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The emergence of powerful sources of ionizing radiation, the needs of nuclear energy, technology and medicine, as well as the need to 
develop reliable methods of protection against the harmful effects of penetrating radiation stimulated the development of such branches of 
science as radiation chemistry, radiation biology, radiation medicine. When an organic dye solution is exposed to ionizing radiation, it 
irreversibly changes color. As a result, the absorbed dose can be determined. The processes of interaction of neutron fluxes with an aqueous 
solution of an organic dye methyl orange (МО) – C14H14N3О3SNa, containing and not containing 4% boric acid, have been investigated. The 
work was carried out on a LINAC LUE-300 at NSC KIPT. A set of tungsten plates was used as a neutron-generating target. The electron 
energy was 15 MeV, the average current was 20 μA. The samples were located behind the lead shield and without it, with and without a 
moderator. Using the GEANT4 toolkit code for this experiment, neutron fluxes and their energy spectra were calculated at the location of 
experimental samples without a moderator and with a moderator of different thickness (1-5 cm). An analysis of the experimental results 
showed that when objects without lead shielding and without a moderator are irradiated, the dye molecules are completely destroyed. In the 
presence of lead protection, 10% destruction of the dye molecules was observed. When a five-centimeter polyethylene moderator was 
installed behind the lead shield, the destruction of dye molecules without boric acid on thermal neutrons was practically not observed. When 
the fluxes of thermal and epithermal neutrons interacted with a dye solution containing 4% boric acid, 30% destruction of dye molecules was 
observed due to the exothermic reaction 10B (n, α). The research has shown that solutions of organic dyes are a good material for creating 
detectors for recording fluxes of thermal and epithermal neutrons. Such detectors can be used for radioecological monitoring of the 
environment, in nuclear power engineering and nuclear medicine, and in the field of neutron capture therapy research in particular. 
Keywords: organic dye, neutrons, dosimeters 
PACS: 61.72.Cc, 61.80.Hg, 78.20.Ci, 87.80.+s, 87.90.+y, 07.05.Tp , 78.70.−g 
 

The emergence of powerful sources of ionizing radiation, the needs of nuclear energy and technology, as well as 
the need to develop reliable methods of protection against the harmful effects of penetrating radiation stimulated the 
rapid development of radiation chemistry, radiation biology, and radiation medicine. At present, intensive development 
of chemical dosimetry methods is underway. The most convenient model objects for researching the processes of 
interaction of ionizing radiation with a substance are liquid and solid solutions of organic dyes and pigments [1-14]. 
Organic dye solutions have intense absorption and fluorescence bands in the visible region of the spectrum. When the 
dye solution is exposed to ionizing radiation, an irreversible loss of dye color occurs (a decrease in the intensity of the 
long-wavelength band of the absorption spectrum). In this case, the shape of the absorption spectrum band, as a rule, 
does not change. 

Previous researches [12-13] have shown that irreversible radiation destruction of dyes in solutions occurs as a 
result of the oxidation of organic dyes by radicals and radical ions formed during the radiolysis of solvents (OH˙, HO2˙, 
etc.). A relatively stable product of the radiolysis of solvents, hydrogen peroxide, also participates in the decolorization 
of dye solutions. 

The rate of radiation destruction of a dye in a solution essentially depends on both the chemical nature of the dye 
and the nature and physicochemical properties of the solvent. The lowest radiation resistance of dyes is observed in 
aqueous solutions, the highest - in solvents whose molecules do not contain oxygen atoms (for example, in 
dimethylamine), and in solid solutions (for example, in polymer films) [1-14]. So, from the decrease in the intensity of 
the long-wave absorption band of the dye solution under the action of ionizing radiation, it is possible to determine the 
value of the radiation dose. Thus, an organic dye solution can serve as a radiation dose detector and be used for 
radiation monitoring of the environment [2-6]. For example, aqueous solutions of dyes can be successfully used to 
visually determine the radiation dose in the range of 0.003 – 0.5 Mrad, and polymer films colored with dyes- 0.3 –
40 Mrad. 

According to literature data, the USA and England produce polymethyl methacrylate and paper coated with 
polyvinyl chloride containing a dye for use in dosimetry. Depending on the degree of degradation of the dye, it is 
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possible to determine doses in the range from 0.1 to 6 Mrad. The US industry produces cellophane films containing 
some colorants. These films are widely used to measure doses of various types of radiation because they change color 
when exposed to them. The degree of discoloration is linearly dependent on the dose. In this case, the dose range is 
from 0.1 to 10 Mrad. All these systems are characterized by the independence of the readings from changes in the dose 
rate and temperature during irradiation. These systems retain their properties for a sufficiently long period of time after 
irradiation, which greatly simplifies the measurement process. Before irradiation, they can be stored in the dark for a 
long time. These systems can be used to determine the spatial distribution of absorbed doses that are received under the 
influence of high-energy electrons. With their help, the processes of radiation processing of various materials are 
controlled in production conditions. To solve such problems, a chemical dosimetry method [14] was developed at the 
Pisarzhevsky Institute of Physical Chemistry of the Academy of Sciences of the Ukrainian SSR, based on the use of 
films made of colored polyvinyl alcohol. Thus, irradiation of organic dyes can lead to various photochemical reactions. 
At present, the nature of these processes is still poorly understood. 
 

FORMULATION OF THE PROBLEM 
In this work, the processes of interaction of neutron fluxes with an aqueous solution of an organic dye methyl 

orange (МО) – C14H14N3О3SNa, containing and not containing 4% boric acid, have been researched. The work was 
carried out on a LINAC LUE – 300 at NSC KIPT. The work was carried out with the aim of researching the processes 
of interaction of neutrons with matter, as well as the possibility of creating detectors based on these materials for 
registering fluxes of thermal and fast neutrons. 

A number of nuclear reactions are used to register neutrons, such as: 10В (n, α) 7Li, 6Li (n, α) T, 3Не (n, р) T, 
elastic, inelastic scattering, etc. The methods used in the work are elastic neutron scattering and nuclear reaction 
10В (n, α) 7Li. 

 
Elastic neutron scattering 

In the case of researching fast neutron fluxes in the elastic scattering reaction, the neutron transfers part of its 
kinetic energy to the nucleus. The neutron gives up the maximum share of energy in a central (head-on) collision with 
nuclei. The mass of the neutron differs little from the mass of the proton. A neutron transfers all of its kinetic energy to 
the nucleus of a hydrogen atom in the event of a central collision. Elastic neutron scattering by hydrogen nuclei is used 
to register fast neutrons from recoil protons. In this work, an aqueous solution of methyl orange was used. Irreversible 
radiation destruction of the dye occurred due to the radiolysis of water as a result of oxidation by 
radicals (ОН˙, HO2˙, etc.) and the kinematic destruction of dye molecules in collisions with fast neutrons. 

 
Nuclear reaction 10В (n, α) 7Li 

Natural boron consists of two isotopes: 10В (18.2%) and 11В (81.8%). Slow neutrons interact intensely with the 
nuclei of the 10B isotope. In the exothermic reaction 10В (n, α), α-particles and a 7Li nucleus appear. This reaction takes 
place through two channels: 

 
10B+n→(7Li)*+α+E1; 

10B+n→7Li+α+E2, 

where E1 and E2 – the reaction energy, is released in the form of the kinetic energy of the reaction products. In the 
first channel, the 7Li nucleus is formed in an excited state with an excitation energy of 0.48 MeV. The excited state of 
7Li is indicated by an asterisk. The transition of the nucleus from the excited state to the ground state is accompanied by 
the emission of a γ-quantum with an energy of Еγ = 0.48 MeV. Therefore, the first reaction channel can be rewritten as 
follows: 

10В + n → 7Li + α + Еγ + E1. 

The energy of the 10В (n, α) 7Li reaction is 2.78 MeV. One part of the energy (Еγ = 0.48 MeV) is carried by the γ-
quantum, the other part (Е1 = 2.30 MeV) is released in the form of the kinetic energy of the α-particle and the lithium 
nucleus. At the same time, the Energy E1 = 2.30 MeV is made up of Еα and ЕLi. The fraction of the α-particle is 
Еα = 1.47 MeV, and the fraction of the lithium nucleus is ЕLi = 0.83 MeV. The probability of the reaction proceeding 
through the first channel is 93% for free neutrons with an energy of about 10 keV. Then this probability gradually 
decreases, reaching a value of 0.3 at a neutron energy of 1.8 MeV and again increases to 0.5 at a neutron energy of 
2.5 MeV. In the second channel, the 10В (n, α) 7Li reaction proceeds with a 7% probability for slow neutrons and, 
accordingly, with a higher probability for fast neutrons. The reaction energy E2 = 2.78 MeV in this case is completely 
carried by the α particle and the lithium nucleus. 

Thus, when boric acid is added to the dye solution and it is irradiated with a flux of thermal neutrons, the above 
reactions occur. In this case, the interaction of high-energy α-particles and 7Li nuclei with dye molecules leads to their 
destruction, and the presence of a gamma quantum in the first reaction leads to radiolysis of water and ionization of 
atoms in molecules. 
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EXPERIMENTAL RESEARCHES 
The work was carried out at the NSC KIPT on the linear electron accelerator LUE – 300. The electron beam was 

exposed to a neutron-generating target located at a distance of 40 cm from the output foil. The electron energy was 
15 MeV, and the average beam current was 20 μA. The neutron-producing target was a set of tungsten plates. In the 
immediate vicinity of the target, a lead shield was assembled against scattered electrons and the accompanying gamma 
background 5 cm thick. 

 

Figure 1. Experiment scheme 

The schematic of the experiment is shown in Fig. 1. The dye solution in a glass test tube was placed inside a lead 
shield at a distance of 15 cm from the electron beam axis. The irradiation time was 1 hour, which corresponds to a total 
neutron flux of 1011 n/cm2 at the location of the samples. The thickness of the lead shield was 5 cm. Between the lead 
shield and the test tube, there was a moderator made of polyethylene with a thickness of 1–5 cm. 

 

 

Figure 2 shows a photograph of the output of the LUE-300 
accelerator and the lead shielding of the samples under study. 
Using the GEANT4 program code [9] for this experiment, the 
energy spectra of neutron fluxes inside the lead shield at the 
location of the experimental samples were calculated. The 
simulation results are shown in Fig. 3. Six cases were 
considered: 0 - the spectrum of neutrons inside the shield at the 
location of the sample without a polyethylene moderator, 1–5–
spectra of neutrons inside the shield with a gradual increase in 
the thickness of the moderator from 1 to 5 cm. From Fig. 3 it 
can be seen that with an increase in the thickness of the 
moderator layer, the number of fast neutrons decreases 
significantly (with an increase in the thickness of the moderator 
from 0 to 5 cm, the number of fast neutrons decreases by a 
factor of 10). At the same time, the number of thermal neutrons 
increases insignificantly, approximately 2 times in comparison 
with the case without a moderator. The total neutron flux for 
the case without a moderator at the location of the samples for 
the presented experiment was 1011 n/cm2. 

Figure 2. Photo of the exit of the LUE – 300 accelerator 
and the lead shielding of the samples under study. 

Several experiments were carried out in the work. In one case, tubes with an aqueous solution of the organic dye 
methyl orange without boric acid were placed inside and outside the lead shield at a distance of 15 cm from the neutron-
producing target. 

The main absorption spectra of the irradiated and unirradiated dye are shown in Fig. 4 
Fig. 4 that when objects without lead shielding and without a moderator are irradiated, the dye molecules are 

completely destroyed. This is mostly due to their interaction with scattered electrons and gamma quanta. In the presence 
of lead shielding, a 10% destruction of dye molecules was observed due to their interaction with fast neutron fluxes. 

In another case, one tube with an aqueous solution of an organic dye containing boric acid and the second tube 
without boric acid were located inside a lead shield in the presence of a polyethylene moderator 5 cm thick. These test 
tubes were located at a distance of 15 cm from the neutron-forming target. The main absorption spectra of the irradiated 
and unirradiated dye with and without boric acid are shown in Fig. 5 and 6. 

In Fig. 5 and 6, it can be seen that when a polyethylene moderator was installed after a lead shield 5 cm thick and 
in front of the target, the destruction of dye molecules without 4% boric acid on thermal neutrons was practically not 
observed. The target consisted of test tubes with solutions of dye (МО) – C14H14N3О3SNa. When a dye solution 
containing 4% boric acid interacted with fluxes of thermal and epithermal neutrons, a 30% destruction of dye molecules 
was observed due to the exothermic reaction 10B (n, α). Researches have shown that solutions of organic dyes, on the 
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one hand, can be a good material for creating detectors of ionizing radiation, in particular, for fluxes of thermal and 
epithermal neutrons. On the other hand, solutions of organic dyes are a convenient object for studying the processes of 
interaction of ionizing radiation with matter as a whole. 

 

Figure 3. Simulation results using the GEANT4 code of the 
energy spectra of neutron fluxes from a neutron-producing 
target (electron energy 15 MeV, current 20 μA) with 
polyethylene moderators of different thicknesses: 1–5 cm and 
without them. 

Figure 4. Main absorption spectra of irradiated and 
unirradiated dye.1 – before irradiation; 2 – irradiated with 
Pb shield; 3 – irradiated without Pb shield 

 

   

Figure 5. Optical absorption spectra of an aqueous solution 
of a dye before (1) and after (2) irradiation with neutron 
fluxes in the presence of a polyethylene moderator 

Figure 6. Optical absorption spectra of an aqueous solution 
of a dye with boric acid before (1) and after (2) irradiation 
with neutron fluxes in the presence of a polyethylene 
moderator. 

CONCLUSION 
In this work, the processes of interaction of neutron fluxes with an aqueous solution of an organic dye methyl 

orange (МО) – C14H14N3О3SNa, containing 4% boric acid, and with an aqueous solution of the same dye without boric 
acid were investigated. In the experimental and simulated parts of the work, these samples were located behind the lead 
screen and without it. Also, a polyethylene moderator with a thickness of 0 to 5 cm was used in the work. 

The energy spectra of neutron fluxes at the location of the experimental samples were calculated using the 
GEANT4 program code. 

An analysis of the experimental results showed that when objects without lead shielding and without a moderator 
are irradiated, the dye molecules are completely destroyed. This happens mostly due to organic dye interaction with 
scattered electrons and gamma quanta. In the presence of lead shielding, 10% destruction of dye molecules was 
observed due to their interaction with fast neutron flux. When a five-centimeter polyethylene moderator was installed 
behind the lead shield, the destruction of dye molecules without boric acid on thermal neutrons was practically not 
observed. When the fluxes of thermal and epithermal neutrons interacted with a dye solution containing 4% boric acid, 
30% destruction of dye molecules was observed due to the exothermic reaction 10B (n, α). 

The researches have shown that a solution of organic dye MO is a good material for creating detectors for 
recording fluxes of thermal and epithermal neutrons, which currently have no analogues. Such detectors can be used for 
radiation monitoring of the environment, in nuclear power engineering and nuclear medicine, and in the field of neutron 
capture therapy research in particular. 
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ДОСЛІДЖЕННЯ ПРОЦЕСІВ ВЗАИМОДІЇ ПОТОКІВ ШВИДКИХ І ТЕПЛОВИХ НЕЙТРОНІВ З РОЗЧИНОМ 

ОРГАНІЧНОГО БАРВНИКА МЕТИЛОВИЙ ОРАНЖЕВИЙ 
С.П. Гоковa, Ю.Г. Казаріновa,b, С.О. Каленикa, В.І. Касіловa, Т.В. Малихінаa,b, Е.В. Рудичевa,b, В.В. Цяцькоa 

aНаціональний науковий центр Харківський фізико-технічний інститут 
вул. Академічна, 1, 61108, Харків, Україна 

bХарківський національний університет імені В.Н. Каразіна 
майдан Свободи, 4, 61022, Харків, Україна 

Поява потужних джерел іонізуючого випромінювання, потреби ядерної енергетики, технологій і медицини, а також 
необхідність розробки надійних способів захисту від шкідливої дії проникаючої радіації стимулювали розвиток таких 
галузей науки, як радіаційна хімія, радіаційна біологія, радіаційна медицина. При впливі іонізуючого випромінювання на 
розчин органічного барвника відбувається його необоротне знебарвлення. У наслідок чого, можна визначити величину 
поглиненої дози. У даній роботі досліджувалися процеси взаємодії потоків нейтронів з водним розчином органічного 
барвника метиловий оранжевий (МО) - C14H14N3О3SNa, що містить і не містить 4% борної кислоти. Робота виконувалася на 
лінійному прискорювачі електронів ЛУЕ-300 ННЦ ХФТІ. У якості мішені, що продукує нейтрони, використовувався набір 
вольфрамових пластин. Енергія електронів становила 15 МеВ, середній струм 20 мкА. Зразки перебували за свинцевим 
захистом і без нього з отеплювачем і без нього. З використанням бібліотеки класів GEANT4 для даного експерименту були 
розраховані потоки нейтронів і їх енергетичні спектри в місці розташування експериментальних зразків без сповільнювача і 
зі сповільнювачем різної товщини (1-5 см). Аналіз результатів експерименту показав, що при опроміненні об'єктів без 
свинцевого захисту і без отеплювача відбувається повне руйнування молекул барвника. При наявності свинцевої захисту 
спостерігалося 10-процентне руйнування молекул барвника. При установці п’яти сантиметрового поліетиленового 
сповільнювача за свинцевим екраном руйнування молекул барвника без борної кислоти на теплових нейтронах практично 
не спостерігалося. При взаємодії потоків теплових і епітеплових нейтронів із розчином барвника, що містить 4% борну 
кислоту, спостерігалося 30% руйнування молекул барвника за рахунок протікання екзотермічної реакції 10В (n, α). 
Проведені дослідження показали, що розчини органічних барвників, є хорошим матеріалом для створення детекторів 
реєстрації потоків теплових і епітеплових нейтронів. Такі детектори можуть використовуватися для радіаційного 
моніторингу навколишнього середовища, в ядерній енергетиці і ядерній медицині, зокрема в галузі досліджень нейтрон- 
захоплювальной терапії. 
Ключові слова: органічний барвник, нейтрони, дозиметри 




