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The processes of interaction of an aqueous solution of an organic dye: methylene blue (MB) — C1H1sN5SCI with
gamma quanta and electrons were investigated. A model has been developed and the passage of electrons with an
energy of 15 MeV through tungsten layers with a thickness of 1...8 mm has been simulated. Based on the simula-
tion results, a number of experiments were carried out. Analysis of the calculated and experimental data showed that
one incident electron destroys 4 times more dye molecules than one incident gamma quantum.
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INTRODUCTION

Investigation of the processes of interaction of ioniz-
ing radiation with complex organic objects makes it
possible to solve a number of applied and fundamental
problems in the field of radiation physics, chemistry and
biology. These tasks include: radiation-chemical protec-
tion, the study and increase of the resistance of organic
materials and biological systems to the action of ioniz-
ing radiation, the development of new radioprotectors
and new dosimeters, the purposeful change of properties
and radiation-chemical synthesis of materials, as well as
the use of ionizing radiation for medical purposes [1, 2].

The goal of this work was to research the processes
occurring during the interaction of an aqueous solution
of an organic dye: methylene blue (MB) — C16H1gN5SCI
with gamma quanta and high-energy electrons. The
work was carried out on a LINAC LUE-300 at NSC
KIPT. The use of aqueous solutions of organic dyes
makes it possible to study processes similar to those that
occur during the interaction of ionizing radiation with
biological objects. This is very important for research in
nuclear medicine and biology. This technique also
makes it possible to analyze the dynamics of destruction
of an organic object at different absorbed doses, which
makes it possible to use them as dosimeters of ionizing
radiation.

MODEL OF EXPERIMENT

To irradiate organic dye solutions with gamma quan-
ta and high-energy electrons, a tungsten bremsstrahlung
converter was used at the LUE-300 output. The task of
this work was also to determine the dependence of the
intensity of radiation destruction of the organic dye so-
lution on the thickness of the tungsten bremsstrahlung
converter. The transverse dimensions of the tungsten
plate were 50x50 mm. Energy of primary electrons was
15 MeV for all presented experiments.

To determine the dependence of the intensity of the
radiation destruction of the organic dye solution on the
thickness of the converter, a model was developed and a
simulation of the passage of an electron beam with a
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primary energy of 15 MeV through tungsten layers with
a thickness of 1 to 8 mm was carried out. The carrier of
the model is a computer program developed in the C++
language using the Geant4 class library. The simulation
based on the Geant4 library uses the Monte Carlo meth-
od.

To obtain the minimum statistical error of calcula-
tions, a large number of events are usually used, but at
the same time the calculation time can be significant,
and the arrays of the processed data can be excessively
large. Therefore, in order to minimize the statistical er-
ror of calculations, and also taking into account the need
for further processing of the results, the number of pri-
mary particles was chosen N.=10’. Such a number of
events will allow for a finite time to make the necessary
calculations with a statistical error of less than 1%,
which fully satisfies the task. During the calculations,
the “emstandard opt3” model of the ‘“PhysicsList”
module was selected, since this model is the most suita-
ble model [3, 4] and adequately describes all the neces-
sary processes in the considered energy range for all
primary and secondary particles.

The block for describing the geometric parameters
of the simulated setup corresponded to the geometric
parameters of the real experimental setup shown in

Fig. 1.
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Fig. 1. Schematic of the experimental setup:
1 —output of LINAC; 2 —tungsten converter; 3 —target

The tungsten converter was placed at a distance of
50 mm from the titanium foil of the exit window of the
linear electron accelerator. In Fig. 2 shows the energy
spectra of bremsstrahlung gamma radiation emitted
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forward from a 50x50 mm tungsten transducer for dif-
ferent thicknesses of the tungsten plate — from 1 to
5 mm with a step of 1 mm. The results are normalized
to 1 primary electron. The graph (see Fig. 2) is present-
ed on a logarithmic scale along the X and Y axes for
ease of comparison of energy spectra. It can be seen
what increasing of thickness of converter mainly
unaffect on gamma spectra at the energy more than
400 keV and leads to a significant decrease of intensity
below this energy.

It can be noted that the maximum yield of brems-
strahlung gamma quanta is observed at a tungsten plate
thickness of 2 mm, and slightly decreases at a plate
thickness of 3 mm. However, the most valuable infor-
mation will be information on the amount of inhibitory
gamma quanta immediately in front of the target con-
taining an organic dye solution.
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Fig. 2. Energy spectra of bremsstrahlung
gamma quanta emitted by the W-converter for different
tungsten thickness — from 1 to 5 mm

The flux of bremsstrahlung gamma quanta and the
flux of electrons immediately in front of the target con-
taining the dye solution were estimated. The calculation
results for various thicknesses W of the converter are
shown in Fig. 3.
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Fig. 3. The flux of bremsstrahlung gamma quanta
and electrons directly in front of the target
(for a beam with a diameter of 20 mm)

It can be seen (see Fig. 3) that the most intense flux
of bremsstrahlung gamma quanta in front of the target is
observed when the converter is 2 mm thick, but in this
case there is also a significant amount of electrons in
front of the target. Therefore, for further calculations, a
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4 mm thick converter was chosen, at which the flux of
bremsstrahlung gamma quanta in front of the target de-
creased slightly (see Fig. 3), but the electron flux is neg-
ligible and consists mainly of low-energy electrons.

The ratio of the fluxes of electrons and gamma quan-
ta immediately in front of the target was also obtained
(Fig. 4).

Simulation of the passage of an electron beam
through a target containing a dye solution was carried
out in order to determine the contribution of various
processes to the total value of the energy absorbed in the
target. The results are shown in Fig. 5.
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Fig. 4. Ratio of fluxes of electrons and gamma quanta
directly in front of the target

Te+063
1.65MeV
Te+054 i

Te+04+

1,000 4 |

1004 W/

Counts

AE (MeV)
Fig. 5. Energy absorbed in the target (green curve —
only ionization energy losses are taken into account,
dark blue curve — all processes are taken into account)

EXPERIMENTAL PART

The experiment was carried out on a LINAC LUE-
300. The electron beam energy was 15 MeV at a current
density of 1 uA/cm?® Irradiation was carried out both
directly with an electron beam and using a converter
located in front of the target. The converter consisted of
tungsten plates with a total thickness of 2, 4, and 6 mm.
The target was 3 cm® dye solution placed on the path of
the electron beam in a rigidly fixed glass tube. The use
of a fixed stand made it possible to set the tube in a con-
stant position when changing solutions relative to the
exit window of the accelerator.

A photo of the experimental setup is shown in
Fig. 6.

The absorption spectra of MB aqueous solutions be-
fore and after irradiation are shown in Fig. 7. The spec-
tra were measured on an SF-46 single-beam spectropho-
tometer in the range of the main absorption peak of the
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dye from 500 to 800 nm. To reduce the error in measur-
ing the absorption, the concentration of the dye in the
initial solution was selected so that the absorption at the
absorption peak was near 1.
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Fig. 6. Expérimental setup
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Fig. 7. Absorption spectra of a solution of an organic
dye methylene blue before and after irradiation
with a tungsten converter of various thicknesses

As can be seen, even short-term (near 1s.) irradiation
leads to significant degradation of the dye in solution.
From Fig. 8, which revealed the differential absorption
spectra (before and after irradiation) normalized to the
unit of irradiation time (dose), a decreasing of level of
discoloration at increasing the thickness of the tungsten
converter is observed.

In Fig. 9 shows the normalized dependence of the
absorption at a wavelength of 685 nm of an aqueous
solution of the dye on the thickness of the tungsten con-
verter and the weighted sum of the calculated number of
electrons and gamma quanta that entered the solution.
Without taking into account the change in the spectra of
electrons and gamma quanta, the loss of color of the dye
solution when exposed to gamma quanta occurs 4 times
slower than when it is exposed to electrons.

Figs. 8 and 9 shown that the greatest destruction of
the MB dye occurs when irradiated with an electron
beam without a converter. With the installation of the
converter and the subsequent increase in its thickness,
the amount of destruction of the dye molecules gradual-
ly decreases. However, the rate of decrease is much less
than the decrease in the number of electrons passed
through the converter, which is associated with addi-
tional irradiation in the flux of gamma quanta.
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Fig. 8. Radiation bleaching of organic dye solution
normalized to 1 s irradiation with different converter
thicknesses
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Fig. 9. Normalized radiation bleaching of the organic
dye solution (squares) and weighted sum of the calcu-
lated number of electrons and gamma quanta (circles)
depending on the thickness of the tungsten converter

CONCLUSIONS

The processes occurring during the interaction of an
aqueous solution of an organic dye methylene blue
C16H1gN3SCI with gamma quanta and 15 MeV electrons
have been investigated. To irradiate the MB solution
with gamma quanta, a tungsten converter of bremsstrah-
lung of various thicknesses was used.

A model has been developed and simulation of the
passage of an electron beam with a primary energy of
15 MeV through tungsten layers of various thicknesses
from 1 to 8 mm has been carried out. This simulation
was carried out in order to determine the dependence of
the intensity of radiation destruction of the organic dye
solution on the thickness of the converter used.

The absorption spectra of an organic dye solution for
a converter with a thickness of 2, 4, and 6 mm were
obtained experimentally.

An analysis of the calculated and experimental data
showed the greatest destruction of the dye occurs when
irradiated with an electron beam, one incident electron
accounts for 4 times more destruction of molecules than
one incident gamma quantum.

Moreover, with electron irradiation, 97% of the de-
struction of the dye occurs due to ionization, and 3%
due to other processes (elastic and inelastic interaction
with the nucleus, cascade formation processes, etc.).
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MOJAEJIUPOBAHUE N OKCIIEPUMEHTAJIBHOE NCCJIEJOBAHUE NPOIIECCOB
®OPMHUPOBAHUS PAJIUALIMOHHBIX IIOBPEXJIEHU TP B3AUMOJENCTBUAU IOTOKOB
I'AMMA-KBAHTOB U PEJIITUBUCTCKHUX 3JIEKTPOHHBIX ITYYKOB C PACTBOPAMMU
OPIAHUYECKHUX KPACUTEJIENA

C.IL I'oxoes, IO.I'. Kazapunos, C.A. Kanenux, B.H. Kacunos, B.B. Kaumemupoe,
A.A. Ma3zunos, T.B. Manvixuna, B.B. I[aubko, E.B. I[aybko

HccnenoBansl mpolecchl B3aUMOJIEHCTBUS BOJTHOTO PacTBOpa OPTaHMUECKOTO KPAaCUTENs: METUICHOBOTO CHHETO
(MC) — CygH1gN3SCl ¢ ramma-kBaHTaMHu U 3JIeKTpoHaMu. Pa3paboTaHa MOJENb U CMOJCIUPOBAHO MPOXOXKICHHE
3JIEKTPOHOB ¢ 3Heprueil 15 MaB uepe3 ciioun Bonbdpama TommuHou 1...8 mM. [IpoBeaeH psii 3KCIIEPUMEHTOB, OC-
HOBaHHBIX Ha Pe3yJIbTaTaX MOJCIHPOBAaHN. AHAN3 PACUCTHBIX U SKCIIEPHUMEHTANBHBIX JaHHBIX TI0KA3aJI, YTO OJUH
TaIAT0IINIA SJICKTPOH pa3pymact B 4 pa3a OoJbIIe MOJIEKYJ KPACUTEIs, 9eM OAHH TaJarollnii raMMa-KBaHT.

MOJEJIOBAHHS I EKCOHEPUMEHTAJIBHE JOCJIILIKEHHSA NPOLIECIB ®OPMYBAHHA
PANIAIIAHUX YIIKOKEHB ITPU B3AEMO/I1i MIOTOKIB TAMMA-KBAHTIB
I PEJATUBICTCBKHUX EJIEKTPOHHUX IIYYKIB 3 PO3YNHOM OPI'AHIYHUX BAPBHUKIB

C.IL I'oxoes, FO.I'. Kazapinos, C.0. Kanenux, B.H. Kacinos, B.B. Kanmemipoe,
0.0. Maszinos, T.B. Manuxina, B.B. I[auyvko, €.B. [[aubko

JocmimkeHo TpolecH B3a€MOJii BOJHOTO PO3YMHY OPTraHIYHOTO OapBHHKA: MeTHIeHOBOTo cuHbOoro (MC) —
C16H1gN3SCI 3 ramma-kBanTamu i enextpoHamu. Po3po0iieHO MOJIeTb 1 3MO/IE/IbOBAHE MPOXOKEHHSI SIICKTPOHIB 3
eHepriero 15 MeB uepes mapu Bonbdpamy ToBmmHOW 1...8 MM. [IpoBeneHO psl eKCIIEPHIMEHTIB, 3aCHOBAaHHUX Ha
pe3ysbTaTtax MOJAENIOBaHHS. AHalli3 pO3PaXyHKOBHX Ta €KCHEPHUMEHTAIBLHUX JIAHUX MOKa3aB, L0 OJWH Ia/alouuii
eJIEKTPOH pyiHYe B 4 pa3iB OibIe MOJICKYJ OapBHUKA, HIXK OJIMH MaJal04Yiii TaMMa-KBaHT.
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