

Abstract

Different chemical compounds have been studied aiming to optimize dosimetric systems
in radiation processes. The absorbed dose measurement that induces beneficial changes in the
irradiated material characteristics is the most efficient method to monitoring the radiation
process quality. The chemical dosimetry is a dosimetric method very useful in high doses
measurements. Chemical changes radiation induced in liquid, solid or gaseous can be
measured and quantified by means of espectrophotomety, termoluminescence or electronic
paramagnetic resonance techniques and then the absorbed dose can be determined. A variety
of chemical dosimeters is available however, same time these materials are not adequate for
monitoring all types of products and irradiation conditions. The necessity of developing high
quality dosimeters whose cost is viable to the irradiation installations to assure the quality of
their processes, have stimulated the researchers to study new compounds that can be used in
the irradiations routine control. When the used dosimeter and the studied species have
approximately the same density and atomic composition the dosimetry is facilitated; the
chemical dosimeters offer these conditions. Aiming to improve the dosimetry processes used
in Brazil the High Doses Laboratory - HDL of the Instituto de Pesquisas Energéticas e
Nucleares — IPEN/CEN-SP developed and studied four different chemical dosimeters:
bromocresol green solutions, potassium nitrate (KNO;) pellets pure and mixed with
manganese dioxide (MnQO,), Fricke gel dosimeter (FXG) and dyed polimethylmethacrylate
radiochromic films. The optical absorption (OA) measures were chosen to study the
dosimetric properties and evaluate the advantages and disadvantages of each dosimeter. The
main dosimetric properties studied were: incident radiation energy and angle dependence,
ambient conditions influence and dose rate response; stability before and after irradiation;
reproducibility and response accuracy. The preparation method, the cost of raw materials and
use easiness were evaluated. The obtained results shown that the addition of MnO, in the
KNO; pellets extend the dose range of KNO; dosimeter from between 1 and 150 kGy to 150
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and 600 kGy. PMMA films produced using dye Macrolex® red 5B can be applied to measure
dose range between 5 and 100 kGy, bromocresol green solution doses from 1 to 15 kGy and
Fricke gel dosimeter (FXG) presents useful dose a range between 5 and 50 Gy. These four
dosimeters are of easy obtaining, low cost and simple use and can be applied to *°Co
monitoring in industrial irradiation processes routine dosimetry.

Introduction

The XIX century marks the beginning of the atomic physics development and two discoveries
contributed so that this occurred: in 1895, the German physicist Wilhelm Konrad Rdentgen
discovers a radiation of unknown nature calling it of radiation X or X-rays. One year later, the
French physicist Antonie Henry Becquerel intensifies its studies with the uranium mineral
and discovers radioactive emissions that can penetrate in the matter. The Polish physicist
Marie Sklodowska Curie intrigued with Becquerel’s discovery fractionated the uranium
mineral and isolated two new elements, the radium and the polonium. The knowledge of the
radioactive decay was not work of only one person, but it is contribution resulted of many
studious [1].

Soon after the discoveries of X-rays and radioactivity it was observed that radiation could
cause changes in matter and damage to health. The radiation chemical effect depends on the
matter composition and the amount of deposited energy by the radiation.

Radiation processing is a rapidly growing industry involving the improvement of several
materials by ionizing radiation: electron beam; X-rays; gamma radiation [2, 3].

Several dosimetric materials such as alanine [4,5], LiF [6-8], radiochromic films [9,10]
and organic dyed polymer[11] are examples of solid dosimeters; ceric-cerous solution,
ferrous - ceric solution, ferrous sulphate solution (Fricke dosimeter) [12,13] are liquid
dosimeters and nitrogen oxide and carbon dioxide [14-16] are examples of gaseous
dosimeters, among others, and different techniques thermoluminescence [17],
spectrophotometry [18,19], electronic paramagnetic resonance [20,21], magnetic resonance
image [22-24] has been studied and applied to optimize the quality control used in radiation
processing.

The High Doses Laboratory - HDL of the Instituto de Pesquisas Energéticas e Nucleares
— IPEN/CNEN-SP develops materials to be applied in high doses dosimetry. The purpose of
this research is to obtain materials of simple preparation method, low cost of raw materials
and use easiness that can improve the quality control of radiation process. In the last years
different materials such as potassium nitrate (KNO3) pellets pure and mixed with manganese
dioxide (MnOy), bromocresol green solutions, Fricke gel dosimeter (FXG) and dyed
polimethylmethacrylate radiochromic films were developed and characterized to be applied as
dosimetric material. Results on gamma radiation decomposition of mixtures that contain
KNO3 and compounds such as Ba(NOs3),, KBr and MnO,, a new radiation-sensitive indicator
in aqueous solution form, the development and characterization of a new PMMA detector
produced in Brazil and a Fricke gel dosimeter performance are reported. The studied
parameters were: absorption spectrum and signal stability of irradiated and non-irradiated
detectors; batch reproducibility; effect of the environmental conditions, dose-response useful
range and dose rate dependence response [25-28].
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Radiation Dosimetry

The dosimeters are classified as primary, reference, transfer and routine according to their
intrinsic accuracy and application. Primary standards enable an absolute measurement of
absorbed dose and are held by national standards laboratories; there are two types — ionizing
chambers and calorimeters. A reference dosimeter is defined as a dosimeter of high
metrological quality that can be used as a reference standard to calibrate other dosimeters;
examples of dosimeters include chemical dosimeters, such as the Fricke, ceric-cerous,
dichromate solutions and alanine dosimeters. A transfer dosimeter is used for transferring
dose information from an accredited or national laboratory to an irradiation facility in order to
establish traceability to that standards laboratory; example alanine, Fricke and dichromate
solutions. A routine dosimeter is a dosimeter whose performance is often not as good as that
of a reference dosimeter, but whose cost and ease of use make it suitable for day-to-day
measurements in a radiation processing facility; examples of commonly used routine
dosimeters are systems based on polymethylmethacrylate (PMMA), both dyed and un-dyed,
cellulose tri-acetate and thin radiochromic films. The ideal dosimeter must possess adequate
reproducibility and stability before and after irradiation, independence response on dose rate,
on radiation incidence angle and incident radiation energy, environmental conditions stability
and simple preparation and analysis [29].

Chemical Dosimetry

In chemical dosimetry the radiation dose is determined from quantitative chemical changes in
the irradiated medium that can be solid, gaseous and liquid [30-33].

Solid systems: The solid state materials consist normally of organic or inorganic
crystalline compounds (amino acids [4, 5], lithium fluoride [6-8]), amorphous or almost
crystalline (ceramics [6, 34], glasses [35-37], plastics dyed [11] and semiconductors [38, 39]).
In routine activities it is more interesting to use the solid dosimeters, because they present
adequate dimensions and mechanical resistance to the hard works in industrial radiation
processing. The measurement techniques used are spectrophotometry, thermoluminescence,
electron spin resonance and lyoluminescence.

Dosimetric systems based on radiolytic decomposition of inorganic nitrates are used in
quality control programmes of radiation processing. The final products formed are NO, and
O, that can be related with the dose. The radiation induced effect of added inorganic
compounds on nitrates pellets has been studied. When a sample is exposed to ionising
radiation the energy is absorbed by all the components present in the system such as cation,
anions and the added substances. The enhancement/retardation in the decomposition of
nitrates by various additives has been explained in terms of their electron donor/acceptor
properties [40-48].

Polymethylmethacrylate (PMMA) dosimetry systems are commonly applied in industrial
radiation processing [49]. The PMMA detector provides a means of directly estimating the
absorbed dose. Under the influence of ionizing radiation chemical reactions take place in the
material, creating and/or enhancing absorption bands in the visible and/or ultraviolet regions
of the spectrum. The absorbed dose is determined by using an experimental calibration curve
obtained by irradiating of a set of detectors with known absorbed doses aiming the quality
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control of the radiation process and presenting excellent results. Dyed PMMA detectors
produced at the High Doses Laboratory of IPEN using yellow, green, blue and red coloring
compounds were previously characterized based on ®°Co gamma response. Their responses
were compared with red 4034 Perspex and gammachrome YR detectors commercially
available using the optical absorption (OA) technique [27, 28].

Gaseous systems: The gaseous systems have been applied for the quality control of
irradiations of gases. Radiolysis of a gas may generate ions, excited atoms and molecules and
free radicals. Many experimental techniques have been employed to study gas-phase reaction
mechanisms, including permanent product analysis, measurements of ion currents, mass
spectrometry, pulse radiolysis, the effects of scavengers, and isotopic labeling. The frequent
types of reactions include direct formation of electronically excited molecules [14-16].

Liquids systems: When an ionizing radiation, i.e., gamma radiation or high-energy
electrons, passes through a liquid medium, water, organic solvent or a combined mixture of
water and organic solvent, ionizations and excitations occur along the trajectory. Aqueous
solutions are the most used dosimeters to evaluate the absorbed dose. The dosimetric system
is based on the reactions of solutes with the species formed in the radiolysis of water, as
example can be cited — ferrous sulphate dosimeter (Fricke dosimeter); ferrous-cupric sulphate
dosimeter; ceric sulphate (or ceric-cerous sulphate dosimeter; dichromate dosimeter; ethanol-
chlorobenzene dosimeter and radiochromic dye solutions [33].

The radiation-chemical reactions with the water, produces free radicals and molecular
products. Hydrogen atoms (H), hydroxyl radicals (OH) and hydrated electrons (e’q) constitute
the free radicals group; hydrogen (H,) and hydrogen peroxide (H,O;) constitute the molecular
products group [32].

The chemical species formed in an aqueous solution are the following:

(1)  H0 - HO +eyq

(2)  H,0" > H'ey+OH'

( 3 ) e-aq + H,0 —» H,O

(4)  HO +H,0 > H +OH
(5) H+H >H,

(6) OH® + OH® - H,0,

(7)  H+OH' > H,0

(8)  H"+H,0—Hy, OH"
(9) H202+OH.—)H20+ HOZ.
( 10 ) H + OZH. e HOZ.

( 11) HOZ. +H — H202

(12) R.+02—) ROZ.

The Fricke dosimeter systems provides a reliable mean of absorbed doses measurement
of in water, based on a process of oxidation of ferrous ions to ferric ions in acidic aqueous
solutions by ionizing radiation [29].

When the gamma radiation interacts with Fe?* ions transforms them into Fe* ions. The
involved reactions are:
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(1) Fe®+OH > Fe* +0H"~

(2) H.+02—)H02.

(3)  Fe?*+HO, - Fe** + HO,~

(4 ) HO, + H" > H»0,

(5)  Fe+H,0,— Fe* + OH + OH"

Each hydrogen atom forms a hydroperoxy radical, HO,, and each of these radicals
oxidizes three Fe®* ions; one by reaction (3) and two by reactions (4), (5) and (1). Each
hydroxyl radical oxidizes one Fe** ion, and each hydrogen peroxide molecule oxidizes two
Fe?* jons All reactions, except (5) are fast [32]. The organic impurities presence in the
solution cause significant variation in the dosimeter response, for this reason it is essential to
use very pure compounds.

Conventional Fricke dosimeter modified with gelatinous agent and the technique of
image generation for Magnetic Resonance (MRI) has been used in dosimetric practices. The
change of longitudinal proton relaxation time, T, due to the oxidation of ferrous ions (Fe*")
to ferric ions (Fe*") in Fricke gel dosimeter after irradiation can be used for the dose
distributions 3D determination [50-57].

An encapsulated liquid can be used in the dose control in irradiation process. If the
reaction products radiation induced are stable and the changes in the color can be direct
measured, with consequent variation in the optical absorption, and it is associated with the
absorbed dose, this solution can be used us a dosimetric system. Dyed liquid systems have an
advantage of being commercially available, cheap and easily handled, prepared and
measured. The bromocresol green solution, an indicator of reaction, was prepared and
characterized as a radiochromic dosimeter.

Methodology

Dosimeters Preparation

Potassium Nitrate

Pellets of KNO3 pure with different mass were cold pressed and the dosimetric properties
were analyzed. It is known that same additives can increase the useful dose range of KNO3
dosimeters. For this reason addition of compounds such potassium bromide (KBr), barium
nitrate (Ba(NOs),) and manganese dioxide (MnO,) were studied. The potassium nitrate pure
in powder form was dried in an oven at 80°C, samples were prepared by mixing required
weights of each compound and grinding in agate mortar to obtain uniform grain size of 80
mesh. The homogeneous mixture was cold pressed in pellet form with diameter of 6 mm,
using a Fred Frey press (model FC5; n° 2715) with applied load of 5 tons. The composition of
the different mixtures is presented in the Table 1(a), (b), (c) and (d). Before irradiation the
pellets were set in a badge, Figure 1, that consists of 2 Lucite® plates of 3 mm thick, that
guarantee the electronic equilibrium condition to ®®Co gamma radiation, and 1 Lucite® plate
of 1 mm thick with three holes, where the pellets are placed.
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Table 1. Pellets composition of mixtures different of KNO3; and additives.

(@)

Pellet Mass - KNO3;

(mg) %
50 - 100
75 - 100
100 - 100

(b)

Pellet mass MnO, KNO;
(mg) % %
55.5 10 90
62.5 20 80
71.4 30 70
50.0 40 60
50.0 50 50
50.0 60 40

(©)

Pellet mass KBr KNO3;

(mg) % %
50 40 60
50 50 50
50 60 40

(d)

Pellet mass Ba(NOs), KNO3;

(mg) % %
50 40 60
50 50 50
50 60 40

(a) KNO;3 pure
(b)KNO3z + MnO,

(c) KNO3 + KBr

(d) KNO; + Ba(NO3),

/ <4— Lucite® plate (3mm)

OO O / <€4— Lucite® plate (1mm) with 3 holes

/ <4——  Lucite® plate (3mm)

Figure 1. Schematic representation of the KNO; badge.
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Bromocresol green solutions - VBC

The VBC is used in chemical analyses as acid - basic indicator and presents color change
from yellow (pH 3,8) to blue (pH 5.4). Solutions with different VBC concentrations, 0.01%,
0.0075% and 0.005% in mass were prepared and evaluated. The indicator was dissolved in
5% ethyl alcohol and then added in right pureness water in the desired concentration. After
dissolution the solutions were conditioned in amber glass bottles and stored in dark
environment and room temperature.

Polimethylmethacrylate

A private firm using the dyes yellow, green, blue and red from Bayer produced PMMA
sheets (120x60 cm? and thickness between 2 to 2.5 mm) especially to be used in this work.
The PMMA sheets were cut into strips (10 mm width and 30 mm length) and sealed in special
aluminum / paper / polyethylene pouches. The commercial Red 4034 Perspex and
Gammachrome YR dosimeters were used for comparison with the new PMMA dosimeters.

Fricke gel dosimeter (FXG)

The Fricke gel (FXG) solutions were prepared using 50 mM sulphuric acid, 1 mM
ferrous ammonium sulphate, 1 mM sodium chloride, 0.1 mM xylenol orange and 5% of
porcine gelatine 270 Bloom. Sealed acrylic cuvettes of 10 mm optical path, 45 mm height,
1 mm wall thickness filled with Fricke gel solutions were used to calibrate the
spectrophotometric and MRI signal intensity. A phantom in the breast shape was produced
with FXG solution. The samples were always stored in dark environment at 5°C during 12 h
to complete solidification.

Irradiation Facilities

Most of the irradiations were performed in electronic equilibrium conditions and room
temperature and humidity using a Gammacell 220 source (38,9 x 10**Bq) and a JOB-188
Dynamitron Inc. electron accelerator installed at the Radiation Technology Center CTR /
IPEN-CNEN/SP.

Nitrate Potassium

Irradiations were performed using a ®®Co Gammacell source in the dose range between
1 and 150 kGy. The dose rate was approximately 7,48 kGy /h. The dose rate can be changed
depending on the distance source-dosimeter.

Bromocresol green solutions
The solutions were irradiated in air at electronic equilibrium conditions with ®Co
Gammacell radiation and doses between 50 Gy and 15 kGy.

Polymethylmethacrylate

The PMMA dosimeters were irradiated with ®Co Gammacell and electron from
accelerator in air at electronic equilibrium. The absorbed dose rate corresponding to
4.9 kGy/h, was determined by Fricke dosimeter in the Gammacell source.
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Fricke gel dosimeter
The gamma irradiations were performed in air at electronic equilibrium conditions using
a Gammacell source with doses between 5 and 50 Gy and dose rate of 3.28 kGy/h.

Dose Evaluation

Each related point is the average of 3 measurements and the error bars the standard deviation
of the mean (1o).

Nitrate Potassium

For optical measurements potassium nitrate pellets were dissolved in 50 mL of high
purity water in a 100 mL volumetric flask. After dissolution 20 mL of a coloring solution,
composed by solutions A and B in the proportion of 5:1 was added. The solution A was
prepared dissolving 2 g of sulfanilamide p.a. in | L of 30% of glacial acetic acid p.a. solution
and solution B was prepared dissolving 1 g of N — 1 - Naphtylethylene - diamine
dihydrochloride p.a. in 1 L of 30% of glacial acetic acid p.a. solution. Ten minutes after
dissolution the absorbance was measured at 546 nm wavelength [58,59]. The absorbance of
the solutions of irradiated and non-irradiated pellets of KNO3; was measured against air, at the
wavelength range from 500 to 600 nm using a Shimadzu UV1601PC (potassium nitrate pure)
and UV-2101PC (mixtures) spectrophotometer.

Bromocresol green solutions
The solutions were evaluated immediately after irradiation using a Shimadzu UV1601PC
spectrophotometer.

Polymethylmethacrylate

The absorbance changes were measured immediately after irradiation with a Shimadzu
UV-2101PC spectrophotometer at the wavelength of maximum absorbance or maximum
transmittance, depending on the dosimeter absorption spectrum at the wavelength range from
190 to 900 nm.

Fricke gel dosimeter

The Fricke gel solutions were measured immediately after irradiation using Shimadzu
UV2101PC spectrophotometer at the wavelength from 190 to 900 nm. The MRI were
obtained using a Philips Gyroscan S15/ACS (1.5 T) tomography and quadrature body coil
using the IR sequence with following parameters: TR=367 ms, TI1=300 ms and TE=18 ms.

Results

Potassium Nitrate

The dosimeter composed of pure potassium nitrate presents useful dose range between 5 and
150 kGy. The calibration curve of the dosimeter irradiated with gamma radiations is shown in
Figure 2.
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Linear Regression:

Y=A+B*X

Parameter Value Error

A 0.02579 0.00353

B 0.00432 5.02667E-5

R SD N P
0.99932 0.00847 12 <0.0001
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Figure 2. Potassium nitrate dosimeter calibration curve. Irradiation - 60Co gamma radiation and
measurement - 546nm.
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Figure 3. Relative response obtained with solutions (40% MnO, / 60% KNOs) evaluated immediately
after preparation and using pellets irradiated with 200 kGy and stored up to 30 days.

The maximum color intensity of the solution is obtained 10 minutes after preparation.
The solutions are stable during a period of 1 h that permits the dose evaluation with high
quality guarantee. The pellets irradiated and non-irradiated can be stored by long periods
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without any change in their characteristics.The results obtained with solutions evaluated
immediately after preparation, using pellets irradiated and stored up to 30 days are shown in
the Figure 3. The results obtained with solutions prepared at same time and evaluated
periodically during 1 month of storage are shown in the Figure 4.

Relative Response
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14
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Figure 4. Relative response obtained with solutions prepared using pellets (40% MnO, / 60% KNO,)
irradiated with 200kGy, prepared and evaluated after up to 30 days of storage.
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Figure 5. Dose-response (A=540 nm) for mixtures of 30 mg Ba(NOs),, KBr and MnO,and 20 mg KNO;
irradiated with ®°Co gamma radiation.
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Figure 6. Dose-response (A=540 nm) for mixtures of 25 mg Ba(NOs),, KBr and MnO,and 25 mg KNO;
irradiated with ®°Co gamma radiation.
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Figure 7. Dose-response (A=540 nm) for mixtures of 20 mg Ba(NOs),, KBr and MnO,and 30 mg KNO;
irradiated with ®°Co gamma radiation.
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The absorbance response of KNO3 pure pellets and pellets of different compounds were
evaluated for absorbed doses from 200 kGy to 600 kGy. The results are shown in Figures 5, 6
and 7 for the mixtures Ba(NO3),/KNO3;, KBr/KNO; and MnO,/KNO; in different
concentrations.

The method reproducibility was studied preparing different batches of pellets and
evaluating the optical response for different doses. The reproducibility was found to be better
than 98% (1o) from batch to batch.

The mixture of 20mg MnO, / 30 mg KNOgs presents better results in terms of
decomposition rate. The decomposition rate of nitrate ions into nitrite ions is reduced,
extending the useful range. In the case the dose range was extended up to 600 kGy, without
signal saturation.

No dose rate dependence response in the range from 1.70 t05.65 kGy/h was observed.
The fluctuation observed was better than 95%.

Polymethylmethacrylate

The absorption spectrum obtained from non-irradiated PMMA dosimeters are shown in
Figure 8 (a), (b), (c) and (d).

The batch reproducibility was evaluated and was found to be better than 98% from batch
to batch, represented by a sheet produced in the dimensions 60 x 120 cm?.

The effects of room temperature, humidity and light on the dosimeters response were
studied.

Different humidity conditions between 0 and 100% were obtained by means of saturated
salt solutions that are very useful in producing known relative humidity. Non-irradiated
samples were exposed, during several hours, to atmospheres with relative humidity (R.H.) of
0%, 75.5%, 93.0% and 100.0%. The samples that contains the green dye were the ones that
presented smaller variation in the optical response, the absorbance intensity decrease was less
than 2.5% however, significant variation was not observed in the other samples, the largest
variation found was + 5.0% for the red H and red G dyed samples, for the standard dosimeter
was found + 5.0% of variation for Red Perspex and an absorbance value decrease of 10.0%
for Gammachrome YR. To determine the effect of R.H. on irradiated samples, the samples
were exposed to different R.H. conditions during 24 hours and, after the exposition were
irradiated in the Gammacell source with dose of 20 kGy, in the same R.H conditions. The
obtained responses are shown in the Figure 9.

The non-irradiated and irradiated samples were submitted to thermal treatments of 4, 40,
80 and 100°C during one hour. After temperature stabilization the absorbance of the non-
treated sample (samples maintained at room temperature) and treated samples were measured.
In the Figure 10 and Figure 11 are shown the relative responses obtained for non-irradiated
and irradiated (20 kGy) PMMA samples, respectively. The presented values of each treated
dye sample were normalized to the respective response of non treated sample.
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Figure 8. Absorption spectrum of the non-irradiated dyed PMMA dosimeters.
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Figure 11. Optical response of irradiated PMMA samples - dose 20kGy maintained at room temperature
(RT) and submitted to thermal treatments (TT) between 4 and 100°C /1h.

In the Figure 12 and Figure 13 are shown the relative responses obtained for non-
irradiated samples exposed to ambient light, is observed an increase in the response of 5% in
two months. Some materials are only photosensitive after irradiation, this way, it is necessary
to determine how that factor can influence the performance of the dosimeter in order to avoid
or to minimize this influence in the response. The PMMA samples were irradiated using the
Gammacell source with doses of 10, 30 and 40 kGy and exposed to the laboratory ambient
light. The samples presented media variation of + 10% in the response, in that way the effect
of the incident light in the irradiated samples is significant and appropriate careful has to be
taken, packing the dosimeter for instance or applying correction factors. To avoid the
application of corrections factors the samples has be maintained in a dark ambient and the
measuring realized soon after irradiation or in the maximum between 1 or 2 days after
irradiation.
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Figure 12. Relative response of non-irradiated PMMA samples — dyed with yellow 4G, yellow 3G,
green G and green 5B — exposed to ambient light.
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Figure 13. Relative response of non-irradiated PMMA samples — dyed with blue RR, red H, red G and
red 5B — exposed to ambient light.

The dosimeters did not present significant variation on the absorbance response when
exposed to the normal conditions of light and temperature, therefore, can be manipulated
without special care. Although the dosimeters have not presented significant variation on the
absorbance response for the different humidity conditions it is desirable that the dosimeters
are maintained sealed in pouches.

Figure 14 (a), (b), (c), (d), (e), (), (g) and (h) show dose-response curves to *®Co gamma
irradiation with doses between 0.5 and 100 kGy of the PMMA dosimeters produced with dyes
yellow 3G, yellow 4G, blue RR, green G, green 5B, red H, red G and red 5B measured at
300 nm, 353 nm, 450 nm, 528 nm, 405 nm, 620 nm, 397 nm and 415 nm, respectively.

The wavelengths of yellow 3G, yellow 4G, blue RR, green G and red 5B PMMA
dosimeters were taken from transmittance spectrum and green 5B, red H and red G PMMA
dosimeters were taken from absorbance spectrum. The selected wavelengths presented higher
sensitivity as a function of the dose and better stability as a function of environmental
conditions.
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Figure 14. Continued on next page.
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Using lead attenuators, the samples were irradiated with 20 kGy of ®Co gamma radiation
with dose rates 4.90 kGy/h (without attenuator); 2.45 kGy/h (50% attenuation); 1.47 kGy/h
(70% attenuation) and with 0.49 kGy/h (90% attenuation). The relative response of the
dosimeters was determined in terms of the absorbance value by thickness unit normalized to
the lower dose-rate. The samples containing the yellow 4G, green G, green 5B, red H and red
G dye presented behavior similar to the comparative standard Red 4034 Perspex (variation
between 5-10%). For the samples containing the yellow 3G, blue RR and red 5B dye the
found variation is of approximately 20%, Figures 15 and 16, respectively.
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Figure 15. Absorbance dose-rate response of dyed PMMA dosimeters yellow 3G, yellow 4G, green G

and green 5B: dose 20 kGy.
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Figure 16. Absorbance dose-rate response of dyed PMMA dosimeters red H, red G, red 5B and blue
RR: dose 20 kGy.

The dose response curves of the detectors produced with yellow 3G, yellow 4G, blue RR,
green G, green 5B, red H, red G and red 5B, measured at 300 nm, 353 nm, 450 nm, 528 nm,
405 nm, 620 nm, 397 nm and 415 nm, respectively, irradiated in the electron accelerator
(energy 1.25 MeV and current 0.6 mA) at doses between 1.2 and 110 kGy are presented in
Figure 17 (), (b), (c), (d), (e), (f), (g) and (h), respectively.

To analyze the electron dose-rate dependence response the samples were irradiated with
dose rates 2.66 kGy/s, 22.61 kGy/s and 45.22 kGy/s with electron energy of 1.25 MeV
obtained varying the current between 0.6 e 10.2 mA. The results obtained are shown in
Figure 18 (a) and (b). The relative response of the detectors was determined in terms of the
value of the absorbance by thickness unit normalized to the lower dose-rate.
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Figure 17. Continued on next page.
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Figure 17 (cont.). Dose-response curves for PMMA detectors irradiated with 1.25 MeV electrons
(JOB188).

(a) yellow 3G PMMA detector, at 300 nm. (b) yellow 4G PMMA detector, at 353 nm. (c) blue RR
PMMA detector, at 450 nm. (d) green G PMMA detector, at 528 nm. (e) green 5B PMMA detector, at
405 nm. (f) red H PMMA detector, at 620 nm. (g) red G PMMA detector, at 397 nm. (h) red 5B PMMA
detector, at 415nm.
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Figure 18. Electron dose-rate dependence response. (2)PMMA detectors — Dye red H (A=620 nm); dye
red G (A=397 nm); dye red 5B (A=415nm) and dye blue RR (A=450 nm); red 4034 Perspex. (b)
PMMA detectors — Dye yellow 3G (A=300 nm); dye yellow 4G (A=353 nm); dye green G (A=528 nm)
and dye green 5B (A= 405 nm); red 4034 Perspex.

The electron energy dependence response was determined using samples 2.4 mm thick.
The samples were irradiated with electron energies of 0.8, 1.25 and 1.5 and current of
0.6 mA. The results obtained are show in Figure 19 (a) and (b). For measurements using
detector thickness of 1.2, 2.5, 3.1, 4.3 and 5.6 mm and electron energies of 0.8, 1.25, 1.5 MeV
no energy dependence was observed when the thickness was maintained inside of the electron
range. The relative response of the detectors was determined in terms of absorbance value by
thickness unit normalized to the lower energy.
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Figure 19. Electron energy dependence response. (a)PMMA detectors — Dye red H (A=620 nm); dye red
G (A=397 nm); dye red 5B (A=415 nm), dye blue RR (A=450 nm) and red 4034 Perspex (A=640 nm).
(b) PMMA detectors — Dye yellow 3G (A=300 nm); dye yellow 4G (A=353 nm); dye green G
(A=528 nm), dye green 5B (A= 405 nm) and red 4034 Perspex (A=640 nm).
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The absorption spectra of non-irradiated solutions prepared with different bromocresol
green concentrations between 0.005 and 0.01% are shown in Figure 20, two absorption bands
with maximums at 450 and 620 nm can be observed.
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Figure 20. Bromocresol green aqueous solution absorption spectra: non-irradiated samples.
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Figure 21. Response stability of non-irradiated bromocresol green solution at room temperature.

Non-irradiated aqueous solutions of bromocresol green were stored during 21 months
under room temperature and evaluated in different times after preparation. No significant
variations were observed as shown in the Figure 21. These results indicate that it is not
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necessary fresh solutions for each experiment, the solutions are stable for longer storage time.
The post-irradiation stability was observed during a period of about 48 hours, no absorbance
change larger than 3% was observed, Figure 22.

1,20

Irradiated solutions
1,15 -

1,10 -
1,05 -
1,00 - o d o m

1< R L

Relative response

0,90

0,85+

0,80 ; — . ; . — ; —
0 10 20 30 40 50

Storage (h)

Figure 22. Post-irradiation response of bromocresol green solutions irradiated with gamma radiation
with 8 kGy and storage during 48 hours.

The absorbance values of the 0.075% bromocresol green solutions was plotted as a
function of absorbed dose between 50 Gy and 15 kGy at 450nm. A grade extinction of optical
absorption intensity is shown in Figure23 and a linear response in the studied range is
observed.
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Figure 23. Dose response curve of 0.0075% bromocresol green solution.
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Fricke gel (FXG)

Spectrophotometric measurements in the wavelength range between 190 and 900 nm
were performed for non-irradiated Fricke gel samples. In the Figure 24 is shown the spectrum
obtained in the range 350-650 nm. The non-irradiated (0Gy) gel sample presents two
absorption bands at 440 and 585nm originated by Fe?* and Fe** presence respectively in the
sample.
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Figure 24. Non-irradiated Fricke gel spectrum: wavelength range 350 - 650 nm.

Absorption spectrum of irradiated FXG solutions with doses between 5 and 40 Gy were
recorded in the range of 400 and 625 nm and presents the same two bands; in this case the
585 nm band increases with the dose (Fe** increasing concentration) and the 440 nm band
(Fe?* decreasing concentration) tends to disappear. In the Figure 25 is shown the spectra of
Fricke gel solutions as a function of the ®°Co radiation dose.
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Figure 25. Fricke gel spectrum. Gamma doses between 5 — 40 Gy, wavelength range between 400 and
625 nm.



378 Ana Maria Sisti Galante and Leticia Lucente Campos

In the Figure 26 is shown the dose-response curve of Fricke gel samples irradiated with
doses between 5 — 40 Gy of ®°Co gamma radiation. The 0 Gy absorbance value of 585 nm
band (Fe®*") was subtracted. The obtained results are close with that presented by Bero [50-
51].

221 a A-po
2.0 polynomial fit

1.8
1.6—-
1.4—-
12
104

Absorbance

0.8
0.6
0.4

0.2

00 4+—F¥FF7——7—"7

Dose (Gy)

Figure 26. Dose-response curve of Fricke gel dosimeter irradiated with ®*Co gamma radiation.

Brest simulators were prepared using the gel solution and preliminary measures using
spectrophotometry technique were performed introducing the cuvettes containing the gel
solution in the simulator. Figure 27 (a) and (b) shows the breast phantom and the dosimeter
positioning, respectively.

(@) (b)

Figure 27. Breast simulators 340ml (a) simulator and (b) dosimeter positioning.

The simulator was irradiated with 15Gy at point 2. The obtained values obtained was
15.2Gy at point 2 and 12.21Gy at point 1 This result shows that the dosimeter presents good
sensitivity and can be used to dose distribution determination.
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Spectrophotometric analysis has proved to be very reliable. Moreover, Nuclear Magnetic
Resonance (NMR) analysis gives the possibility of spatial determination of paramagnetic
species, because of influence of the ferric ions on the spin relaxation times of the hydrogen
nuclei of the solution.

Changes in proton relaxation time related with absorbed dose due ferric ion presence
were determinate using samples irradiated with 20 Gy and measures performed using a
Gyroscan S 15/ASC (1.5T) equipment. A linear relation was found between the relaxation
rate of the solution and the absorbed dose. The correlation coefficient was 0.99 shown in the
Figure 28.
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Figure 28. Proton relaxation time as a function of absorbed dose for FXG solution.
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Figure 29. Magnetic resonance image to FXG breast simulator irradiated with ®Co gamma radiation.
Preliminary magnetic resonance images were performed using a breast simulator
prepared with Fricke gel solution, Figure 29. Changes in the image intensity are observed as a
result of the dose distribution on the simulator. The brightness area corresponds with the
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higher absorbed dose. Dose calibrations are in gray scale and color scale are in progress
aiming to construct the isodose curves.

Conclusion

The potassium nitrate can be used in pellet form for irradiation and processed for optical
measures in the solution form. Environmental conditions do not affect the response, but the
pellets should be maintained sealed and handled in humidity atmosphere below 60%. The
dosimetric properties of this compound are appropriated for high doses applications. The
system presents a reproducible response in the dose range between 1 and 150 kGy. The
addition of MnQ; in the pellet composition increase dose range for 600kGy.

The use of dyed PMMA detectors for electron beam and gamma dosimetry is cheap and
the absorbance analysis is very simple. The detectors are easy to prepare, manipulate and
analyze. The useful dose range of the eight dyed PMMA detectors developed is large and
interesting for dose evaluation in radiation processing and their performance is according to
the commercially available Red 4034 Perspex detector. The yellow 4G, green G and red 5B
detectors were shown to be the most promising, considering their response characteristics and
dose range, although the others detectors can also be used for different dose ranges. All types
of dyed PMMA detectors demonstrated high sensitivity and reproducibility. They do not
present energy dependence when thicknesses equal to or smaller than the range of the
electrons with different energies. These data also show that the dyed detectors present
promising characteristics and can be useful for electron dosimetry.

Aqueous solution of bromocresol green can be used for a dose interval between 0.3 and
15 kGy. The solutions are stable and can be used after preparation for various months.

The FXG dosimeter is easy to prepare and cheap. The gelatine is tissue equivalent and
can be prepared in a variety of the shapes and volumes. The effect of the natural oxidation
needs to be known and separated of the contribution radiation induced. The best dosimeter
storage condition is to maintain the solution at dark environment and low temperature (5°C).
The spectrophotometry technique is cheaper and faster than MRI technique and provides
good results. The gel dosimeter can be also used to determination of absorbed dose
distribution in radiotherapy treatments. The improvement of this technique using MRI will
provide the obtaining of the isodose curves in the irradiated organ simulators.

All developed materials are available for high dose evaluation and can be used according
to the characteristics of the installation, dose level required and material atomic number.
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