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Abstract

Final qualifying work contains 83 pages, 18 figures, 29 tables, 33 sources of
literature, 1 applications.

Key words: reactor irradiation, lutetium-177, ion-exchange chromatography,
radionuclide separation, Geant4.

The object of the study is a model of chromatographic column with ion-
exchange resin KU-2-8, the subject of the study is physical, chemical and radiation
properties of the ion-exchange resin.

Purpose of the work is to determine the absorbed radiation dose and radiation
resistance of cation exchange resin when separating lutetium and ytterbium isotopes.

In the course of the study, a programme for calculating the absorbed dose
rate at cation exchange resin when separating lutetium and ytterbium isotopes.
Models of a chromatographic column filled with ion-exchanger and a radiation
source were constructed. It is shown that the obtained gamma- and beta-radiation
spectra of lutetium-177 are in good agreement with the known experimental spectra.
It is shown that when the eluent passes along the resin, the distribution of the
absorbed dose rate along the length of the chromatographic column agrees with the

experimental data and corresponds to the values of about 4540 Gy/Hr.
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Introduction

Lutetium-177 (Lu-177) is among the most promising radionuclides serving
as the basis for the production of innovative radiopharmaceuticals. The possibility
of using 177Lu in almost all classes of compounds used in radionuclide therapy is
currently being studied. So far, only one drug (177Lu-DOTA-TATE) has been
approved for clinical use, and laboratory studies are ongoing for a further 19 drugs.

For lutetium production, ion exchange chromatography is one of the methods
used for the radiochemical processing of irradiated targets. The ion exchange resin
involved in the separation of radioactive isotopes is exposed to radiation. As a result
of this exposure, various physical and chemical processes take place on the ion
exchange resin material, leading to a deterioration of its performance parameters
over time. To assess the life of the cation exchange resin without loss of properties,
computer simulation with the calculation of the absorbed radiation dose is carried
out.

The purpose of this bachelor's thesis is to determine the absorbed radiation
dose and radiation resistance of cationic exchange resins when separating lutetium
and ytterbium isotopes.

The following objectives are set in order to achieve the goal:

1. Construction of a chromatographic column model,

2. Creation of an emission source;

3. Calculation modelling of energy deposition in cationite;

4

Conducting a comparative analysis.
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1 Literature review

1.1 The ways of obtaining ¥’Lu

Commonly known ways to produce lutetium-177 isotope include irradiation

with neutrons of nuclear reactor Y°Lu by reaction *"®Lu(n,y)*’Lu ("direct" way) or
17%Yh by reaction 6Yb(n,y)*"Yb(B-)'"’Lu ("indirect" way). Figure 1 shows a

schematic of the ’’LLu accumulation chains.

Hf-176 42351 Hf-177 ¢ 372, Hf-178 l_.&‘
708 717 188
16.2 Lu- Lu-177m
1 76m o0 d
317
Lu-176g &1 ° 8 Tu-177¢
105 0 673d
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(n. ) TeIUIOBOE cedeHHe, GapH
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Figure 1.1 — The scheme of the accumulation chains ""Lu

The *"®Lu nucleus has a high [1] value of the thermal and resonance neutron

capture cross-section, which leads to a rapid achievement of a relatively high *"Lu

specific activity. However, as a result of the intensive burnup of starter material

nuclei in the irradiation process, the values of specific activity and yield (maximum

activity) of the reaction product do not coincide. Thus, a specific activity of 45000

Ci/g can be achieved in medium-flow reactors and a specific activity of ~76000 Ci/g
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can be achieved in high-flow reactors; it is approximately 70% of the theoretical
171y specific activity (~110000 Ci/g). At present this value is the limit for obtaining
lutetium-177 by "direct" method.

In addition to target ’’Lu the long lived metastable radionuclide Y""™Lu (Ty,
= 160,4 days) is formed in the target which is undesirable from the medical point of
view [2] as well as from the point of view of radiation protection and stable hafnium
isotopes. In order to reduce the radiation load on the patient and to reduce the activity
of waste generated in clinics during "lutetium" therapy, the content of ¥’"MLu in the
final product is limited. The presence of the resulting hafnium does not hinder the
subsequent synthesis of lutetium-based radiopharmaceuticals, since Hf does not
form the corresponding complex compounds [3].

During implementation of Y"Lu obtaining from ®Yb only one lutetium
isotope is formed, so the product with theoretical specific activity (~110000 Ci/g)
can be obtained. The yield of Y’Lu strongly depends on neutron flux density and
increases monotonically up to the maximum value. For a duration of irradiation in a
high-flux reactor with thermal neutron flux density of 2-10%° cm-s? exceeding 40
days, the yield is ~520 Ci/g. For medium-flux reactors the yield is considerably less
and does not exceed 110-115 Ci/g with a neutron flux density of 5-10* cm™?-s* and
irradiation duration of 20 days [4].

Low values of cross-sections of the main producing reactions of the nuclear
transmutation chain during irradiation of 17°Yb make it possible to neglect the factor
of self-absorption of neutrons. An undoubted advantage of this method of producing
mLy is an extremely low yield of *™Lu. Unlike "direct” method of "’Lu
accumulation, burnout of lutetium nuclei is almost absent, which leads to a
considerable decrease of Hf isotope amount even during irradiation in high-flux
reactor.

A significant influence on the specific activity of 1’’Lu obtained by "indirect"
method has an isotopic composition of starter material. Commercially available
oxide 1"®Yb may contain up to 2-3% of isotope "4Yb. The presence of this isotope

in the starter composition leads to the accumulation of °Yb (T, = 4,18 days),
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which decays into 1°Lu both during and after the irradiation and, thus, reduces the
specific activity of Y’Lu accumulated during the irradiation. The presence of the
17%yDb impurity in the starter material effectively eliminates a major advantage of the
"indirect" "Lu production method. The solution to this problem is to minimize the
accumulation of *®Lu by reducing the time between the end of irradiation and the
reprocessing of the irradiated material. This is possible if the radiochemical
production is located at a small distance from the irradiation site to minimize the
transport time of the irradiated target to the reprocessing site.

Thus, it is possible to identify the key problems affecting the efficiency of
the implementation of the considered *’’Lu production schemes:

Highly enriched "®Lu and a high-flux reactor are needed for efficient
implementation of the scheme 5Lu—!’Lu. In addition, the problem of long-lived
177m_y requires a separate study (e.g., determining the minimum acceptable fraction
that does not affect the consumer properties of the resulting 1'’Lu preparation);

The effective implementation of the scheme "®Yb—!"Lu requires a
starter ytterbium with a minimum content of #Yb. The ’Lu producer
implementing the scheme *"®Yb—!""Lu must have a rapid radiochemical procedure
to separate lutetium from ytterbium.

In addition to the traditional reactor-based method of Ilutetium-177
production, a relatively new accelerator-based method of lutetium-177 production
has been developed [5] in which HfO2 targets are irradiated by shaving photons.
Developed method of 177Lu production ensures high degree of purification of the
isotope from radioactive impurities of hafnium, zirconium and yttrium and does not
require any carrier; 177mLu/177Lu activity ratio reaches the value (2,87 £ 0,07)-10-
5, which means high degree of product purity The value is (2,87 = 0,07)-10-5 which
means high degree of product purity. Due to high chemical and radionuclide purity,
177Lu obtained by the developed method can be used in nuclear medicine. The
irradiated HfO2 can be quantitatively regenerated and reused for the production of

177Lu medical isotopes.
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1.2 Method for ion exchange chromatographic separation of lutetium

and ytterbium

Chromatography is a physical and chemical technique used to separate
substances based on the distribution of components between two phases, the mobile
phase and the stationary phase. The stationary phase is usually a solid (sorbent) or a
liquid film deposited on a solid. The mobile phase is a liquid or gas flowing through
the stationary phase.

Chromatography can be used to separate complex mixtures of organic and
inorganic substances into their individual components, purify substances from
impurities, concentrate substances from highly concentrated dilute solutions,
perform qualitative and quantitative analysis of substances of interest, etc.

lon exchange chromatography is based on the reversible stoichiometric
exchange of ions in a chromatographic solution with ions of a substance called an
ion exchanger or ion exchanger. lon exchangers can be organic or inorganic, natural
or synthetic.

lon-exchange chromatography makes use of the difference in ion-exchange
equilibrium constants between ions in solution and the ion-exchange phase. lon
exchange chromatography techniques are effective from macroscopic to
microscopic quantities and are at the forefront of modern research in solving
problems associated with the separation of substances. Due to the simplicity of the
process, the easy regeneration of the ion exchanger and the ability to operate
remotely, these methods are highly efficient for the separation of highly specific
radionuclides, closely related ions and heavy fission products. In these processes the
columns are equipped with ion exchange resins as stationary phases. The cation
exchanger is used for cation separation and the anion exchanger is used for anion
separation. Separation in an ion exchange resin column is carried out using pre-
precipitation, displacement and elution methods.

Among the methods used for radiochemical separations, ion exchange

chromatography is the most reliable and simplest method for separating micro and
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macro components. However, although ion exchange chromatography methods are
attractive in terms of ease of use, some target substance and target radionuclide pairs
are difficult to separate directly due to their similar chemical properties [5].

For example, Yb and Lu are adsorbed on the cation exchanger and can be
eluted with the corresponding complexing agent, so there is such a pair. Two
equilibria have to be considered: between the complexer and the ion exchanger and
between Yb and Lu and the complexer; the difference in the stability constants of
Yb and Lu for the complexer determines the distribution coefficient. However, even
when the a-hydroxyisobutyrate (a-HIBA) complex, suitable for the separation of Lu
and Yb, is used as eluent, the distribution ratio of Lu and Yb is only 1.55 [6], which
is not sufficient for deep product separation.

Due to the low separation factor, the lutetium fraction contains significant
amounts of ytterbium through 'peak tailing'. Furthermore, the a-HIBA ""Lu
complex is not suitable for *’’Lu-labeled RFP synthesis; to enable the use of ""Lu
for RFP synthesis, a-HIBA must be degraded and removed due to its high stability
constant. The separation of *’Lu from the very stable "’Lu-a-HIBA species is
essential, since the presence of a-HIBA not only reduces the yield of the synthetic
product, but also requires additional purification. In order to overcome this drawback,
one of the methods used to remove a-HIBA is adsorption on cationic stones and
elution with 9 M HCI [7].

Although chromatography is generally not considered suitable for the
separation of Lu and Yb because of the large amount of radioactive waste produced
and the relatively long recovery time of the target material, many researchers have

successfully used this method.
1.3 GEANT4 software package

GEANT4 is a set of libraries and classes that can be used to accurately
simulate the passage of particles through matter. At the core of Geant4 is a rich set
of physical models for handling particle-matter interactions over a very wide range
of energies. The data and experience have come from many sources around the world,
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and in this respect Geant4 acts as a repository that includes much of what is known
about particle interactions.

The GEANT4 toolkit uses a combination of Monte Carlo composition and
rejection methods. A Monte Carlo method can be defined as a method for modelling
random variables in order to calculate the characteristics of their distributions. The
Monte Carlo method models random variables with known distribution functions
(cross sections) as a function of energy, angles, quantum numbers, particles involved
in the interaction; these are then combined into more complex variables whose
distribution functions are difficult or impossible to find using direct analytical
methods. The resulting distributions can be accurately known, in which case the
apparatus of mathematical statistics is used to estimate them.

The Monte Carlo method can play an important role in proton and ion
applications. Algorithms currently used to estimate absorbed dose in proton therapy
rely on the parameterisation of an empirically determined proton dose distribution,
which is limited by the approximations and simplifications used in these models.
The Monte Carlo method can provide an accurate estimate of absorbed dose, taking
into account all physical processes including energy loss during electromagnetic
interaction, random energy scattering, multiple Coulomb scattering, elastic and
inelastic nuclear interactions, and secondary particle transport.

Particle transfer in GEANT4 is the result of the GEANT4 kernel step
manager class combined with the processes caused by its behaviour (physical
processes, transport “processes” that determine the geometric volume behind the
track when it reaches the next volume boundary). The expected duration of the
interaction is determined by interrogating all the processes applied at each step. It is
then determined whether the particle stays in the current volume long enough before
this potential interaction occurs, or whether it moves to another volume.

The most important processes for determining the trajectory of a charged
particle, including boundary crossings and the effects of external fields, are the

multiple scattering and transport processes.
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In GEANT4 the simulation of particle transport is performed in steps. The
actual step length for the next physical interaction is randomly chosen using the
average free interaction path or different step limits determined by the different
GEANT4 components. The minimum step limit determines the new actual step
length. The calculation of the mean free path of a particle in the medium is done in
GEANT4 using the cross section and atomic density for the physical process in
question. For simple materials the number of atoms in the volume is given as follows

_pN

1 (1.1)

n

where:
p — density of the medium;
N — Avogadro’s number;
A —mass of a mole.
In a compound material the number of atoms per volume of the i element is:

_ pNw;
=

n; (1.2)

where:
w; — proportion by mass of the i element;
A; — mass of a mole of the i element;
The mean free path of a process, A, also called the interaction length, can be

given in terms of the total cross section:

AE) = (Z[ni : U(Zi;E)]) (1.3)

i
where o(Z, E) is the total cross section per atom of the process and X runs over all
elements composing the material. };;[n; - 0(Z;, E)] is also called the macroscopic
cross section. The mean free path is the inverse of the macroscopic cross section.
The transport process is responsible for determining the geometric
boundaries of the steps. When a track moves to another volume, it calculates the
length of the step. When the truck reaches the boundary, the transport process

determines the next volume the track enters. If particles are charged and an
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electromagnetic field (or potentially another field) is present, the electromagnetic
field is responsible for propagating the particles within that field. This happens
according to the equations of motion. In the case of magnetic and electromagnetic
fields this equation is provided by GEANT4, while other fields can be provided by

the user.

! — — 1 V- 1.4
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2 Simulation
2.1 The physics of the model

When modelling in GEANT4, it is important to consider all possible
processes. As mentioned above, the decay of a lutetium-177 nucleus produces
gamma rays, electrons and electron antineutrinos.

The following processes are modelled for gamma rays:

—  photoelectric effect;

—  Compton effect.

And for the interaction processes of electrons with matter are modelled:

—  Coulomb scattering;

— lonization;

—  bremsstrahlung radiation.

For processes: photoelectric effect and bremsstrahlung radiation, the
interaction cross section is determined by interpolation according to formula (2.1)
[15]:

log(oy) log(E,/E) + log(a,) log(E/E;)
log(E,/E;)

log(a(E)) = (2.1)

where:

E — particle energy;

E;, E> — the nearest lower and higher energy values for which the values are
known o1 and o.

For the Compton effect with a gamma-quantum energy less than 5 MeV, the
analytical formula (2.2) [15] is used:

1

r2E2(E, E

o(E) = 21 ——<—+——sm2 9)- z FE(E — UDny(p,")d(cos8) (2.2)
2 EZ\E " E, L,

1 shells

where:
r. — classical electron radius;

m. — electron mass;
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@ — scattering angle;

E. — Compton energy;

fi — the number of electrons in the i-th atomic shell;

Ui — ionization energy on the i-th atomic shell;

© — heaviside step function;

p. — projection of the initial electron momentum in the direction of the
scattering angle;

p,"* — maximum possible value p..

Data [16] are used for the photoelectric effect, for the formation of electron-
positron pairs [17] and bremsstrahlung radiation [18].

In GEANT4, the physics in the model can be specified in three main ways
using: reference, modular and user physics lists. The Physics List is one of the three
mandatory user classes of the GEANT4 toolkit. In this class all GEANT4 particles
and their interaction processes should be instantiated. The main advantage of
working with the reference Physics List is in common method of instantiation of
physics objects in GEANT4 tests, in GEANT4 examples, and in user applications.
Number of reference Physics Lists is not small, because there are many alternative
physics models in the toolkit applicable for simulation of very different problems.
The reference list is enabled by connecting the library corresponding to the physical
list and registering it strictly before the GEANT4 kernel is initialized. Each reference
list consists of basic physical modules. There are following types of modules:

e electromagnetic physics;

e  extra physics processes for gamma and leptons;

e decay,;

e hadron elastic;

e hadron inelastic;

e  stopping particles capture processes;

e ion nuclear interactions;

e  step limiters;

e  others.
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In essence, a modular physical list is very similar to a reference list. The
difference lies in the implementation of creating this list. While the reference list is
a list with a ready-made list of physical modules, the modular list is self-assembled
by the user from ready-made physical interaction modules.

The most complete control over the physics of the simulated world can be
obtained by creating a custom physics list, using theG4VUserPhysicsList
descendant class. It differs from the modular one in having mandatory methods:
method for creating particles (ConstructParticle()) and method for creating processes
(ConstructProcess()). The user is responsible for a complete description of all
processes and particles required for modelling. The processes themselves are
constructed on the basis of the available library elements.

The work used a custom physics sheet to specify the physics of the
simulation. In accordance with the aforementioned processes, the necessary
processes of interaction of electrons and gamma-quanta with matter were specified

in the program code. An excerpt of the code is shown in figure 2.1.

G4PhysicslistHelper* ph = G4PhysicsListHelper: :GetPhysicsListHelper();

ph-*RegisterProcess{radiocactiveDecay, G4Genericlon::GenericIon()};

ph-*RegisterProcess{new G4ComptonScattering, G4Gamma::Gammal));

ph->RegisterProcess(new G4PhotoElectricEffect, GAGamma::Gammal));

ph-*RegisterProcess{new G4{oulomb5Scattering, G4Electron::Electron()};
ph-*RegisterProcess y GdeTonisation, G4E] lectron(}};
ph-*RegisterProcess({new GdeBremsstrahlung, pctron: :Electron());

Figure 2.1 — Particle-matter interaction processes used in modelling

2.2 Creating a model

Chromatographic methods are used for the industrial and experimental
analysis of multi-component mixtures. One of the most important elements of
analysis is the chromatographic column, which is used to separate complex
substances into their constituent components. The use of high quality columns
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ensures high accuracy, protects the substances from cross-contamination and
reduces the mobile phase consumption.

Chromatography columns are tubes filled with a stationary phase. The
mixture to be analysed flows through the device on a liquid or gaseous carrier. Based
on the different adsorption and desorption capacities of the chemical elements there
Is a temporary bonding between the material components and the sorbent. This leads
to a gradual separation of the sample compounds.

Chromatographic columns can be metallic or glass columns. Glass
chromatography columns are versatile, can be used for a wide range of
chromatographic methods, and are compatible with most modern chromatographs

through adapters. An example of a column is shown in figure 2.2.

]
o

Figure 2.2 — The scheme of the of a chromatography column.

1 — glass column, 2 — adsorbent
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A model of a chromatography column has been reconstructed in the
GEANT4 software package. It consists of a coupling tripod, a chromatography
column, an ion exchange resin, and a water solution with a uniformly distributed
radioactive source. The materials for the tripod (steel) and column (glass) are
specified from the NIST GEANT4 library. The model is shown in Figure 2.3.

Figure 2.3 — Chromatography column model built in GEANT4

The sorbent used is an ion exchange resin KU-2-8. The cation exchange resin
KU-2-8 is a multifunctional silicate acid resin. The main feature of the cation
exchanger is the presence of acidic groups that can exchange hydrogen with metal
ions present in solution. Its main properties are characterized by stability to osmotic
pressure changes, high resistance to chemical and physical influences, high
resistance to abrasion of granules to oxidizing agents, alkalis and thermal influences.
This resin is an insoluble cross-linked copolymer obtained by joint polymerisation
of styrene and the cross-linking agent divinylbenzene. The molecular formula of the

framework is shown in figure 2.4.
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Figure 2.4 — General view of the unit cell of the strongly acidic cationic exchange
resin KU-2-8 [8]

The granules of the cation exchange resin KU-2-8 are non-washable and
insoluble in solution or water. They swell when immersed in water. Externally it
resembles spherical yellowish grains of 0,315-1,250 mm in size. Table 2.1 shows
the basic physico-chemical properties of cationic exchange resins KU-2-8 [8, 9].

Table 2.1 — Physical and chemical characteristics of ion exchange resin KU-2-8

Indicator name Standard
Effective grit size, mm 0,40-0,55
Working fraction, % 96
Uniformity coefficient 1,7
Osmotic stability, % 94,5
Mass fraction of moisture, % 43-53
Total static exchange capacity, mmol/cm?® (mg-eg/cm?d) 1,9

In the built model the cationite has orange colouring and represents a
cylinder 10 equal layers in height of 10 mm and diameter of 15 mm. This is done in
order to measure the absorbed dose along the length of the column as the eluent
passes through the resin. Figure 2.5 shows in detail the layers of ion exchange resin

(one of which is illuminated) inside the column.
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Figure 2.5 — lon exchange resin

A detector geometry in GEANT4 is made of a number of volumes. Each
GEANT4 geometry element is defined by three objects:

1. The concept of a solid is used to describe the geometric properties of an
object. This is a specific object of a particular shape and size, such as a sphere
(G4Sphere) or a pipe (G4Tubes).

2. A logical volume (G4LogicalVolume) is used to describe all the
properties of a volume. This volume includes the geometric properties of the solid
along with additional physical properties (e.g. material of the volume, presence or
absence of sensitive sensing elements, magnetic field, etc.).

3. The location of the object in space is important. To do this you create a
physical volume (G4PVPlacement), which places a copy of the logical volume
inside a larger, containing, volume.

All objects created in the programme are necessarily inside the largest
(World) volume. It is also shaped, most often a cube, composed of some material
and has an arrangement.

Three main classes have been developed in GEANT4 to describe the
composition of matter: material (G4Material), element (G4Element) and isotope
(G4lsotope). Each of these classes has a table as a static data member to keep track
of the instances of the corresponding class created; the three objects are
automatically saved in the corresponding table after creation and should never be

deleted by user code. As the name suggests, the G4lsotope class describes the
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properties of atoms: atomic number, number of nucleons, etc. The class G4Element
describes the properties of elements: effective atomic number, effective number of
nucleons, effective mass per mole, number of isotopes, and quantities like cross
section per atom, etc. The class G4Material describes the macroscopic properties of
matter: density, state, temperature, pressure, and macroscopic quantities like

radiation length, mean free path, etc.
2.3 Creating a radiation source

The source of radiation in the present work is lutetium-177. Lutetium-177
decays to the stable ground state 177Hf with a half-life of 6.65 days in 76% of events
(E B(max) = 0.497 MeV) and decays to 177Hf in 9.7% of events (E B(max) = 0.384
MeV). In 12% of events (E B(max) = 0.176 MeV) it enters the excited state 177Hf
at 0.24967 MeV and 0.32132 MeV above the ground state and enters the ground
state by emitting photons. During these radioactive decays 177Lu emits beta
particles with Ef(max) 497 keV (78.6%), 384 keV (9.1%) and 176 keV (12.2%) and
low energy y photons [Ey = 113 keV (6.6%) and 208 keV (11%)]. A simplified
scheme of 177Lu decay is shown in figure 2.6 [10, 11].

177Lu

(Qg =0.4971 MeV)
T,=6.716
12 %

0.32132

011295

0.24967

177 Hf 0

Figure 2.6 — Simplified decay scheme of 1""Lu [10]

There are two main ways to define a primary radiation source in GEANTA4:
creating derived classes such as G4ParticleGun and G4GeneralParticleSource. The
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first one allows user to set all parameters of a radiation source (particle type, energy,
spatial distribution, etc.) by himself using programming capabilities. The second one
allows to create the radiation source with parameters, which are set in the files of
executable scripts.

In this work application of G4ParticleGun method as a source of radioactive

isotope Y""Lutetium is realized. Figure 2.7 shows an excerpt of the source code.

3.14159265358979323846;
2 * pi;

twopi * G4UniformRand();

.5 * GdUniformRand();

* cos(phi);

Gddouble vy * sin(phi);

Gidouble z = 8.9 + 8.1 * (2 * G4UniformRand() - 1);

GAThreeVector pos{x * cm, ¥ * cm, = * cm);

GAThreeVector mom(@8., 8., 1.)};

G4double
G4double 1
Gddouble x

=
=
]

fParticleGun->SetParticlePosition(pos);
fParticleGun->SetParticleMomentumDirection{mom) ;

G4ParticleDefinition* particle = fParticleGun->GetParticleDefinition();

if (particle == G4Geantino::Geantino(})

i
Lutetiu
G4int Z =
Gdint A =

Gddouble charge = 8. * eplus;
Gidouble energy = 8. * keV;

G4ParticleDefinition® iom = G4IonTable::GetIonTable()-»GetIon(Z, A, energy);
fParticleGun->SetParticleDefiniticon(ion);
fParticleGun->SetParticleCharge(charge);

1,
)

fParticleGun-*GeneratePrimaryVertex(anEvent);

Figure 2.7 — Setting the radiation source

The SetParticleDefinition() method specifies the type of particles. Thus,
based on the known values of the number of protons and nucleons in the nucleus,
lutetium-177 was specified as the source particle. The SetParticlePosition() and
SetParticleMomentumDirection() methods are needed to specify source coordinates
and particle flight direction. As you can see from the code, the source is specified
over the entire volume of a particular ion exchange resin layer. In the case of decay,

the propagation vector can be any value, as it has no effect on decay. The particles
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are launched by executing GeneratePrimaryVertex() method, the argument of which
IS a pointer to the object of G4Event class.

A comparative analysis of the theoretical and modelled energy spectra of
gamma and beta emissions of lutetium-177 was carried out to assess source quality.

Figures 2.8 and 2.9 show the theoretical spectra of y— and B—emissions of Y’Lu.

Radioactive data / ENDF/B-VIII.0 / Lu177 / Decay data / Discrete Gamma
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Figure 2.8 — Theoretical energy spectrum of gamma radiation of lutetium-177

Radioactive data / ENDF/B-VIILO / Lu177 / Decay data / Beta- Beta- spectrum

Intensity (PRT/(MeV*decay))

Energy (keV)
Figure 2.9 — Theoretical energy spectrum of beta radiation of lutetium-177
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Figures 2.10 and 2.11 show the gamma and beta energy spectra of lutetium-
177 obtained after radioisotope decay in GEANT4. As can be seen, the modelled
spectra are identical to the theoretical ones. The peaks in the energy range in Figure

2.8 correspond to internal conversion electrons resulting from the transition of

hafnium-177 atomic nuclei from the excited isomeric state to a lower energy state.

10" = 3

— Entries 17355

— Mean 174.0

B Std Dev 50.36
10° =
10 —

_I 1 11 | 1 1 1 I Ll 1 1 | L1 1 1 I L1 1 1 L1 1 | 1 11 | 1 L1 1 | 1 L1 1 | 11 L1

0 50 100 150 200 250 300 350 400 450 500

[keV]

Figure 2.10 — Simulated energy spectrum of gamma radiation of lutetium-177
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Figure 2.11 — Simulated energy spectrum of beta radiation of lutetium-177
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Figure 2.12 shows the characteristic chain decay of lutetium-177 to stable
hafnium-177, showing the formation of isomeric states of hafnium, whose decay is

due to the escape of internal conversion electrons.

###% Run 0 starts on worker thread 4.
——» Ewent 0 starts with i1nitial seeds (54993585, 29687661).
End of event. Decay chain: Lul7?7 ———3> HEf177

### Run 4 starts on worker thread 4.
——3 Ewent 0 starts with initial =s=eeds (1164550,46999296).
End of event. Decay chain: Lul?7 ———> HEfL177[321.316] ———» Hf177[112.950] ———>» HE177

### Run 7 starts on worker thread 3
——>» Ewent 0 starts with i1nitial seeds (94571398.85431497).
End of event. Decay chain: Lul77 ——-3 HEf177[112 .950] ———3 HE177

[thread 3] Thread-local run terminated.

[thread 3] Run Summary

[thread 3] Humber of events processed . 1

[thread 3] User=0.000000s Real=0.00564%9s Sy=s=0.000000s [Cpu=0.0X%]

Figure 2.12 — Decay chains ""Lu
The decay of 10 nuclei of ’Lu is shown in figure 2.13. The red tracks

correspond to electrons, the green to gamma rays and the white to electron

antineutrinos.

Figure 2.13 — Modelling the decay of 10 nuclei *""Lu

2.4 Calculation of deposited energy

The deposited energy is calculated at each step of a particle within an event.
The GetTotalEnergyDeposit() method calculates energy deposition in the volume of

the unit cell for each step. The particle loses energy over its lifetime, which is
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summed up by the AddEdep() function written. At the end of an event, the value
stored in this function is passed to Sum(), which sums up the values of the final
energies of all events. At the start (birth) of a new particle the value of AddEdep()
IS zeroed, a new calculation of the deposited energy is made. In this way the whole
deposited energy at the launch of a finite number of particles is calculated.

When dealing with large amounts of data, tools are needed to analyse it. In
this paper, ROOT is used for this purpose. ROOT is a software and library package
developed for use as a platform for processing experimental data of high energy
physics. The main initial task of the ROOT package is to present the measurement
results (visualisation) in a convenient form: histograms, graphs, charts and tables.
ROOT is implemented as a set of class libraries, providing the necessary
functionality to work with histograms, functions, graphs, trees, etc.

The energy deposited in the ion exchange resin layers is counted during the
programme run. The maximum specific activity of 1’’Lu when irradiated in neutron
flux of 1,1-10%*is 1187,84 GBq/g. The irradiation procedure involved natural Yb,O3
(mass=1,0 g) of high chemical purity (99,999%). A solution of distilled water, 6M
HCI and irradiated Yb,O3; powder is eluted through the column. The eluent passes
frontally by gravity through the ion exchange resin layers, irradiating it in the process.

As the source moves from one layer to the next, a counter counting the energy
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deposited in the material is activated. The absorbed energy in all layers of the ion

exchange resin is thus counted as shown in figure 2.14.

1 2 3

Figure 2.14 — Filling the chromatography column with eluent by ion exchange

resin layer: 1 — one layer, 2 — five layers, 3 — 10 layers

The program is written in the object-oriented C++ programming paradigm
using GEANT4 [12] and ROOT [13]. The program is built using the CMake system

[14]. The calculation algorithm is given in appendix A.

38



3 Results of simulations of absorbed radiation dose

For simulation, 1000000 decays of *"’Lu were carried out. Figures 3.1-3.3
show the energy absorption spectra of radiation in 1, 5 and 10 ion exchange resin
layers. Table 10 shows the computed dose rate and absorbed dose. When all activity
(1181,9 GBQ) passed through the column, the average absorbed dose was 2,74 kGy.
The ion exchange resin was not damaged, and the exchange capacity may not have
been affected, because the average absorbed dose was less than the theoretical value.

If the adsorbed dose was 1 MGy or above, major changes in resin characteristics

would occur [15, 16].
Table 3.1 — Total absorbed dose

Layer Total Dose Rate (Gy/Hr) Total Absorbed Dose (Gy)
1 4509,0 3006,0
2 4567,2 3044,8
3 4570,2 3046,8
4 4570,8 3047,2
5 4570,2 3046,8
6 4579,5 3053,0
7 4560,9 3040,6
8 4568,1 3045,4
9 4567,2 3044,8
10 4505,0 3003,0
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Figure 3.1 — Absorbed energy spectrum in ion exchange resin layer 1
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Figure 3.2 — Absorbed energy spectrum in ion exchange resin layer 5
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Figure 3.3 — Absorbed energy spectrum in ion exchange resin layer 10
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_ 3AIAHME JJISl PA3JIEJIA
«@UHAHCOBBIIf MEHE/UKMEHT, PECYPCOD®®EKTUBHOCTD U

PECYPCOCBEPEXKXEHUE»
Crygnenry:
I'pynna PUO
0A92 UeptroBy Muxaniny CepreeBuuy
IIxoaa AT Otaenenue mkoabl (HOII) OATL
YpoBeHnsn 14.04.02 S nepHsbie
bakanaspuar | Hanpasienune/cnenuajbHOCTh
o0pa3oBaHus dbu3KKa U TEXHOJIOTHH

HcxonaHble 1aHHbIe K pa3aely «PHHAHCOBBIH MeHEIKMEHT, pecypco3dPpeKTHBHOCTD U
pecypcocoepekeHne:

1.

Cmoumocms pecypcos Hayuroeo uccredosanus (HH):
MamepuanbHO-MexXHU4eckux, dIHepeemuieckux, PUHAHCOBbIX,
UHDOPMAYUOHHBIX U UETI08EUECKUX

brooowcem npoexma — ne 6onee 66,4 moic. pyo., 6
m.u. 3ampamsl no onjame mpyoa — e 6onee 186
mulc. pyo.

HAl02086, omtmcxzeHuﬁ, ()MCKOHMHPOGGHM}I u erdumoeaﬂuﬂ

3uauenue nokasameis uUHmMezpanbLHoul
2. Hopmbvl u Hopmamussl pacxo008anusi pecypcos pecypcoarghpexmusnocmu — ne menee 4 6annoe us
5.
3. HUcnonvsyemasn cucmema HAn02000104CeHUsL, CMABKU Tapug) omuucnenuti 6o 6nebioAIcemublie HOHOL

(cmpaxoswix g3nocog) — 30%.

Hepeqeﬂb BOIIPOCOB, MOAJIC/KAINUX UCCICTOBAHUIO,

MPOEeKTHPOBAHHUIO H pa3padoTKe:

Gunarncogoil, 6100CeMHOM, COYUATLHOU U IKOHOMUYECKOU
agppexmugnocmu uccied08anus:

Ananus NOMEHYUATLHBIX nompebumerneti
1. Oyenxa xommepueckozo nomenyuana, NepCReKmMuUSHOCMU U
pesyromamog  ucciedosanusi.  HMccnedoganue
anemepuamus npogedenust HU ¢ nozuyuu N
ecypcoddexmusnocmu u pecypcocbepeicenust KOHKypermitbLY PEXHIIECKUX peten.
peayp peap P IIposeoenue SWOT-ananusza
Onpeoenenue mpyooemKocmu pabom.
2. [Inanuposanue u popmuposanue 6100cema HAyUHbIX Paspabomra  epaghuxa npoeedenus HayuHo20
uccredosanuil uccne0o8aHusl. Dopmuposanue 010001cema
3ampam Hay4YHO-UCCLE008aMENbCKO20 NPOEKMA
3. Onpedenenue pecypchotii (pecypcocbepezarousets),

Ipogeoenue OYeHKU
aghpexmugHocmu npoexma.

CPasHUmMenbHOU

Ilepeyennb rpaguyeckoro marepuajia

1. Oyenxa KOHKYpeHMOCROCOOHOCIU MEXHUYECKUX PeUleHUL
2. Mampuya SWOT

3. Ipagux nposedenus u 6100xcem HU

4. Oyenka pecypchoil, ¢hunancosoil u skoHomuyeckoul sghgpexmuenocmu HU

\ JaTa Bbl1a4u 3a]aHu U1 Pa3/iesia no JHHeHHOMY rpaguky \

3aganue BbIAAT KOHCYJBbTAHT:

HosxHOCTH dUO Yuenas Moanucek Hara
CTeNeHb, 3BaHue
npodeccop OCTH ["acanoB Mareppam
LTBUIT A OrJsl A2
3agaHue NPUHAJ K HCIIOJHEHUIO CTYICeHT:
I'pynna DPUO IHoanuck Hara
0A92 UeptkoB Muxaun CepreeBud
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4 DuHAHCOBbIH MEHE’KMEHT, pecypcodpPeKTHUBHOCTH U

pecypcocdepe:xeHue

OueBHUIHO, UTO YPOBEHB U CKOPOCTb Pa3BUTHSI IPEAIPUATUN TECHO CBA3AHbI
C HAy4YHBIMH HCCIICIOBAHMSIMH, KOTOPBIMH OO0JIAJalOT JTH TMPEATNPHUSTHUS.
HccnenoBanusi 1 MHHOBALMKA CIOCOOCTBYIOT NMOBBIIIEHHUIO MPOU3BOAUTEIBHOCTH
OousHeca M H(PQPEKTUBHOCTH Npou3BoAcTBa. [lo 3TOM mnpuuMHE, TEXHOJOTUHU
ABIAIOTCA  HauOoliee 3HAYUMOM MpoOJIEMON, BOJHYIOUIEH pa3BUTBIE U
pasBuBaroIMecs cTpansbl. MccnenoBanus, HECOMHEHHO, OKa3bIBAIOT BIMSHUE HA BCE
cdepbl COMaIbHO-9KOHOMUYECKON JKHU3HM, CYILIECTBEHHO M3MEHss 00pa3 »KU3HHU,
MPUBBIYKU U MBIIUICHHE KaKI0I0 COBPEMEHHOT'O YEJIOBEKA.

OpnHako ciaexyer OTMETUTD, YTO MCCIEC0BAaHUS JAJIEKO HE TaK MPOCTHI, KaK
MOTYT IOKa3aTbCAd Ha MEepBbIi B3rAA. OUeHb CIOXHO AaTh aJEKBaTHYIO OIEHKY
NOTEHUUATbHON MPUOBUIBHOCTH IPOEKTA, 0COOEHHO B CITy4asix, KOTrJJa Ha PbIHKE HET
aHaJIOrOB JJisi pa3pabaTeiBaeMoro oObekTa. TpynHO mpeackaszaTh Oyayuliue
IPOJAXH, ONPENETUTh ONTUMAJIBHYIO LIEHY M TOYHO OIpPEACNIUTh 3aTpaThl Ha
KaXXJOM 3Talle peaju3alid MPOeKTa W BHeApeHUs pa3paboTku. OJHAKO BCE ITH
IIary SABJISIFOTCS BaKHBIMU JJ1s1 OLIEHKU MPUOBIIIBHOCTH MPOEKTA.

Lenpto pazgena «DUHAHCOBBIA MEHEIKMEHT, pecypcod(PPeKTUBHOCTh U
pecypcocOepexeHre» ABJISIETCS IPOEKTUPOBAHNE " CO3/1aHUE
KOHKYPEHTOCIOCOOHBIX Pa3pabd0TOK, TEXHOJIOTHMM, OTBEYAIOIIMX COBPEMEHHBIM
TpebOBaHMIM B 00JaCTH pecypcodDPEKTUBHOCTH U peCypcocOepeKeHHS.

JlocTukeHne e 00ecredrnBaeTCsl pelieHneM CIeIyIoIINX 3aauy:

—  OIIEHKa KOMMEpPYECKOT0 MOTEHIMaIa U MEPCIEKTUBHOCTH MPOBEACHUS
Hay4YHBIX UCCIICIOBAHNM;

—  ompenereHUue BO3MOXKHBIX aJIbTEPHATUB MPOBEICHUS HAYYHbBIX
UCCIIEIOBaHUM,  OTBEYAIOIIMX COBPEMEHHBIM  TpeOOBaHUSIM B  00JacTu
pecypcoddHEeKTUBHOCTH B PECYPCOCOEPEIKECHNUS,;

—  IUIaHUPOBAHME HAYYHO-HUCCIEI0BATEIbCKON pabOTHI.
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4.1 TloreHUAJIbHBIE TOTPEOUTEIN

B xone BeITIONTHEHHSI TaHHO# pabOoTHI OblIa pa3paboTaHa pacyeTHAsI MOJEb
JUISL UCTIBITAHUS XapaKTEpUCTHK MaTepuaia, MpeIHa3HAuYEHHOro JUIS 3aIlMThI OT
MOHM3UPYIOIIETO U3ITyICHHUS.

Pesynbprarom GakanaBpckoit paOoThI sBIsIETCS pa3pabOTaHHAs MpPOrpaMma
MOJICJIMPOBAHUSl UCHBITAHUN S(PQPEKTUBHOCTH 3aIIUTBl OT HOHM3UPYIOLIETO
U3Ty4YeHUs, UCTIOJHEHHOM W3 MOHTMOPWJUIOHHTA, B TPAMON KOPPEJSAIHUH C
HOTJIOUIEHHOM BBILIEYTIOMSHYTHIM MaTepUaoM J03bl.

B kauecTBe NOTEHLMANbHBIX MOTPEOUTENEH PE3YIbTATOB IMPOBEIEHHOTO
WCCIICIOBAaHUSI MOXET BBICTYNaTh HalmoHanmpHBIM OmepaTtop Mo OOpaIIeHHIO C
paanoaKkTUBHBIMU oTX0AaMu (nanee — PAQO), 3aHuMaromuics KOHCTPYUPOBaHUEM
IIYHKTOB 3aXOPOHEHUs PaJAMOAaKTUBHBIX OTX0A0B (nanee — II3PO) umu mnroObie
JIpyrue MNOTpeOUTENH, 3aHUMAIOIIMECS HW3TOTOBJICHUEM CPEICTB 3allUThl OT
MOHU3UPYIOIIETO U3JIydeHHUs (IKpaHbl, OCIA0ISIONIME MaTEPUAIIbl U T.I1.).

PbIHOK yCIIyr MOXXHO CETMEHTHUPOBaTh IO CTENEHH HEOOXOIUMOCTU
UCIIOJIb30BaHUsl JIaHHOM METOAMKH. Pe3ynbTaThl cermMeHTalMu IMpeiCTaBiIeHbl B
tabmnure 1.

Tabnuua 4.1 — Kapta cerMeHTUpOBaHUs PbIHKA

[Iporpamma 11t MOJETUPOBAHMS B3aUMOICHCTBUS

HOHU3UPYIOIICTO U3JTYYCHUA C MATCPUATIOM

AToMHasg

Hayunas orpacnes | SlnepHas menunnHa

MPOMBIINIJICHHOCTDb

CuspHast

[TorpebHOCTH

Cimabas
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4.1.1 AHanu3 KOHKYPEHTHBIX TEXHMYECKHUX pelIeHuil

JUIsi KOHKYPEHTHBIX TEXHUYECKHX PpEIICHWH W TPOBEICHHS aHAIN3a
KOHKYPEHTOCIIOCOOHOCTH MCTIONb3YETCsl OLICHOYHAs KapTa, IpUBECHHAs! B Ta0JIULE
1. Kaxnaplii peakTop OLIEHUBAETCS IO KAXKAOMY ITOKA3aTENI0 IKCIIEPTHBIM ITyTEM 110
IATHOAUILHOM 1IKae, rae 1 — Hanboliee ciradast mo3HIus, a 5 — HanboJIee CUIbHAS.
Beca mnokaszareneil, omnpenenseMble JKCIEPTHBIM IIyTEM, B CYMME JIOJKHBI
COCTaBJIATSH 1.

AHanu3 KOHKYPEHTHBIX TEXHUYECKUX PEHICHUI onpenensercs no Gpopmyne:

K=2BLBL

riae K — KOHKYpPEHTOCIIOCOOHOCTh Hay4YHOU pa3pabOTKH MM KOHKYPEHTA;
B, — Bec nmokazarens (B 105X €IUHUIBI);
b; — 6am i-ro mokasares.

Ta6muna 4.2 — OneHoyHas KapTa JJi1 CpaBHEHUS KOHKYPEHTHBIX

TCXHUYCCKHUX peHIeHI/Iﬁ

. Bec Bl KOHKypeHTH:cnoco6HOCT
pUTEPHH OIICHKH
KPUTEPHS [~ T T - Ko n Ke
1 2 3 4 5 6 7 8
TexHUUECKHE KPUTEPHUHU OLICHKH
pecypcodhHEKTUBHOCTH
1. TIpocToTa 3KCIUTyaTaluy 01 4 2 2 0,4 0,2 0,2
2. TouHOCTH pacuéra 0,2 4 4 3 0,8 0,8 0,6
3. TpeboBanwmst k 01 2 5 4 0.2 05 0.4
BBIYHCIHTENLHBIM PECypcaMm
4. OyHKIMOHATBEHAS MOITHOCTh 0,1 5 3 2 0,5 0,3 0,2
5. YHHUBEPCATLHOCTD 0,1 5 4 2 0,5 0,4 0,2
DKOHOMHYECKHE KPUTEPUU OLEHKU 3P(EKTUBHOCTH

1. KoHKypeHTOCTIOCOOHOCTh 0,1 3 3 2 0,3 0,3 0,2
2. 3arparbl Ha pa3pabOTKy 0,2 5 5 5 1 1 1
3. PacuétHbIil cpoK CITyKOBI 0,05 5 4 4 0,25 0,2 0,2
4. OUHAHCUPOBAHUE PA3BUTHS 0,05 2 2 2 0,1 0,1 0,1

HUroro 1 4,05 3,8 3,1
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AHanu3 KOHKYPEHTHBIX TEXHUYECKMX PEIICHHUU MO3BOJIAET CBOEBPEMEHHO

BHOCUTb KOPPEKTHUBBI B IIPOEKT,

4TO0BI

0ojee yCHEMHO HPOTUBOCTOSTH

KOHKYpPCHTAaM. HOCKOJII)Ky PBIHKKM HaXOOATCA B IIOCTOAHHOM IBHIKCHUU,

HGO6XOI{I/IMO ICPUOAUICCKHA IIPOBOAUTD TaKOW aHaJIu3.

4.1.2 SWOT-anaau3

SWOT (Strengths (cumbubie cToponbl), Weaknesses (ciaObie CTOPOHBI),

Opportunities (Bo3moxHOocTH) © Threats (yrposbl)) — TmpencTaBisieT coO0oi

KOMIUIEKCHBIN aHaIM3 HccieaoBaTenbckoro mpoekra. SWOT-aHanu3 nmpuMeHsoT

JJI UCCIICAOBAaHUA BHEIIIHEH U BHYTpeHHGﬁ CpCAbI IIPOCKTA.

B pamkax mepBoro stama SWOT-ananu3a Hay4HO-HCCIIEI0BATEIBCKOTO

IIPOCKTa OCYHMCCTBIIACTCA OIIMCAHHH CHJIbHBIX H ci1a0BIX CTOPOH BHEIIIHEH H

BHyTpeHHCﬁ COCTaBJIAIOIHNX BBIMICYIIOMAHYTOTO. P C3yJIbTAThI, ITIOJIYYCHHBIC B XO/IC

aHanw3a, mpeacrasiieHsl B Buae MaTpuibl SWOT B Tabmute 3.

Ta6nuna 4.3 — Marpuiia SWOT-ananuza

CuiibHbie cToponbl (C)

Bo3mo:xnoctu (B)

C1. Haiimuue nmporpaMMHOTo oOecreueHust
(mamee — IT1O), 1OCTATOYHOTO /IS POBEACHHUS
HCCIIEI0OBAHUIM;

C2. IlpuBeneHHbIE PACYETHI MOTYT
MOCIIOCOOCTBOBATD PeaTn3allii HOBBIX
HauOosiee Y PEKTUBHBIX BUIOB 3aIIUTHI OT
Nn;

C3. AKTyaabHOCTh JAHHOTO MPOEKTA;

C4. Hasinuue onbITHOTO PYKOBOJIUTEIIS;

CS. 3asBneHHast BO3SMOXHOCTh K 3aMELICHUIO
OTHOCHUTEJIHO TPAJUIIMOHHBIX
KOHKYPEHTHBIX pELICHUM.

Caabwblie croponsi (Ca)

Cil. Heo6X0auMOCTh B OTHOCUTEIIHLHO
HEMaJIbIX BBIYUCIUTEIbHBIX MOLTHOCTSIX;
Cn2. 3HaunTenbHbIE BPEMEHHBIE U
MHTEJUIEKTyaJIbHbIE 3aTPaThl,

Cn3. Heo0xoauMOoCTh B 3HAYUMOM YpOBHE
BJIaJICHUS] HECKOJIBKUMU SI3bIKAMU
POTpaMMHUPOBaHUS;

Cn4. OTcyTcTBHE CBEICHUH O CI0KHOCTH
BHEAPEHUS TEXHOJIOTHUH, a TAKKE O €€
AKHU3HECTIOCOOHOCTH;

B1. YBenuuenue cnpoca Ha I0100HBIE
TEXHOJIOTHH;

B2. TIpoBenenue 60IbIIOr0 KOJIMYECTBA
TEMaTHUYECKHX HAYYHBIX KOH(GEPEHIINH;

B3. Bonpioii noTeHnyan NpuMeHeHUs
pacueToB B MUPOBOM aTOMHOM OTpacilu;
B4. bonpiioe KOITU4eCTBO MyOIMKAIIUNA O
PAO;

BS5. Ilybnukarust MeTOAMYECKUX IMOCOOHI K
HoBOMY [1O.

Yrpossi (Y)

V1. CokpalieHue 1011 SIIE€pHON SHEPTEeTUKH
KaK CIIEZICTBHE BHEIPEHUSI HOBBIX
HCTOYHUKOB;

V2. OrpannyeHust BO3MOXHOCTH
MCIIOJIb30BaHUs 3apyOeKHbBIX
TEXHOJIOTUYECKUX PELIECHUM;

V¥3. Cokpanienue (prHaHCUPOBAHUS;

V4. OrpanndyeHyre NHOCTpaHHBIMU
rocy/1apcTBaMH JIOCTYI K CBOUM
TEXHOJIOTHUSIM;
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Cn5. OTcyTcTBHE METOIUYECKUX TTOCOOUH K VY5. OTcyTcTBHE TEXHOJIOTHYECKON 0a3bI I
HoBomy I10. peanu3anuu pa3padaTeIBAEMOTO MPOAYKTA.

Bropoii atant SWOT-ananu3a nmoapa3syMeBaeT YCTaHOBIICHUE COOTBETCTBUS
CHJIBHBIX M CJIA0BIX CTOPOH BHEITHUM YCIIOBUSM OKPY’KAIOIICH cpesbl. Pe3ynbraTe
MIpeCTaBICHbI B BUJIE YeThIpeX HHTepakTUBHBIX MaTpul] SWOT B Tabnunax 4-7.
Tabnuna 4.4— NntepaktuBHas Matpuia cootserctBus (B — C)

CuibHble CTOPOHBI ITPOECKTA

Cl C2 C3 C4 C5
Bl + + + + 0
B2 + + + + 0
Bo3MmoskHoCTH B3 + + + + 0
B4 0 0 0 + +
BS5 - 0 0 - 0
Tabnuua 4.5 — UaTepaktuBHas Mmarpuua coorserctBus (B — CJI)
CJabble CTOPOHBI POEKTA
CJl1 CJ12 CJI3 CJi4 CJI5
B1 01 0 - 0 0
Bo3moikHoCTH B2 02 ¥ 0 - 0
B3 03 0 - - 0
B4 04 0 0 - 0
BS5 05 0 0 0 0
Tabnuna 4.6 — MarepaktuBHas matpuiia cooTBeTcTBus (Y — C)
CuiibHbIC CTOPOHBI ITPOEKTA
Cl C2 C3 C4 C5
p4! - 0 - - 0
Yrposbl y2 ¥ * 0 n 0
V3 0 0 + 0 -
V4 + 0 0 - 0
Y5 0 0 - 0 -
Tabnuua 4.7 — UaTepaktuBHas matpuna coorserctus (Y — CJI)
Cia0ble CTOPOHBI NPEANPUATHS
CJI1 CJ12 CJI3 CJi4 CJIS
4! 0 0 0 0 -
Yrpossbl y2 . 0 . 0 0
V3 0 + 0 + 0
Y4 + 0 0 0 0
V5 0 - + 0 -
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3akmountenbHblii 3Tan  SWOT-ananuza mnojipasyMeBaeT COCTaBJIIECHUE

yautrapHoit SWOT-Matpuiisl Ha OCHOBE YNPOIIEHHOW U WHTEPAKTHBHOW MATpPHIL.

Pe3ynbTaThl npencTaBieHsl HIke (M. Ta0.8)

Tab6muma 4.8 — Utorosas matpuiia SWOT-ananuza

Cl1. Haauumne
NMPOrpaMMHOI0
obecneuenus (majee — I10),
JA0CTATOYHOIO AJIs
NPOBeJAeHUs UCCIeT0BAHMI;
C2. IlpuBeneHHbIe PACYEThI
MOI'YT MOCIOCOOCTBOBATH
peajn3anuu HOBbIX
HaunOoJ1ee 3P PeKTUBHBIX
BH/I0B 3amuThl oT NN ;

C3. AKTYaJIbHOCTH IAHHOT 0
MPOEKTA;

C4. Haanune onbITHOTO
PYKOBOJUTEJIS;

C5. 3asBJenHas
BO3MOKHOCTh K
3aMeIleHHI0 OTHOCHTEIBHO
TPAAMLIMOHHBIX
KOHKYPEHTHBIX pelIeHH .

Cal. Heo0xoaumocTh B
OTHOCHTEJIbHO HEMAJIBIX
BBIYHCJIHTEIbHBIX
MOIIHOCTSIX;

Cn2. 3naunTeabHBbIE
BpeMeHHbIe U
HHTE/UIEKTYaIbHbIE
3aTpaThl;

Cn3. HeoOxoaumocTh B
3HA4YMMOM YPOBHeE
BJIAJIEHUS HECKOJbKHMHU
sI3bIKAMH
NMporpaMMHUPOBAHMNS;
Cad. OrcyTcTBHE CBEIeHUI
0 CJIOKHOCTH BHEJIPEHHUsI
TEeXHOJIOTHH, a TAKKe 0 eé
JKH3HECIOCOOHOCTH;

CaS. OrcyrerBue
METOANYEeCKHX NMOCOOMH K
Hosomy I10.

B1. YBeaunuyenue cnpoca Ha
Moa00HbIE TEXHOJIOTHH;
B2. IlpoBenenue 60Jib1110T0
KOJIHYeCTBA TEMATHYECKHUX
HAYYHBIX KOH(pepeHuii;
B3. BoabIoii moTeHInAaI
NpUMeHeHHs pacyeToB B
MHPOBOM ATOMHOMU
oTpacJu;

B4. BoJsiboe ko1u4ecTBO
nyoaukauuii o PAQ;

BS. llyoankanust
MeTOAUYEeCKUX MOCOOnH K
Hosomy I10.

¥1. Cokpamenue 104
ACPHON YHEPreTUKH KaK
cjle/IcCTBHE BHepEeHUs
HOBBIX HCTOYHUKOB;

¥2. Orpanuyenust
BO3MO’KHOCTH
HCI0JIb30BAHUSA
3apy0eKHbIX
TeXHOJIOTHYeCKUX
pelIeHni;

MOXHO OTMETUTH 3HAYUMYIO
BEPOSATHOCTH peAIM3aALINU
CUJIBHBIX CTOPOH, HO TOJIBKO
B TOM CJIy4ae, eciii OyayT
MPETBOPEHBI B JKU3Hb
YIIOMSHYTbIE BO3MOXXHOCTH.

AHanu3 nmokasai, 4To pHCK
BO3HUKHOBEHMUS yIpoO3
BECbMa MAJIOBEPOSITEH.
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B psine ciyyaes He
HCKIII0YACTC BO3MOXKHOCTD
YCIIOXKHEHUS [IIAHUPYEMOTO
X0J1a peann3aluy MpOeKTa.

N3 pe3ynpTaToB aHanu3a:
3HAYUMOM CBSI3U MEXTY
YIpO3aMH U CIA0BIMH
CTOPOHAMH HCCIIEYEMOIO
NPEeNpUATUSI HE
IIPOCJIEKNBAETCS.



¥Y3. Coxkpamenue
(punancupoBanus;

Y4. Orpanuyenue
HHOCTPAHHBIMU
rocyAapcTBaMHu J0CTyNa K
CBOMM TEeXHOJIOTHSIM;

¥S. OrcyrcrBHe
TeXHOJIOTH4eCKOMH 0a3bl.

4.2 Tl.iaHnpoBaHue HAYYHO-HCCIIe10BaTeIbCKON PadoThI

4.2.1 Ctpykrypa patoThl B pAMKAaX HAYYHOI'0 HCCJIe0BAHNS

[InanupoBanue npeamnoIaraeMbix padboT MPOUCXOAUT B TAHHOM MOPSJIKE:

— OIpeNeNIeHUue CTPYKTYpbl pabOThI;

— OMpeJeTIeHNEe YYaCTHUKOB KaKJI0M 13 padoT;

— YCTaHOBJICHHE MPOJIOJKUTEILHOCTH padoT;

— MoCcTpoeHue rpaduka MpoBEACHUS UCCIISIOBAHN.

Jlns ontuMM3auu paboOT YIOOHO HCIONB30BaTh KJIACCUUYECKUM METON
JIMHENHOTO IITAHUPOBAHUS U YIIPABJICHHUS.

Pe3ynpraroM Takoro miaHUPOBAHUS SIBISIETCS COCTABJICHUE JIMHEUHOTO
rpaduka BeIMOIHEHUS BceX paloT. [Ipeanonaraemblii HOPSIOK COCTABICHHS 3TAIOB
IOPOBEACHUSI HCCIENOBATENbCKONM paboThl M pachpenesieHHue HCHOJHUTENeH
nokaszanbl B Tabnuie 9. MHxxeHepoMm SBISETCS CTYIACHT, BBHITOIHSIONINN JaHHYIO
MCCIIEI0OBATENIbCKYI0 pabdOTy, PYKOBOJIUTEIEM SIBISIETCSI HAYYHBIA PYKOBOAMTEID,

BBIJIAOIIMH 3aJJaHUE U CICSAIINN 32 IPABUILHOCTHIO BBITIOTHEHUS PaOOT.
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Tab6muma 4.9 — Iopsaok mpoBeneHUS UCCIEA0BATEIIBCKON pabOThI

no 'OCTy

(OCHOBHBIE 3TaIlbI Ne Copneprxanue padoT Hcnonnurens
Pa3pabotka WNuxenep,
1 |CocraBneHue U yTBEpKAECHUE HAYUYHOT'O 3a1aHUS
TEXHUUYECKOI'0 3aJJaHus PYKOBOJUTEID
2 Bri6op HanpaBiieHus HCCIeJ0BaHUI Nnxenep
Br100p HanpaBieHMsI
. 3 [Ton6op u u3yyeHue MaTepuasIoB MO TEME WNuxenep
MCCIICIOBAHUM
4 Kanennapnoe mianupoBanue padbot no reme | PykoBoauresns
Bei0op MeTona pacyera u CO3/1aHUE PACYETHOM
TeopeTuueckue u 5 Nnxenep
MOJIENHN
PKCIEPUMEHTAJIbHBIE
MCCIIEIOBAHMUS 6 [IpoBenenue pacueron WNuxenep
HNnxenep
7 AHanu3s noJIy4eHHBIX Pe3yJIbTaTOB
OneHka pe3yabTaToB U PykoBonurens
odopmIleHHE OTYEeTa
8 Pazpabotka yeprexa Wmxenep
CocraBiieHHe NMOsSCHUTEIbHOMN
9 WNuxenep
OneHka pe3yabTaToB U 3anucku k HHUP
odopMIICHHE OTYETa Odopmnenne noscHuTeNbHON 3anmucku kK HAP
10 Nnxenep

4.2.2 OnpenesieHne TPyJI0eMKOCTH BBINOJIHEHUsSI PadoT U pa3padoTka

rpauka npoBeaeHUus

[Ipu npoBeneHMM HAy4dHBIX HCCIENOBAHUM OCHOBHYK) 4YacTb CTOMMOCTH

pa3pabOTKH COCTABIIAIOT TPYAOBBIE 3aTPaThl, IOATOMY OINPEAEIICHUE TPYIOEMKOCTH

IIPOBOAUMBIX pa60T ABJILICTCA BaXXHBIM OTAIIOM COCTAaBJICHHUA CMCTHI. I[J'IH

OTIPEICIICHUSI, OXKUJAEMOTO (CpEIHEro) 3HaueHUs TPYJOEMKOCTH HCIIOJIb30BaHa

cienytomas popmysna:

rac to;xi -
tmin i

paboThI,

YeJIOBEKO-HH;

_ 3tmini + 2tmaxi
Loi = 5

tmax i

BBITIOJTHEHUS i-0M PabOThI, YEJIIOBEKO-THHU.
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oXujaemMasi TPYIOEMKOCTb BBIMOJHEHUS i-OH padOThI, YEIOBEKO-IIHU;
MHUHUMAJIBHO BO3MOXHAasl TPYAOE€MKOCTb BBIINIOJHEHUS 3aJaHHOW [-OU

MAaKCHUMAJIbHO BO3MOXHasA TPYAOCMKOCTDL




[IpoaomKuTEeNbHOCTD KaXA0H i-0i pabOThl B pabOYMX JAHSX:

T . = toofci
pl qi

e Tp; — NPONOIDKUTENBHOCTE OJHOM paboThI, paboune JHHU; Y; — YMCIEHHOCTH
UCIIOJIHUTENICH, BBITIOMHSIOIMIMX OJHOBPEMEHHO OJIHY U Ty ke paboTy Ha JaHHOM
JTarne, 4eJoBeK.

Tki = Tpi ) kKan
rae Ty; — TPOAODKUTEIILHOCTD BBITTOJIHCHHSI [-OM paOOThl B KaJCHIAPHBIX JTHSX;
k.., — Ko3hPUIMEeHT KaJieHIapHOCTH.

Kanennapusiii ko3 duurent onpeaensercs mo Gopmyse:

Teo 365

Tean — Toox — Tup 365 — 118 — 14

= 1,56

kKaJ'I =

riae Ty, — KOJIMYECTBO KaJCHAAPHBIX THEN B roay; Ty, — KOJUYECTBO BBIXOJIHBIX
AHEH B TOAY; Ty, — KOMMYECTBO MPA3IHAYHBIX JHCH B TOLY.

BpeMGHHBIe ITOKa3aTCIn IIPOBCACHHUA Hay4HOTI'O HCCIICA0OBAaHU

IIpE/ICTaBIICHbI B TabIULE 8.
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Tabnuna 4.10 — BpeMenHbIe oKazaTean OCYIIECTBICHUS KOMIUIEKca paboT

Tpynoémkocts pabot

Emin, fmax » Lomis JmatenbHOCTh | JITUTENbHOCTD
YeJll-JTHU | Yell-JTHU YyeJl-THU
HasBanue paboTh pador b pador B
; ; ; ; ; | pabounx AHAX |KaIE€HIAPHBIX JHIX
1 2] 3 4 5 6 7 8 9
1. CocraBnenue u
YTBEPKJICHUE 1 1 2 2 1,4 1,4 1,4 2
HAY4HOTO 33/1aHUS
2. Bribop
HaIpaBJICHUS 2 0 4 0 2,8 0 2,8 4
UCCIIEI0BAaHUN
3. ITon6op u nzyuenue
8|1 0 |12 ] 0 9,6 0 9,6 15
MaTepuaoB Mo TEMe
4. KanengapHoe
mIaHupoBanue pador | 0 1 0 2 0 1,4 1,4 2

10 TEMC

5. Bei6op Merona
pacdera v Co3/1aHHe 91 0 17 | 0 | 12,2 0 12,2 19
pacyeTHON MOAEIN

6. [IpoBenenue

3 0 5 0 3,8 0 3,8 6
pacyeToB
7. Ananms
MTOJTYYEHHBIX 3 3 5 5 3,8 3,8 3.8 6
pe3yIaBTaTOB
8. Paspagoria 710 11| 0|86 0 8,6 13

yepTrexa

9. CocraBieHue
MOSICHUTEILHOM 9 0 17| 0 12,2 0 12,2 19
3anmucku Kk HUP

10. Odbopmiienne
HOSICHUTEIbHOU
sarucku k HUAP o 410 7 0 3,2 0 5,2 8

I'OCTy

Hroro: 46| 5 | 80 | 9 [596 ] 6,6 61 94

Ha ocHoBe Tabnuiibl 9 cocTaBieH KajaeHAapHbIN TIaH-TpaduK BBIMOIHEHUS

MPOEKTA C UCTIOIb30BaHueM nauarpammbl ['anTa (Tadmuima 9).
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Tabmuna 4.11 — luarpamma ["anrta

[IpogomxurenbHOCTh padoT

Ne Bun pabor HUcn. ¢beBpanb MapT anpenb Mait

1231|123 ]1]2|3]1]2

CocraBiieHue 1
1 |yTBEpX)KIAECHHE 2
HAY4YHOT'O 3aJaHUS

N —

Br160op
2 |HampaBICHUSI 2 4
MICCIIE0BAHUI

[Ton6op u n3ydenue
3 [MarepualoB IO 2 15
TemMe

Kanengapnoe
4 [I1aHupOBaHUE 1 2
paboT 1o Teme

Br160op merona
5 |pacuera u co3maHue| 2 19
[pacyeTHOM MOJEIIH

IIpoBeneHue
pacueToB

AHanu3

N —

7 [MOJIy4YE€HHBIX 6
[PE3YJIBTaTOB

Pa3paboTka
yepTexa

CocraBiieHue
9 |HOSICHUTENBbHOM 2 19
3armucku k HUP

Odopmienue
10 MOSICHUTEIHLHON ) g
sarmcku kK HUP o

'OCTy

[Ipumeuanue:

I:l — pykoBoautens (Mcr. 1) - — umxenep (Mcn.2)

53



4.3 Broa:keT HAyYHO-TEXHUYECKOT0 MCCJIeI0BAHNS

bropxer mpoekra cocTOMT M3 MarepuanbHbIX 3arpaT Ha HTU, 3arpar Ha
CHELMAIbHOE O00OpYyJIOBaHUE JUId HAay4HbIX (PKCIEPUMEHTAJIBbHBIX) padorT,
OCHOBHOM 3apa00THOM IJIaThl UCTIONHUTENEH TeMbI, JOTIOJIHUTEIBHON 3apab0THOM
IUTAThl UCTIOJHUTEJICH TeMbI, OTYUCICHU BO BHEOIO/KETHBIE (POHIBI (CTPaXOBbIE
OTYMCIICHUS), 3aTpaT Ha HayyHble U IPOU3BOACTBEHHbIE KOMAaHIUPOBKH;

KOHTPAIrCHTHBIX paCXO0A0B, HAKJIAAHBIX PaCXO0d0B.

43.1 Pacuér MaTepuaJbHBIX 3aTPaT HAYYHO-TEXHHUYECKOI'0

HCCJIeJ0BAaHUA

MarepuanbHble 3aTpaThl BKIIOYAIOT B ¢€0s CTOMMOCTh BCEX MaTEPHAJIOB,
UCIIOJIb3YEMBIX MPHU pa3pabOTKe MPOEKTa.

Pacuer MAaTCPHUAJIBHBIX 3aTpaT OCYIICCTBILACTCA I10 (bOpMyJIe:
m
3M = (1+ kT) ’ z[ll ) Npacxi,
i=1

rjae M — KOJIMYECTBO BUIOB MaTEPHAIBHBIX PECYPCOB, OTPEOIIEMBIX TIPH

BBINIOJIHCHWH HAYYHOT'O UCCJIICAOBAHUS

N, — KOJIMYECTBO MaTepHalbHBIX PECYPCOB I-ro BH/a, TUIAHUPYEMBIX K
MCIIOJIb30BAHMIO [IPY BBITIOJHEHUHM HAYYHOTO MCCIEA0BAaHUs (IUT., KT, M, M2 1 T.11.);
I], — UeHa npUOOpEeTeHHs eAWHHIBI [-TO BHIAA IOTPEOISEMBIX

MaTepHabHEIX PecypcoB (py0./mr., pyo./kr, pyo./m, pyo./M? U T.11.);

k KO3(QGULIMEHT, YYMUTHIBAIOIMIUM TPaHCIOPTHO-3arOTOBUTEILHBIE

.
pacxo.pl.
MarepuanbHble 3aTpaThl, HEOOXOAMMBIE I JAHHOM pa3paboTKw,

3aHocATcs B Tabmuity 10.
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Tabnuna 4.12 — MaTepuanbHble 3aTPaThl

Enununa Ilena 3a en.,
HanMmenoBanue KomnyectBo Cymma, pyo.
U3MEPCHUS pyoO.
bymara A4 IIIT. 250 3,16 790
Kapangam IIIT. 1 25 25
JlacTuk IIIT. 1 12 12
Hroro, pyoiei 827

4.3.2 OcHoBHas 3apaldoTHAA MJIaTAa UCIIOJTHHUTEJIeH

BenuunHa pacxofoB 1o 3apaOOTHOM IUIaTe€ OIpEAessieTcsl UCXOAS U3
TPYAOEMKOCTH BBINIOJHSAEMBIX pabOT U JIEHCTBYIOIIEW CHCTEMBI OKJIAJ0B H
Tapu(HBIX CTaBOK. B cocTaB OCHOBHOM 3apa0OTHOM IUIATHl BKJIKOYAETCS MPEMUS,
BhITUTAUYMBaeMasi €XKeMecsiuHo 13 GpoH1a 3apaboTHoM miatel B pazmepe 20 — 30 % ot
Tapuda Wi OKJIaaa.

CraTpss  BKJIIOYAET OCHOBHYIO  3apa0OTHYK IulaTy  pabOTHUKA,
HETMOCPEACTBEHHO 3aHATOro BbioaHeHueM HTU, (Bkiatouas mpemMuu, 10IU1aThl) U
JOTIOJTHUTENBHYIO 3apab0THYIO TIIaTYy:

3311 = 30c1—1 + 3,qon,
rje 3, —OCHOBHas 3apa0oTHas Ijara; 3, —— JONOJHUTEIbHAs 3apaboTHAas IIara.

OcHoBHas 3apaboTtHas miata ( 3

OCH

) PYKOBOAMTEIIS PacCUMTHIBACTCS IIO
cnenyrolieit hopmyiie:

Ban = 3 - T,

rne 3 — OCHOBHas 3apaboTHasi IUlATa OXHOrO pabOTHHKA; 7, —

MpOAOIZKUTCIbHOCTD pa60T, BBIITIOJTHACMBIX HAYYHO-TCXHHYCCKHUM pa6OTHI/IKOM,

pab. oH.; 3, — cpelHEeIHEBHas 3apaO0THas IIaTa pabOTHUKA, PYO.

CpennenHeBHas 3apabOTHAs MJIaTa PaCCUUTHIBACTCA 10 hopMyIie:

3 3wM

H
A Fy
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rae 3, — MECSUYHbId JOJDKHOCTHOM OKJaj paboTHHKA, py0.; M — KOJIMYECTBO
MecsILEeB padoThl O€3 OTITyCKa B TEUEHUE TOJ1a:

a) mpu oTmycke B 24 pab. gas M =11,2 mecsma, S—1HeBHAsS HEEs;

0) 1pu oTmycke B 48 pab. queit M=10,4 mecsia, 6—1HeBHAs HEJES;
F, — AeHCTBUTENbHBINA TO0BOM (OHA pabouero BpeMEHU Hay4YHO-TEXHHUYECKOIO
nepcoHana, pad. ad. (tabmuua 11).

Ta6nuna 4.13 — bananc pabouero BpeMeHU

[Tokazarenb pabodero BpeMeHH PykoBoauTtens Nnxenep
KanennapHoe uncio aHei 365 365
KonuuectBo Hepaboumnx HEH 67 67
(BBIXOJIHBIE Y TIPa3IHUYHbIC JTHU)

[ToTepu pabGouero BpeMeHu (OTIYCK U 48 48
HEBBIXO/IBI 110 OOJIC3HM)

€M CTBUTEIbHBIN TOJ0BOM (hOH
A ROBOH (poEA 251 251

pabouero BpeMeHu

3apaboTHas miiata pabOTHUKA PACCUUTHIBACTCS KaK:
Bu =3rc (1 + kyp +ky) - Ky,
rae 3, — 3apaboTHas Iara 1o TapuHOU cTaBKe, pyo.;

k,, — IPEeMHAIIBHbIIT ko3 dunnent, pausrii 0.3 (1.e. 30 mpoueHTOB OT 3, );

k, — KO3 puuueHT gomar u HandaBok cocTtasiseT npumepHo 0.2 — 0.5;

k, — paiiOHHBI KO3 duureHT, paBHbIi 1,3 (st Tomcka).

Jlist pykoBogutenst 3..; = 29300 py6., a 115 unxkenepa 3., = 3500 pyo.
3apriaTta 71 MH)XEHepa PaCCUUTHIBACTCA CIEAYIOIMUM 00pa3oM:
3m =3rc "Kp=3500 - 1.3 =4550 py6.;

_ 3,M _ 4550-10.4
AT g 251

3

= 188.52py0.

3apaboTHas miiarta Ui pyKOBOAMTEIISI PACCUUTHIBAETCA Kak:

3, =3 (L+k,,+ky) -k, =29300 - (1+0.3+0.2) 1.3 =57135 py6.;
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_3,-M 57135-104

3 = F; 5E1 = 2367 py0.

Pe3ynpraTel pacueTroB 3apabOTHOM IIaThl PYKOBOAMTENA M HHXKEHEpa
npeCcTaBieHbl B Ta0uIe 12.
Tabnuna 4.14 — Pacyet ocHOBHO# 3apaO0THOM TUIATHI
Hcnomaurenu 3., pyo. 3> DYO. T, THHA 3 .., pyo.
PyxoBoauTens 29300 2367 10 23670
bakanasp 3500 188,52 94 17720,88
Hroro, pyo. 41390,88

4.3.3 OTtuncjieHusi BO BHeOI/I:KeTHBIE (POHIBI

B JaHHOM  pas3aciic OTPaXaroTCiA 00s3aTeIbHBIE  OTYHUCICHUS IO

YCTAHOBJICHHBIM 3dKOHOJATCIIbCTBOM Poccuiickoi CDez[epauHI/I HOpMaM OpraHamM

rocyiapcTBeHHOTO coruaibHoro crpaxoBanus (OPCC), nencuonnoro ¢ouaa (I1D)

U MeTUIMHCKOTO cTpaxoBaHus (POOMC) ot 3aTpaT Ha omIaTy Tpy/ia paOOTHUKOB.

O0mras craBka B3HOCOB cocrasiisieT — 30 %.

OTtuncienust BO BHEOIOKEeTHBIE (DOH/IBI TIPEICTaBlIeHbI B Tabmuie 13.

Ta6numa 4.15 — Otuncnenust BO BHEOIOKETHBIC (DOHTBI

Wcnonuurenu OcHosnas 3l1, py6.
PykxoBoauTens 23670
HNuxenep 17720.88
KoaddunmenT orunciennii Bo
BHEOIOKETHBIE (DOH/IBI 03
Hroro 12417.27
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4.3.4 Haknaaubie pacxobl

HakiamHple pacxoabl yYHMTBIBAIOT NPOYME 3aTpaThl, HE IOMABIIHE B
IpEeAbIAYIIME CTaTbU PAcXOZOB: II€4aTb M KCEPOKONUPOBAHME MAaTEpPHAJIOB
UCCJIEIOBAHMSI, OIJIaTa YCIYT CBA3H, JIEKTPOIHEPTUU.

OcHoBHbIE pabOTHl MPOBOAWINCH 32 TMEPCOHATBHBIM KOMIBIOTEPOM B
KOMHAaTe JKWJIOro goMa. Bpewms, npoBeneHHOEe paboOTON y KOMIbIOTEpPA, IPUMEM
paBHbIM 720 yacam. CymmapHasi MOIIHOCTh o0opynoBanus: 2.35 kBt. Komnerorep
HOJIKJIFOYEH K CETH UHTEPHET, JOCTYN K KOTOPOU CTOUT KaxKIbli Mecsit 950 pyOuiei,
1 TIOJTHAsl CTOMMOCTB 3a 4 mecsta: 3800 pyouieid.

3aTpathl Ha JIEKTPOIHEPTUIO PACCUUTHIBAIOTCS 1O (PopMyIie:

C=1l -P-F,;=439-235-720=7427,88
rae 1]/, — Tapud Ha CBET I HACEJICHUs, MPOXKHUBAIOLIETO B TOMCKe M IOpyrux

TOPOJICKMX HACEJICHHBIX NMyHKTaXx ToMCKOM 00JlacTM B J0Max, 0OOpY/IOBaHHBIX
ANEKTPUUYECKUMHU TUIUTAaMU W (WJIM) BJIEKTPO-OTOILUICHHEM (O0JHOCOCTABOYHBIN
tapud Ha snexTposHepruro — 4,39 py6neir 3a 1 kBT ' 4); P — MOIIHOCTH

obopynoBaHus, KBT; F . — Bpems UCIOIb30BaHUs 00OPYA0BaHNUS, U.

3aTpaThl Ha AIEKTPOIHEPrUIo cocTaBin 7427,88 pyoneit

B nannyto pabGoTy BKJIIOYAIOT BCE 3aTpaThl, CBSI3aHHBIE C MPUOOPETCHUEM
CIIEIUAIBHOTO 000pYI0BaHUsI, HEOOXOIUMOTO JIJIsi TPOBEACHUS PabOT MO 3aJaHHOM
TeMeE.

Heob6xoaumbie HakIaIHbIE pacXo/Ibl IPECTaBICHHI B TabmuIe 14.

Tabnuna 4.16 — HaknanHbie pacxoabl

HaumenoBanue 3atpathbl,pyo.
1. DnexTposHeprus 7427.88
2. [leuats Ha uctax A4 500
3. OnnaTta uHTEpHET Tpaduka 3800
Htoro 11727,88
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4.3.5 ®opmupoBaHue 0K0KeTa 3aTPAT MPOEKTA

Paccuntannas BenmWuuWHA 3aTpaT HCCIEAOBATEIIBCKOW pPaOOTHI SIBIISETCS
OCHOBOW 11 (hopMHupoBaHUS OIOKETA 3aTPaAT MPOCKTA.
Omnpenenenre OIOKETA 3aTPAT HA MMPOCKT MPHUBEACHO B Tabuie 15.

Tabnuna 4.17 — Pacuer 6romxera 3aTpat Ha MPOEKT

HaumenoBanue cratbu Cymma, pyo0.
1. MaTepuasibHbIE 3aTpaThl 827
iiiii?;b;nrg;l OT(;I;?BI:HOﬁ 3apabOTHOM TUIaTe 41390 88
3. OtuncneHust BO BHEOIOHKETHBIC (DOHIBI 12417.,27
4. HakytaiHbIe pacXoIbl 11727,88
BrokeT 3aTpar npoexTa 66363,03

Takum O6p&30M, II0 UTOIr'y pacducTa 6I-OII}KCT21 3aTpaT Ha OCYHICCTBJICHHUC
HCCIJICAOBATCIILCKOTO ITPOCKTA MOKHO CKa3aTb, 4YTO AJIsA 9TOr'O HGO6XOI[I/IMBI 3aTpaThbl

JIEHEKHBIX CPENICTB B pazmepe 66706,84 pyoiei.

4.4 OmnpeneseHue pecypcHoil (pecypcocoOeperaroineii), (PpMHAHCOBOI,

OI0’KETHOM, COUMATBHON U IKOHOMUYECKOM 3P (PeKTUBHOCTH HCCIEOBAHUA
4.4.1 OueHnka Hay4YHO-TeXHUYeCKOro 3¢ dexra

OneHka HayqyHO-TEXHUYECKOro d(pdekTa OCHOBBIBAETCA Ha KO3 dUIIMEHTE

CoIMaIbHO-HAy4YHOTO0 3 dheKTa:

3
Hy = Z r;K;,
im1

I7ie I; — BeCOBOM KOA((UIIUEHT 1-TO MPU3HAKA HAYYHO-TEXHUYECKOTO dPdekra; K;

— KOJIMYCCTBCHHAasA OLICHKA 1-TO IIpHU3HAKa.



Tabnuna 4.18 — BecoBbie k03(h(UIMEHTH TPU3HAKOB HAYYHO-TEXHUUYECKOTO

abdexra
[TpuzHaku [TpuGM3uTEeIbHBIC 3HAYCHHUS
1. Ctenepb HOBU3HBI 0,6
2. Teopernueckuii ypoBeHb 0,4
3. Bo3MoxHOCTH peanuzaiuu 0,2

Taomura 4.19 — OueHka cTreneH HOBU3HEBI

CrerneHp HOBU3HBI

XapakTepUCTHUKA CTENIEHU HOBU3HBI

3HayeHue

OcHOBHOU

Pe3ynbprarsl MCCIIEIOBAHUM
OTKPBIBAIOT HOBOE HAIIPaBJIICHUE B

ATOM 00JIACTU HAYKU U TEXHUKHU.

8-10

HoBrrit

N3BecTHBIE (bakTsl,
3aKOHOMEPHOCTH OOBSACHAIOTCA IO-

HOBOMY WJIM B IIEPBBIN pa3

5-7

OTHOCUTENBHO HOBBIA

PesynbTaTh WCCJICIOBAHMSI
CUCTEMATH3UPYIOT W  0000IIaroT
MMEIOLIEHCS uHpopmanuu,
OTPENCNUTh TYTH JATBHEUIINX

HCCIeI0BaHNHI

TpaauuuoHHbIN

Pabota BBITIOJTHEHA o
TPaJIULIMOHHON METOJIMKE,
pe3yabTaThl HCCIEAOBAaHUSA HOCST

O3HAKOMMTEJIbHBIA XapaKTep

He BOBBINI

[Tomyumncs pe3yabrar, KOTOPBIN

OBLII U3BECTCH paHee
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Tabnuna 4.20 — OueHka TeOpeTHYECKOTO YPOBHS

U3MEpEHUN

TeopeTnueckuii ypoBeHb MOTYICHHBIX PE3YIHTATOB 3HaueHue
VY craHoBlieHHE 3aK0HA; pa3pabOTKa HOBOW TEOPUHU 9-10
['myGoxas pa3paboTka mpoOIeMbl: MHOTOACTICKTHBIN aHAIN3

OTHOIIECHUH, B3aMMO3aBUCUMOCTH MEX Iy (haKTaMH TPH HATUIHH 7-8
00BsICHEHUE

Pa3paboTka MeToia (anropuT™, IporpaMmMa MEpOIpUITHH, 26
YCTPONCTBO, MHHOBAITUS U T.1I.) )
DJeMEeHTapHBIN aHAIN3 CBsI3el MEXTy (DakTamMu ¢ HATHIHUEM

TUIOTE3bl, CHMILJIEKCHOTO MPOTHO3a, KJIacCu(UKaIny, 06.0
MOSICHEHUST BEPCUH W MPAKTHYECKUX PEKOMEHIAINH 0CO00T0 ~
Xapakrepa

Onucanue OTIeTbHBIX AIEMEHTApHBIX (PaKTOB (BEIIeH, CBOWCTB

Y OTHOIIICHUS); M3JI0’)KEHHUE OMBITA, HAOTIOACHHUH, pe3yIbTaTOB 0-0,5

Tabnuna 4.21 — BeposiTHOCTh peanu3aiuy 1Mo BpeMeH! U MaciTady peanu3aiuu

1.Bpems peanuzaiuu 3HadeHme
B niepBbIe To/51 5-10
Ot 5 no 10 ;et 3-4
bonee 10 ner 0-2
2.Macmtab peanu3anuu 3HaueHue
OAHO WM HECKOJIBKO MPEAPUATHI 0-2
[TpoMBIIIIEHHOCTD 3-4
HanuonanbHasi 5KOHOMHUKA 5-10

[TpoeKT olleHUBaETCs CIETYIONTUM 00pa3oM:
—  OIICHKA YPOBHS HOBU3HBI — 2;
—  0aJu1 3HaYMMOCTH TEOPETHUECKOTO YPOBHS — 7

—  OIICHKA BEPOSITHOCTHU peanu3anuu — 3+4=7;
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H,=06-2+04-7+0,2-7 =54.

Tabnuna 4.22 — OneHka ypoBHsI HAy4HO-TeXHUYECKOro ¢ dexTa

YpoBeHb HAYYHO-TEXHUYECKOTO KoadpunmenT HaydHO-TEXHUUECKOTO
ahdekta addekra
Hwuzkuit 1-4
Cpennuii 5-7
OTHOCHTEIHEHO BBICOKHM 8-10
Bricokuii 11-14

Onupasice Ha paHHble U3 TaOmuubl 20, HayYHO-TEXHUYECKH 3(P(deKT

pa6OTI>I MOKHO OLOCHUTDH, KaK CpGI[HHﬁ.

4.4.2 OueHka cpaBHUTEJIbHOMN Y(PPEeKTUBHOCTH HCCICI0BAHUS

OnuH M3 BapuaHTOB BBINOJIHEHUA 3aKitodaercs B BbiOope Python BMecTo
C++ nna Hanucanus porpaMmsbl. Python siBnsiercs Oosiee npocThIM AJ1E OCBOCHMUS
A3BIKOM, W TPOrpaMMbl Ha HeM co3farorca OwicTpee. OnmHako, Tak kak Python
ABJIIETCSI MHTEPIPETUPYEMBIM  A3BIKOM, 3TO MOXET 3aTPYJHUTh OTJIAJKY
IporpaMMbl, TaKk Kak OIIMOKM HEe OOHapyKHMBarOTCs HeMeuieHHo. Kpome Toro,
CKOPOCTh BBINOJHEHUs1 mporpaMmbl Ha Python Oyner Huke Mo CpaBHEHHUIO C
KOMITUJTUPYEMBIMU SI3bIKaMH (aHAJIOT A).

Kpome TOro, MO>XHO BBINOJHUTH AHAJIOTHYHYIO OakalaBpCKyr padorTy,
peanu3oBaB COOCTBEHHYI0 METOJMKY WHTerpanuu Metroga Mounrte-Kapio, He
3anerictBoBaB Oubauorexky nmakera GEANT4 (ananor B).

OkoHUaTeNbHBIM OMOKET BCEX BapUAHTOB peav3aluy OakalaBpCKOU

paboThI cBeieH B Tabmuity 21.

Tabnuia 21 — brokeT 1)1 pa3TuIHbBIX BAPUAHTOB HCTIOTHEHUS

Bapuant ucnonnenusi| brogxert, py0. | MHTerpanbHblil (puHAHCOBBIN MOKa3aTelb
Peannzyembrit 66363,03 0,459

AHasor A 54197,73 0,375

Anaiior b 144532,40 1
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Tabnuna 4.23 — CpaBHUTENIbHAS OLIEHKA XapaKTEePUCTUK BapPHAHTOB

Becoson
Kpurepnii kodd¢uruent | Texymuit | Ananor A | Ananor b
napameTpa
[IpocToTa UCIIOJIB30BAHUS 0,1 4 4 5
To4HOCTH peleHus 0,3 4 4 3
PecypcoémkocTh 0,2 2 1 1
O yHKIMOHAJIbHAS MOIITHOCTh 0,2 5 2 4
YHUBEpCaIbLHOCTH 0,2 5 5 4
[,=01-4+03:-4402-24+02-5+0,2-5=4;
L=01-44+03-4+02-1+0,2-2+0,2-5=3,2
[,=01-54+03-34+02-1+0,2-4+0,2-5=3,2.
Tabnuna 4.24 — CpaBautenbHas 3¢(EeKTUBHOCT pa3paboTKu
TIpoexT Texkymmii | Ananor A | Aunanor b
IHTerpanbHbIi (PMHAHCOBBIN MOKa3aTeh 0,459 0,375 1
HTEerpanbpHbIi oKa3aTesb
pecypcodPpheKTUBHOCTH ) 3 3
HTerpanpHbIi moka3aTeiab 3QPEeKTHBHOCTH 8,715 8,533 3,2
CpaBHutenbHas 3p(HEeKTUBHOCTh BAPUAHTOB — 1,021 2,12

Hcxons w3 TabnuIel AaHHBIX, MPEICTABICHHBIX B Ta0iuie 22, MOXXHO

3aKJTIOYUTh: TEKYIIUHA MPOEKT siBsieTcs Hanbosee a¢dexTuBHbIM. B cpaBHEHUU C

aHaJIOT'OM 1, OTJIMYUMS HE SIBIAIOTCS 3HAYUTEIbHBIMH. OCHOBHBIM €TI0 OTJINYHEM OT

TCKYHICTO IPOCKTA ABJIACTCS (baI(T, qTO TaKasd pa60Ta BBIITOJIHACTCA C MCHBIIINMHA

OIO/DKETHBIMU ~ 3aTpaTamH,

OJHAKO €Tro (bYHKI_[I/IOHa.TH)HBIe BO3MOXKHOCTH B

3HAYUTECIILHOU MCPC OI'paHUYCHBbI, €CJIM CpPaBHHBATbL C TCKYIIMM BapHaHTOM
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peanuzanuu. Kak uror, Hambojee ONTUMAIbHBIM pEUICHHEM OyIeT COXPaHWUTb

TEKYLIYIO peaTU3aLHIO.

4.5 BoiBOALI no pasaeiy «DUHAHCOBBIN MEHEIKMEHT,

pecypco3d(PeKTHBHOCTH U pecypcocOepe:keHmne)

IIpoBeneHHBI aHAIN3 KOHKYPEHTHBIX TEXHUUYECKUX PELICHUM IO3BOJISET
clienaTh BBIBOJ, YTO pa3paboTaHHas MOENIb 001alaeT NPEUMyIECTBAMU B IIJIaHE
MPOCTOTHI UCIIOJIb30BAHUS, (HYHKIIMOHATEHOW MOIIIHOCTH M YHUBEPCATHHOCTH.

Kpome Toro, paspaboraHHass MOJAENb JEMOHCTPUPYET HECKOJIBKO
[IPEUMYLIECTB, TaKUX KakK TOYHOCTb IOJY4acMbIX JaHHBIX, BO3MOXKHOCTb
ONTUMU3ALUN MOJEIH, SKOHOMHUYHOCTb, JOCTYITHOCTb, IIPOCTOTA UCIIOJIb30BAHNs, &
TaKKe BO3MOXKHOCTb IIOJIYYEHHs JAHHBIX C IIOMOLIBIO KOMIIBIOTEPA. YPOBEHb

HAyYHO-TEXHUYECKOTO0 3(PPeKTa OLEHUBAETCSA KaK CPEIHUIM.
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3AJJAHUE JIJISI PA3JIEJIA
«COILIUAJIBHASI OTBETCTBEHHOCTb»

CryneHry:
I'pynna 1027 (0]
0A92 UYeprkoBy Muxaminy CepreeBuuy
Hlkona AT Otaenenue mxojs (HOIL) OsTL]
YpoBenn 14.03.02 S nepHsbie
bakanaspuar | HanpaBiieHune/cneuuajbHOCTH
o0pa3oBaHusi (bu3KKa U TEXHOJIOTHH

Hcxoanble jaHHble K pa3aeny «CounajibHasi 0TBETCTBEHHOCTbY:

B03HUKHOBEHUA.!

1. Onucanue paboueco mecma (paboueii 30Hbl) Ha npedmem

8DEOHbBIX nposegieHull gaxmopos
NpouU3800CMBEHHON  cpedbl (MUKPOKAUMAM,
ocsewenue, uymbl, BUOPAYUL, UOHUSUPYIOUee
usnyuenue);

ONACHBIX nposeieHuil Gaxmopos
npouU3BOOCMBEHHOU Cpedbl (IeKMmpuyecKol,
N0JHCAPHOLL U 83PLIGHOU NPUPOObL).

()OKyMeHMOG no meme

2. 3naxomcmeo u 0m6op 3AKOHOO0AMEIbHBIX U HOpMAmueHblx

3JZ€Kmp06€307’laCHOCWlb,'
nOJdepO&?pbl606@307’ldC‘HOC‘mb;

mpebosanus oxpanvl mpyoa npu pabome Ha
TIOBM;

Hepeqeﬂb BOITPOCOB, NOJJICKALIIUX UCCJICTO0BAHUIO,

NMPOEKTHPOBAHHUIO M pa3padoTke:

1. Ananuz 6vis61eHHBIX 6PEOHBIX (PAKMOPO8 NPOEKMUPYeMOll
npoU3600CMEEHHOLL CPeObl:

deticmeue pakmopa Ha Op2aHU3M Uelo8eKa,
npuseoenue 0onycmumuvlx HOpM c
HeobX00UMOU PA3MEPHOCMBIO (CO CCOUIKOU HA
coomeemcmayouull HOPMAMUGHO-
MeXHUYecKUuti OOKYMeHm),

npeonazaemvie Cpeocmed U Mepbl 3auumbl
(KoLIeKmueHbvle U UHOUBUOYATbHYLE).

2. Ananu3 6viA6NIEeHHbIX ONACHBIX (YAKMOPO8 NPOEKMUPYeMoll

9ﬂekmpo6esonacnocmb (6 m.u. cmamudeckoe
2eKmpuvecmaeo, cpec)cmea 3au;umb1);

. . — noafcapoespbz306e3onaCHocmb (npulmel,
npPOU3600CHEEHHOL CPEObI.
npogunakmuieckue — mMeponpusmus, mepbi
npeoomepauers).
\ JlaTa BbIIa4M 3aaHUsA JJIA pa3/ienia o JHHEHHOMY rpauky \
3agaHue BbIAJ KOHCYJIbTAHT:
Yuenas
Jo/KHOCTB (017 (0] MMoanucek Hara
CTeNeHb, 3BaHHe
noueHt OATLL [Tepenepun IOpuit
K.T.H.
WATII Brnagumuposuu
3agaHue NPUHAJ K HCIIOJHEHUIO CTYICeHT:
I'pynna PO IHoanuck Hara
0A92 YeprrkoB Muxani Cepreesny
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5 CounajibHas OTBETCTBEHHOCTH

5.1 BBeaenue

B HacTosiiiee Bpemsi O4HUM K3 OCHOBHBIX HaIlPaBICHUHN MPOPUITAKTUYECKOM
paboThl O CHMKEHHIO TPABMOOMACHOCTH TPOMU3BOJICTBA SIBIISETCS BHEApPEHUE
KOMITJIEKCHOW CHCTEMBI YIIPaBJICHHUS OXPaHOH TPyJa, TO €CTh OOBCIMHEHHS BCEX
CBSI3aHHBIX MEPOIPUATUHI B €IUHYIO CUCTEMY Ha BCEX CTAAUSIX MIPOU3BOJACTBEHHOTO
npolecca.

PesynbraTom OakaiaBpckoil pabOThI sIBII€TCA pa3paboTaHHas mporpaMma Ha
a3bike C++ ¢ ucnonszoBanueM GEANT4 niig MoienvpoBaHus NOTIOMIEHHON 1036l
MOHU3UPYIOIIETO U3TYyYEeHUs] B MIOHOOOMEHHON CMOJIE€ MPHU pa3lieIeHUH H30TONa
morenus-177 ot urtepous.

B pa3znene paccmaTpuBaroTCs OnacHbIe U BpelIHbIE (DAKTOPHI, BIUSIONINE HA
MPOIIECC HCCIICIOBAHMS, PACCMATPUBACTCSl BIIMSIHUE HCCIEIYEeMOro OOBbEKTa Ha
OKPYXaIOIIyI0 Cpeiy, MPaBOBbIE U OPraHU3aIMOHHBIE BONPOCHI, a TaAKXKE MEPHI B
YpE3BBIYANHBIX CUTYAIIHSIX.

Uccnenoanne  mnpoBogmwinoch B kopmyce Ne 11 Tomckoro
MOJMTEXHUYECKOTO YHUBEPCUTETA B ayauTopun 302.

B nanHOM paznene paccMaTpUBAIOTCS CIIECAYIOIIME OIMACHbIC M BPEIHbBIC
(bakTophI:

—  OTKJIOHEHHE MOKa3aTesiel MUKPOKIINMATa;

—  TIOBBIIICHHBIN YPOBEHD ITyMa;

—  HEJOCTaTOK OCBEIeHUS paboyeil 30HbI;

—  BJICKTPOOE30ITacHOCTD;,

—  B3pBIBONOXKAPOOMACHOCTb;

—  paauanuoHHasi 6€30MacHOCTb.

66



5.2 KoMnoHoBKa ucci1e10BaTe1bCKON padoueii 30HbI

PabGouast 30Ha wWccnenoBaTens COCTOMT W3 CTysna, pabodyero croja
pa3MelIeHHoro Ha cTojie nepconaabHoro kommneiotepa (I1K). Pabora ¢ 1K qomkna
OCYILECTBISATHCS B MOMEIIECHUH IUIOMIabi0 He MeHee 6 M2. Pa3mepsl paboueit
MOBEPXHOCTH CTOJa JOJKHBI COOTBETCTBOBATH CJICIYIOIIMM MapaMeTpam: IUpPHUHA
He meHee 1200 mm, riryouHa He Menee 600 MMm. BricoTa cTosa JoJpKHA OBITH HE
Menee 600 MM U TO3BOJISATH pa3MelniaTh HOTH OIeparopa, IMIHMPUHA OCHOBAHUS
oJKHA OBITh HE MeHee 500 MM.

Pabouee kpeco (cTys) J0JDKHBI 00eCcIIeurnBaTh MOACPKaHNuE ONITUMAIBHOM
paboueil Mo3bl omeparopa C IENbI0 MPEIOTBPAEHUS Pa3BUTHUS YCTAIOCTU U
CHIDKEHMSI CTaTHYECKOT0 HaIpspDKeHHS MBI, Kpecio JoKHO moAOMpaThCs MO
pPOCT oleparopa, UMETh BO3MOXKHOCTh PEryJUPOBAaHUS BBICOTHI, yria HAKJIOHA U
MIOBOPOTA CUJICHUS M CIIUHKHU, IIPU 3TOM PETYJIUPOBKA KAXKIOI0 apaMeTpa J0JDKHA

OBITh HE3aBUCUMOM OT OCTAJIbHBIX M JICTKOH B mpoBecHuu [17].

5.3 Bpeanbie u onacHble (pakTOPHI padoueii 30HbI

B T'OCT 12.0.003-2015 nmpuBeneHbl MOTEHIIMATBHBIE BPEIHBIE U OMACHBIC
(dakTOpbI, KOTOPHIE MOTYT HMETh MECTO ITPH IMPOBEICHNH 3allJITAHUPOBAHHBIX PabOT
W 3KCIUTyaTanuu padbodero mecra [18].

B tabmuie 4.1 nmpuBeneH NepedYcHb MOTSHIIMAIBHBIX OIMMACHBIX W BPEIHBIX
(GakTOpoB, XapaKTePHBIX IS pacCMaTPUBACMOM IPOM3BOJCTBEHHON Cpeabl —
HCCIIEIOBATENbCKOM paboyeli 30HBI.

Tabnuna 5.1 — [loTeHnnanbHbIE OMACHBIE U BPEIHbIE (aKTOPHI

DaKkTOopHI HopmaTtuBHBIE TOKYMEHTBI
1. OTknoHeHue noka3arenei CanlluH 1.2.3685-21 T'uruenunueckue
MHKPOKJIMMATa HOpPMAaTUBBI U TpeOOBaHUS K
obecrieueHn0 0€30MacHOCTH U (WIIH)
2. IToBBIIIEHHBIN 1ITyM 0e3BpeTHOCTH TSI YeJIoBeKa (PaKTopoB

cpezpl ooutanus [19].
3. Henocrarok ocemiennoctu padoueit | CIT 52.13330.2016 EcrectBeHHOE
30HBI UcKyccTBeHHOE ocBerienue [20].
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I'ocCT 12.1.038-82 Cucrema
CTaHAapTOB  0OE€30MacCHOCTU  Tpyla
(CCBT). OnexkTpo0e30MacHOCTb.
[IpengenbHO  nmOMycTHMBIE 3HAYEHUS
HaMpsHKEHU MPUKOCHOBEHUSI U TOKOB

4. Bo3aeiicTBUE AIEKTPUUECKOTO TOKA

[21].

®3 or 22.07.2008 N 123-03

«Texanuecknii periaaMeHT 0
5. BpBIBOIIOKapOONacHOCTh N

TpeOOBAHMSIX MTOKapHOU

Oe3omacHocTH [22].

CanlIuH 2.6.1.2523-09 Hopwmsl
6. Panuanmonnas 6€30macHOCTb paguauoOHHON 0e30macHOCTU
HPE99/2009 [23].

5.4 MuKpoOKIMMAT

MukpoxkiaumMart paboueil cpesibl — COCTOSIHUE BHYTPEHHEH Ccpeibl pabouero
IIOMEIIEHUs], OKAa3bIBAIOIIEe BO3JACHUCTBUE Ha YEJIOBEKAa, XapaKTEpU3yeMoe
MTOKA3aTEeIIIMU TEMIIEPATyPhI BO3/1yXa, BJAKHOCTHIO U MOJIBUKHOCTBIO BO3yXa.

IlepeHOCHMMOCTh YETOBEKOM TEMIEPATYPHl 3aBHUCUT OT BIAXKHOCTH U
CKOPOCTH OKpY>Karolero Bo3ayxa. [Ipu 0osbiioii BlIaXXHOCTH MEpPEerpeB HAaCTyMaeT
ObIcTpee BCIEACTBUE MaJIOTO HWCIAPEHUs MOTa C MOBEPXHOCTH Koxu. [lpu
HEJOCTAaTOYHOW BJIAKHOCTH UCIAPEHHE MPOXOJIUT MHTEHCHUBHEE, UTO NPHUBOJIUT K
NEPECHIXaHUIO U PACTPECKUBAHUIO KOKU U CIU3UCTBIX 000JI0UEK.

B Ttabnuue 4.2 mnpeacTtaBieHbl JOMYCTUMBIE BEIUYMHBI IapaMETPOB
MHUKpPOKJIMMaTa Ha pabouem mecte [19].

Tabnuma 5.2 — JlomycTrMble BeIMUMHBI TAPAMETPOB MUKPOKIUMATA

Cxopoctb
Tepuoz roxa Temnepatypa OTHOcHTENbHAS JBIDKEHNS BO3IYXa
BO3ayxa, °C BJI&YKHOCTb BO3/yXa, % we ’
X 0JIOHBIH 23+25 15+75 0,1
Térbiit 2224 15+75 0,1

Temneparypa ayautopun 302 kopryca Nell Tomckoro noJimreXHM4eCKOro
YHUBEPCUTETA PETYJIUPYETCS CUCTEMOW LEHTPAIBHOTO OTOIUIEHUS B XOJOJIHOE

Bpems roga. Cpennss temmepatypa ayauropuu coctasiser 23 °C u 24 °C mud
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TEMJIOTO U XOJOJHOTO BPEMEHHU I'0Jla COOTBETCTBEHHO. OTHOCUTEIbHAS BIAKHOCTD
BO3ayxa ayautopun coctaBiset 40 %, ckopocTh Bo3ayxa meHee 0,1 m/c.

Jlnis mosiepkaHus TaHHBIX CAHUTAPHBIX HOPM JIOCTATOYHO UMETh MECTHBIN
KOHJMIIMOHEP TIOJIHOTO KOHAMIIMOHUPOBAaHUS BO3[yXa, OOECIEeUMBaIONINI
MIOCTOSTHCTBO TEMIIEPATypPbl, OTHOCUTEIHHON BIQXKHOCTH, CKOPOCTH JBIDKCHUS U
YHCTOTHI BO3/yXa.

Jnsa pacyéra KpaTHOCTH BO3AyXOOOMEHa BEHTWIATOpPA B AayAUTOPHH
ooséMoM V = 102 M3 (S = 29 M?, h = 3,5 M), xoTophIii OyJeT obecreynBaTh

IIUPKYJISLNIO0 BO3AYIIHBIX MacC B IOMEIICHUH, BOCTIOIb3yeMcs popmyiioit [24]:

W=V -k,

rae K — HopMmupyemas KpaTHOCTh BO3IyXOOOMEHa JUIsi KOMITBIOTEPHOTO
KJ1acca BRICIIETO yueOHoro 3asenenus, k = 2 ul, cormacuo [25];

HeobOxoammast mpon3BOAUTEILHOCTH BO3yX000MEHA COCTABIISCT:

W =102-2 =204 m3/u.

Jlns obecrieueHHs TakKOro BO3JYXOOOMEHa B TMOMEIIEHHH JOCTATOYHO
pa3MecTUTh, HAPUMEP, KaHAIbHBIH BeHTUIsITOp Brofan [26], mpousBoautenbHOCTS
KOTOPOro cocraysieT 540 m%/u.

Takum 00pa3zom, MOKHO CIENaTh BBIBOJ, YTO MOKA3aTeIN MUKPOKINMATA B
aynutopun Ne 302 11-ro kopmyca TIIY yAOBAETBOPSIOT yCTaHOBJIECHHBIM

tpeboBanusam [19].
5.5 Yposenb myma

Ha ypoBens nryma BiausieT paboTa MEXaHMUECKHUX U 3JIEKTPOMEXaHUYECKUX
YCTPOMCTB — YacTH BJIEKTPOOOOPYAOBAHMS, CHUCTEMbl KOHAMIIMOHUPOBAHUS,
BeHTUWIATOpHI oxnaxaeHus [1K. MakcumanbHblii ypOBEHb 3ByKa MPU MOCTOSHHOM
myme coctapisieT 30 nbA, npu HenoctossHHOM — 55 n1BA [19]. IlocTosiHHBIN 1IyM
HEraTHUBHO BJIMSIET HA pa00TOCIIOCOOHOCTh U HEPBHYIO CUCTEMY YeJIOBEKa.

OCHOBHBIM HCTOYHUKOM IyMa i ayautopuu 302 sBisgeTcs LIyM

BeHTWIATOpOoB oxnaxzaeHusa IIK. Jlma wmcnone3yemsix IIK ypoBens mryma,
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CO37aBa€MOTI'0 BEHTHJIATOPOM, COIVIACHO ONTMCAHUIO CUCTEMBI, He TipeBbimaet 20 ab.
[Ipy ycnoBuu, 4YTO IIyM BEHTWIATOpPA 3aBUCUT OT 3aJCHCTBOBAHHOU
BBIYMCIATENBHOM MoTHOCTH [IK, ero MoKHO cuuTaTh HEMOCTOSHHBIM HCTOYHUKOM
oIymMa, NO3TOMY OOHIMl ypOBEHb IIymMa B IOMEIIEHHH HE MPEBBIIIACT
yCTaHOBJIEHHbIN mpenen [19]. JJononaurensHas nryMou30Jsus 000pyA0BaHUs HE
TpedyeTcs.

B kadectBe  mpoUIAKTUYECKUX  MEPONPHUATHI  mpeiaraercs
CBOCBPEMEHHAsI OYMCTKA M CMAa3blBaHHUE JBIKYLIUXCS ACTAICH OXJIAXKIAFOIINX
cucrem I1K.

B aynuropun Ne 302 yueOnoro xopryca Ne 11 TIIY npenenbHblid ypOBEHB

IIyMa HE MPEBBIIIAET YCTAaHOBICHHBIX HOPMATUBHBIX 3HaueHM [19].
5.6 OcBeleHHOCThH

Henocrarounass OCBELIEHHOCTh pabodeil 30HBI TakXke BIUSAET Ha
paboTOCIOCOOHOCT M YTOMJISIEMOCTh  4elioBeka.  [maBHOM — 3amadeit
CBETOTEXHUUYECKUX PACUYETOB SIBISETCA OMNpEACNieHHe TpeOyeMol MOITHOCTH
AJIEKTPUYECKON OCBEIIEHHOCTH.

Jlns paccMatpuBaeMoro THma padoT JOIMyCKAaeTCs MPUMEHEHHUE CHCTEMBI
oOiiero paBHOMEpHOro ocBemieHusa. OOmiee oOcBeleHne — OCBEIIEHHUE,
CBETUJILHUKHM KOTOPOT'O OCBEIIAIOT BCIO ILJIONIAAb MOMEIIEHUA. B 3aBUCUMOCTH OT
PACIIOJIOKEHUSI CBETUJIBHMKOB pa3InMyalOT PABHOMEPHOE M JIOKAJIU30BAHHOE
ocBelieHue. IIpu paBHOMEPHOM OCBEIIEHUM CBETUJBHUKHM PacIojlaraloTcs B
BEpXHEH 30HE IMIOMEIIICHUS PAaBHOMEPHO, 00eCIIeurBasi OJJTMHAKOBYIO OCBEIIICHHOCTD
nomeneHusi. [Ipu 001eM HCKYCCTBEHHOM OCBEILIGHHHM CPEAHSIsI OCBEIIEHHOCTH
pabouunx moBepxHoOCTEl A0JKHA ObITH paBHOM 500 mrokc [20].

Pacuér ocBelieHus TOPU3OHTAILHONW paboueld MOBEPXHOCTH MPOBOIUTCS
MeTOJ0M KOA(h(PUIIMEHTa CBETOBOTO TOTOKA, YYUTHIBAIOUIUM OTPAKEHUE OT
MOTOJIKA M CTEH IMOMEIICHHUS.

CgeroBoit oToK @ onpeaensercs 1no Gopmyiie:
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_E,-S-K,-Z
N -7

D

rae  E, — HOpMHUpyeMas MUHMMaJbHas OCBEIEHHOCTh, paBHasd 400 JIk;

S - IT011a1b OCBEIAEMOr0 MOMEIEHNs, paBHas 29 M2

K

3 = KOB(b(bI/IHHeHT 3ariaca, y‘{I/ITLIBaIOHII/Iﬁ 3arpsA3HCHUC CBCTHUJIbHHUKA,

Oepercs paBHbIM 1,5;

Z — k03 purmeHT HepaBHOMEPHOCTH OCBEIICHMS, paBHBIN 1,1;

N — uyncno namn B MOMEIIEHUH, paBHOE 12 miT.;
77 — KO3 (OULHEHT UCIIOIb30BaHUs CBETOBOTO MOTOKA.
KoadduimeHT ucnosib30BaHus CBETOBOIO ITOTOKA MTOKA3bIBAET, KaKas 4aCTh
CBETOBOI'0 IMOTOKA JIAMII [1aJIa€T Ha pabouyIo MOBEPXHOCTh. OH 3aBUCHUT OT MHJIEKCA

| TIOMEILEHUS:

i S
h-(A+B)’
rae A — JiMHa MOMEIIeHUs, paBHas 5,8 M;
B — mpuHa noMenieHus, paBHas 5 M;
h — paccTrosiHue OT CBETHIIBHUKA JI0 pabd0Yei MOBEPXHOCTH, pPaBHOE 2 M.

Nuaekc nomenieHus paBeH:

S 29

= = =1,34.
h-(A+B) 2-(58+5)
Crensl — cBexenoOeneHHble, KOd(QQUIMEHT OTpaxkeHus p. =50 % ,
IOTOJIOK — CBETIBIA, JEPEBAHHBIA, KOAXPOULMEHT OTpakeHUus p, =50 %

KoadduimeHT ncnonab30Banus CBETOBOrO MOTOKa paBeH 56 %.

BenuuunHa cBETOBOro moToka paBHaA:

400-29-1,5-1,1
120,56

= 2848 M.

Takoii cBeTOBOI MOTOK MOXeT oOecrneunTh cBeTwiabHUK Phobus ARC-30
Eco (30 Bt) [27] co cBeroBbiM motokoMm 3000 jM M Auana3oHOM IIBETOBOM

temrepatypsl 4000-4500 K.
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@aktrnueckoe ocenieHue ayauropun Ne 302 11-oro kopmyca Tomckoro

NOJMTEXHHYECKOTO YHUBEPCUTETA COOTBETCTBYET YCTaHOBIEHHBIM HOopMam [20].

5.7 daekTpode30nacHOCTh

DOnekTpoOe30MacHOCTh 3aBUCUT OT YCJIOBUM MOMEHICHHS, B KOTOPOM
npoBOJATCA PabOThl. B yCIOBHSX MOBBIINIEHHOW BIAXXHOCTU (OTHOCUTEIbHAS
BJIQYKHOCTH BO3/yXa NpeBbIlaeT 75 %), BbicoKo# Temneparypsl (6osee 35 °C) unu
HAJIMYUS TOKOMIPOBOASAIINX MOBEPXHOCTEN MIIM MAaTEPUAJIOB HE CIIEyeT paboTaTh C
3JIEKTPOHHO-BBIYUCIUTEILHON TeXHUKOM [21].

Aynutopust 302 ynOBIETBOPSET YCIOBUSAM O€30MacCHOCTH IO YPOBHIO
BJI&KHOCTH U TEMIIEPATYPE B MOMEIIEHUHU. AyTUTOPUS OTHOCUTCS K | -1 KaTeropuu
3JIEKTPOOE30MIaCHOCTH, B MOMEUICHHMH HE PacIoiararoTCsl AJIEKTPOYCTAaHOBKU C
HanpsokenreM  Boime 1000 B [21]. PabGorta ocymiecTBiaseTcsi MOCPEICTBOM
B3aumozenicteus udenoeka ¢ [IK u mepudepuiinpimu ycrpoiictBamu. B Takom
Clly4ae OIIACHOCTh IOPAKEHHUS JJIEKTPUYECKHM TOKOM BO3MOXKHO B CIIEIYIOIIUX
CIIyYasx:

— pU TOPUKOCHOBEHUM K TOKOBEAYIIMM 4YacTSIM IpU MPOBEIACHUU
pemoHTa OBM;

— Py NPUKOCHOBEHHWHM K HETOKOBEAYIIMM YacTsAM MpU HAPYLUICHUU
M30JISIIAA TOKOBEAYIINX YyacTei DOBM;

—  TIpU KOPOTKOM 3aMBIKAaHWU B BBICOKOBOJBTHBIX OJIOKaX MUTaHUS H
0JI0Ke TUCTUICHON pa3BEPTKH;

—  MpU NPUKOCHOBEHHUH K TIOBEPXHOCTSIM (CTEHBI, TI0JT), OKa3aBIIUMCS TIO]T
HaIpsKEHUEM;

Jnis oGecrieueHust 3JeKTpOOEe30MaCHOCTH MOTYT ObITh IPUHATHI CIIETYIOIINE
MEpBHI:

—  OTKJIFOYCHHE HAMPSHKCHUS C TOKOBEIYIIUX YacTeH yCTPONCTB, BOIU3H
KOTOPBIX OYyJIeT MPOBOAUTHCS paboTa, eciu paboTa He CBA3aHA C MCIOJIb30BAaHUEM

CaMHUX YCTPOWCTB;
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—  3a3eMJICHHE KOPIIyCOB YCTPOWCTB Uepe3 HyJIEBOH MPOBOI;

—  TOKPBITHE MPOBOJASIINX MOBEPXHOCTEN U3OISIINEH;

—  (Qusnyeckoe orpaHMYEHUE TOKOBEIYIIIUX YaCTeH anmaparypsl;

BBIBCIIMBAHUE MPEAYNPEKIAIONNX IUIAKATOB U MH(POPMAIMOHHBIX
tabmnyek [21].

B ayautopun Ne 302 yue6noro kopmyca Ne 11 TITY snextpobe3omacHOCTb

COOTBETCTBYET YCTAaHOBJICHHBIM HOpMaMm [21].

5.8 B3pbIBONOKAPOONIACHOCTD

Kareropust omacHOCTM TOMEIIEHH 3aBUCUT OT BHJA M KOJIMYECTBA
HAXOJAIIMXCS B IOMEUIEHUHU F'OPHYNX MAaTEPUAIIOB U UX MOKAPOOITACHBIX CBOMCTB.
Bcero BBIIETSAIOT AT KAaTErOpUNA B3PBIBONIOKAPOOIIACHOCTH

— A — [OBBIIIIEHHAS B3PBIBONIOKAPOOIIACHOCTH;

— b — B3pBIBONOXKAapPOOIIACHOCTH;

—  BI+B4 — noxapoonacHOCTb;

— ' — yMepeHHas noxxapoonacHOCTb;

— ]I — moHM>KeHHas 0XKapoomacHOCTh [22].

[Tomemenne aygutopun 302 oTHOCHUTCS K Karteropuu B3 BBuAy Hammuus
HKCIIEPUMEHTAILHON YCTAaHOBKH, BKJIFOYAIOIICH TpyOUuaThlii HarpeBaresb, a TakKe
BEILECTB, CIOCOOHBIX K BOCINIAMEHEHHIO NMPU KOHTAKTE C BOJOW MM KUCIOPOJIOM
[22].

JUist  obecnieyeHHs] MOXApHOW OE€30MaCHOCTH MOTYT OBITh MPUHSTHI
OpraHU3alMOHHbIE, TEXHUYECKUE U PEXKUMHBIE MEPBI:

—  coOmoJieHue TMpaBWi  OSKCIUTyaTalldd MOpuOOpoB, TMOpsAIKa B
MOMEIICHNH, IEPUOIUYECKOE TPOBENECHUE NHCTPYKTAXa Il COTPYIHHUKOB;

—  coOmroJieHHe  MpaBW  TOXKApHOW  OE30MacHOCTM  Ha  JTare
IIPOEKTUPOBAHUSI IOMEILEHUS;

—  3alpeuieHUue HWHOW JIESITEIIbHOCTH, CBA3aHHOM C MCIOJb30BAHUEM

OTKPBLITOTO INIaMCHH, BHYTPH ITIOMCIICHN .
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[Ipu oOHapyXeHUU MOkKapa WIH 3aBIMICHUSI COTPYIHUK JOJHKEH BBI3BATh
ClIy>k0y ONEPaTUBHOTO pearupoBaHUs U COOOUTUTH PYKOBOJHUTEIIO O MOXKape.
B aymuropum Ne 302  yyebnoro kopmyca Ne 11  TIIY

B3PBIBOIIOKAPOOIIACHOCTh COOTBETCTBYET YCTAHOBJICHHBIM HOpMaMm [22].

5.9 Pagunanuonuas 6e30macHOCTh

OCHOBHBIC PUHITUIIBI PaIUAIMOHHON Oe3omacHocTH [23]:

—  MNPUHIUI HOPMHPOBAHUS: HEMPEBBIIICHUE JIOMYCTUMBIX MPEICIIOB
WHJUBUAYAJBHBIX 103 00Jy4EHUS OT BCEX UCTOYHUKOB;

—  TNPUHIOUI OOOCHOBAHUS: 3aMlpEIICHHE BCEX BHUJIOB ACATEIBLHOCTH IO
HCIOJIb30BaHNWIO UCTOYHUKOB, €CJIM TMOJYy4YEHHAs] OT 3TOTO MOJIb3a HE MPEBBIIIACT
PHUCK BO3MOKHOI'O BpeJia, MPUUYNHEHHOTO U3TyYCHUEM;

—  [OpPUHUMO ONTHUMH3AIMU: TOJJACpKaHWE WHIWBUAYAIbHBIX 103
o0JTydeHUs U yucia o0JydaeMbIX Ha BO3MOXKHO HU3KOM U JJOCTHKUMOM YPOBHE.

B HPB-99/2009 [23] BbLACASIOTCS TP TPYIIIHI JIAL, B3aUMOICHCTBYOIITIX
C U3JIy4YCHHEM: TIepcoHall rpynnsl A, b 1 Bce ocTanbHOE HaceIEHHUE.

OddexTuBHas 103a s MEpcOHaa TPYNNbl A OT BCEX MCTOYHUKOB HE
J0JKHA OBITH 00sbIe 20 M3B B roJl B CPEAHEM 3a MOCJIEI0BATEIbHBIC S JIET, HO HE
nomkHa npeBwimaTh S0 M3B 3a oguH roid. s nepconana rpynmsl b aHamoruyso
CpeaHsis 103a 3a roJl He ToJbKHa ObITh Oosbiie 1 M3B 1 He Oosbiiie 5 M3B 3a OJMH
roa. JlIs CTyAeHTOB, MPOXOMSIIMX OOy4YeHHE C MCIOJIB30BAHHUEM HMCTOYHHKOB
W3JIy4YCHUs, TMOJIyYEHHBIC J03bl HE JOJDKHBI IPEBBINIATH YCTAHOBJIECHHYIO JIJIsi
nepcoHana rpymisi b.

B aymuropun 302 HCTOYHMKHM H3Iy4EHHs HE pPa3MEIIEHBI, TAaKKE HE
MPOUCXOJUT B3aUMOJCHCTBHS PAOOTHUKOB C MCTOUYHMKAMH HW3JIy4EHUS, TO €CTh

ayJUTOPHS COOTBETCTBYET HOPMaM paaualiioHHOM Oe3omacHocTH [23].

5.10 be3onacHOCTh B aBapUHHBIX M YPe3BbIYANHBIX CUTYAIUSIX
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Upessbuaitnas cutyarust (UC) — oOcTaHOBKa Ha  ONpEACIICHHON
TEPPUTOPHUH, CIOKUBIIASICS B pe3yJbTaTe aBapuH, IPUPOJTHOTO SIBICHUS WIA HHOTO
COOBITHS, TIOBJIEKIIIAs 32 COOOH yIepO 310pOBBIO JIIO/IEH, OKpYKAIOIIEH cpe/ie uin
MaTepuaTbHBIM IIEHHOCTSM. YC MOTYT OBITh KaK TEXHOTC€HHOTO (IT0Kapbl, B3PHIBHI,
aBapuu), TaK U MPUPOTHOTO XapakTepa (cTuxuiinbie 6eacTrus) [12].

B Ttabmune 4.3 npuBeneHsl HamOojiee BeposiTHbie aBapuiinbie (AC) u
ype3Bbyaiinbie (UC) curyanmu, a Takke MeEpbl M0 HMX NPEJOTBPAIICHHUIO U
JMKBUIALMH TTOCIIEACTBUH.

Tabmuma 5.3 — AC u UC, Mepsl Mo WX MPEAOTBPALICHUIO WM JIUKBUAAINU

MOCJIEACTBUI

No ACUC Mepsl o npenoTBpamieHn0 | Mepsl 1o TMKBUAALN
- AC/MHC nociuencteul AC/UC
[IpoBeneHne UHCTpyKTaxa IO
TEXHHKE 0e301acHOCTH,
coOtoieHne MIpaBUII
1 [Toxap . p Bri3Bath CITyKO0y
MOKapHOM 0e30macHOCTH,
OTIEPaTUBHOTO
KOHTPOJIb M 00CITy>KMBaHUE
N pearupoBaHus o
AIEKTPUUYECKUX YCTPOMCTB.
Homepy 112, cooOuuTh
[IpoBeneHne MHCTpyKTaxa IO
PYKOBOJUTEIIO u
TEXHUKE 0e30macHOCTH, .
[TopaxeHnue NEWCTBOBAaTh IO €ro
COOJIIOIEHUE MpaBUII
2 | DIEKTPUYECKUM UHCTPYKLHAM
AIEKTPOOE30MaCHOCTH,
TOKOM
KOHTPOJIb M OOCIY>KUBaHUE
AJIEKTPUYECKUX YCTPOMCTB.
IIpoBenenne uHCTpyKTaXka 1o | IIpoectu OCMOTD
TEXHUKE 0e30macHOCTH, | TPABMHUPOBAHHOM
akkypaTtHoe oOpamieHue ¢ | oonactu. [Ipu Hanmuun
000pyI0BaHUEM, KOTOPOE | CEPbEZHBIX
TpaBMUPOBAHUE | MOXKET TOBJIEYD | IOBPEKICHUN BbI3BAThH
3 | Tpu mageHWH ¢ | TPAaBMHUPOBAHME TIEPCOHaja, | CIy)k0y OnepaTuBHOTO
BBICOTBI coOJiroieHue MPaBUJI | pearupoBaHUs 1o
0e30macHOCTH npu | Homepy 112, cooOuuTh
MPOBEJICHUU pa0OT Ha BBICOTE, | PYKOBOIUTEIIO u
MPEBBILIAONICH pOCT | IEUCTBOBATh IO €ro
COOCTBEHHOI'O TeJa. UHCTPYKITUSIM

5.11 BeiBoabl no pa3aeiny «CounajibHas 0TBETCTBEHHOCTDY
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B xoxe BbIMOJHEHUWS 3aJlaHHsl PACCMOTPEHBI CIEAYIOIINE OIMACHBbIE U
BpeaHbIC (PAKTOPHI, OKA3bIBAIOIINE BIUSIHAC HAa PAOOTy HCCIICTOBATEIS:

—  OTKJIOHEHHE MoKasarenell MUKpokiuMara [19];

—  MOBBIIICHHBIA ypoBeHb Iryma [19];

—  HEJIO0CTaTOYHas OCBEIIEHHOCTH pabodyeii 30HbI [20];

—  3JekTpobe3omacHoCTh [21];

—  B3PBIBOIIOKAPOIONACHOCTH [22];

—  paauanuoHHas 0e30macHoCTh [23].

[Tomemenue ayauropuu 302 xopmyca Ne 11 ToMckoro moJiMTeXHUYECKOTO
YHUBEPCUTETA OTHOCUTCS K KaTeropuu B 1o noxkapoB3pbeiBoOe3onacHocTH [22] U K
1 xareropuu 31ekTpodezonacHocTH [21]. YcaoBust MUKpOKIMMAaTa, YPOBHS IIyMa,
OCBEIIEHHOCTH, AIEKTPOOE30MaCHOCTH u M0apOB3PHIBOOE30MACHOCTH
COOTBETCTBYIOT  HEOOXOJUMBIM  TpeOoBaHusiM. PaboThl ¢  HCTOYHUKAMU
MOHU3HUPYIOIIETO U3JIYyYEHUS HE MIPOBOIUIIHUCE.

Taxke B paszmene pacCMOTpPEHbl HauOoyiee BEpOSITHBIE aBapHitHO-
criacaTtelibHble M YpE3BbIYANHBIE CUTyallUH, KOTOPbIE MOTYT NIPOM30HTH B

ayautopuu 302, Mmepbl IPOTUBOJACUCTBUS U JTUKBUIALIMN UX MOCIEICTBUMN.
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Conclusions

1. A program was written for calculating the absorbed dose rate at cation
exchange resin when separating lutetium and ytterbium isotopes.

2. Models of a chromatographic column filled with ion-exchanger and a
radiation source were constructed. It is shown that the obtained gamma- and beta-
radiation spectra of lutetium-177 are in good agreement with the known
experimental spectra.

3. It is shown that when the eluent passes along the resin, the distribution of
the absorbed dose rate along the length of the chromatographic column agrees with
the experimental data and corresponds to the values of about 4540 Gy/Hr.

The developed program can be used for determination of the absorbed dose
rate in experiments on the impact of radiation on ion-exchangers during the

separation of radioactive elements by ion-exchange chromatography.
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