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Abstract

Final qualifying work contains 96 p., 29 figures, 29 tables, 46 sources of
literature, 2 applications.

Key words: alpha spectrometry, collimator, counting efficiency, energy
resolution, Geant4.

The object of the study is the efficiency and energy resolution of alpha
spectrometric measurements.

Purpose of the work is to investigate and optimize counting efficiency and
energy resolution of alpha spectrometric measurements varying collimator
parameters.

An analysis of influence of the collimator geometric parameters on the
counting efficiency and the energy resolution of alpha spectra is carried out by
mathematical modeling and measurements on a semiconductor alpha spectrometer.
It is shown that with decreasing cell diameter or increasing collimator height,
counting efficiency and FWHM decrease. In terms of effects on counting
efficiency and FWHM, no difference between UV-resin and aluminum collimators
is discovered. For **' Am, minimal theoretical energy resolution of 21.610 keV with
absolute efficiency of 1.189% is shown with UV-resin hexagonal collimator of 5
mm height and 2.5 mm cell diameter. In experimental measurements, same
collimator showed energy resolution of 27.4 £ 1.1 keV and absolute efficiency of

1.10 £ 0.02%.
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Introduction

Alpha-spectrometry is one of the most common methods for the qualitative
and quantitative analysis of samples containing alpha-active isotopes. There are
many different tools used to detect alpha radiation and determine its energy.
However, despite the wide variety of alpha-spectrometers, the generally accepted
standard for alpha spectrometric analysis is the use of semiconductor alpha
detectors. Since the energies of alpha particles formed during the radioactive decay
can differ by only 10-20 keV, it becomes impossible to distinguish them in spectra
obtained with insufficient energy resolution. For this reason, semiconductor
detectors occupy such a high position due to their low time and energy resolution.
And yet, in some situations, energy resolution of semiconductor detectors is also
insufficient.

Thus, the relevance of this work is determined by the need to obtain the best
possible resolution of alpha spectra for more accurate analyses. The use of
collimators is a promising tool to solve this problem. Over the years a number of
researches have studied the effect of various collimator cell sizes on energy
resolution and counting efficiency. But little attention has been given to both
theoretical and experimental studies of cell shapes and sizes and their influence on
alpha detector’s performance.

The purpose of this study is to investigate and optimize counting efficiency
and energy resolution of alpha spectrometric measurements varying collimator
parameters.

According to the purpose, the following objectives are necessary to achieve:

1. To review basics of alpha detection physics and compare alpha
spectrometry instrumentation.
2. To review results of previous researches of honeycomb collimator

influence on energy resolution and counting efficiency.
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3. To measure energy resolution and counting efficiency of reference alpha
sources, varying collimator cell shape and size.

4. To develop a mathematical model with the same measurement geometry.

5. To simulate spectra of reference alpha sources, varying collimator cell
shape and size, but also collimator height and material.

6. To determine optimal parameters of honeycomb collimator for particular

measurement geometry.
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1 Literature review

1.1 Alpha spectrometry

Alpha spectrometry is a widely used method to provide analysis of samples
containing alpha-active isotopes. They may include both natural sources (the most
common is radon and its decay products) and human-induced transuranium
elements. The efficiency of alpha spectrometers is generally higher than that of

gamma ray spectrometers, and the detection limit is lower.
1.1.1 Alpha detection physics

There are two principles for measuring the energy of alpha particles:
magnetic and ionization. The first one is based on the analysis of the particle
trajectory in a magnetic field, and the second one is based on its ionizing effect [1].
Magnetic method to measure the particle energy based on the unambiguous
relationship between the momentum p of a particle and the radius R of the particle
track in a perpendicular magnetic field:

p=zeBR-sin(a), (1.1)
where: z is the atomic number of a particle (for alpha particles z = 2);
e 1s the elementary charge;
B is magnitude of magnetic inductance vector;
a 1s angle between magnetic inductance vector and velocity vector.

The major energy loss mechanism for charged particles is ionization
deceleration. It represents a process in which the kinetic energy of a particle is
converted into the energy of excitation and ionization of the medium’s atoms. The

formula for the 1onization loss of heavy charged particles is as follows [2]:

6 56 2 2 2
(_dT) :4JTI’ZZZ ll’l( mev)

2

—in(1-B%)-B*|=(T), (1.2)

dx ion meV

where 7 is concentration of absorbing material atoms;
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Z is the atomic number of atoms of absorbing material atoms;

m. 18 the electronic mass;

v 1s velocity of a particle;

J = 13.5Z eV is average ionization potential of absorbing material atoms;

L =vlc

o(T) is a function depending on the kinetic energy of particles.

@(T) was introduced on the basis that for particles of a known mass, their
velocity can be unambiguously recalculated into kinetic energy.

It can be seen from expression (2) that the ionization losses have a strong
dependence on atomic numbers of both the atoms of the absorbing material and the
particle. By integrating expression (2) for particles of a given charge with respect
to energy, the range can be obtain. In terms of particle transport, range represents
the path that a particle will travel in a medium until its initial kinetic energy 7o
equals the energy of the thermal motion of same particles (due to the smallness of

this energy, the lower limit of integration is taken to be 0):
¢ dr
R=| ——. (1.3)
{ ¢(T)
Whereas ¢(T) ~ nZ, the greater Z of the medium is, the smaller the particle

range is in this medium. It can be confirmed by Table 1.1, which lists the ranges of

alpha particles for air, biological tissue, and aluminum.

Table 1.1 — Alpha particle ranges in several materials [3]

Energy of alpha particle, MeV 4 6 8 10
R 1n air, cm 2.5 4.6 7.4 10.6
R in biological tissue, um 31 56 96 130
R in aluminum, pm 16 30 48 69

The small range of alpha particles in solids determines the features of their
detection and, consequently, determines the design of alpha spectrometers and the

shape of the measured samples. If the alpha-active layer is too thick, the self-
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absorption losses and the inaccuracy associated with them will be too large. Figure
1.1 shows the shape of the alpha source spectra for different ratios 4/R,, where h is
the thickness of the alpha-active layer, and R, is the range of alpha particles of
energy E, in the active layer material. It can be seen that with an increase in this
parameter, the intrinsic full width at half maximum (FWHM) of the line also

increases, which leads to a deterioration in the energy resolution of the spectrum.
45
“07 W/R =0,001
3,5

3,0—-
] h/R,=0,003
2,5 4

2. /R =0,006

dN/dE

Figure 1.1 — Theoretical shape of the spectrum obtained from alpha source

of different height 4 [4]

During measurements, the sample should be placed either directly inside the
sensitive volume, or as close as possible to the detector. Also it should not be

separated from the detector by thick partitions [1].

1.1.2 Alpha-spectrometry instruments

In alpha spectrometers, which are based on the magnetic principle of particle
energy measurement (magnetic alpha spectrometers), particles passing through a
perpendicular magnetic field are focused on different areas of the collector usually
represented by photographic plates. Tracks are counted under a microscope, and
the energy of registered particles 1s determined based on the position of the tracks.

Magnetic spectrometers have the best energy resolution, but limited usage due to
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high cost and large size. They are used mainly in fundamental science for
recording cosmic radiation [1].

Spectrometers operating due to the ionization process are much more
widespread. Among the detectors working in the spectral mode, four types can be
distinguished:

— pulsed ionization chambers;

— fluorescent nuclear track detectors (FNTD);

— alpha sensitive scintillators;

— surface barrier silicon (SBS) detectors and passivated implanted planar
silicon (PIPS) detectors.

The pulsed ionization chamber represents a closed volume with two
electrodes with a certain operating voltage U, is applied. The volume is filled with
gas, mostly inert (often argon or xenon), with various additives increasing the
counting efficiency.

The interaction of alpha particles with gas molecules leads to the formation
of ions. Therefore, ion and electrons are attracted to the electrodes. It generates a
current pulse in the external circuit and, as a result, a voltage change on the
equivalent capacitance C (Figure 1.2). Unlike proportional counters and Geiger
counters, there is no gas amplification in ionization chambers, so the output signal

is quite small in magnitude.

Figure 1.2 — Connection diagram of a flat ionization chamber in a pulse mode [5]

Ionization chambers may have various configurations. Whether or no, their

design often provides for the placement of the test sample directly into the
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sensitive volume of the detector. It helps to increase the efficiency of particle
detection. However, the requirement to refill the detector with a highly purified gas
mixture is associated with a number of difficulties; there is a need to degas the
working volume, to maintain its tightness, and carry out a thorough preliminary
gas cleaning.

These problems can be avoided by using refillable proportional counters,
where the necessary purity of the gas mixture is maintained by continuous gas
supply during measurements. Due to the increased pressure in the counter, absolute
tightness of the working chamber is not required [1].

The time resolution of pulsed ionization chambers and proportional counters
depends directly on the charge collection time, which usually varies in the range
from 1 to 10 ms. Thus, the use of ionization chambers to measure the spectra of
high-activity sources is impossible; however, for sources with low activity their
use is quite common [4].

In addition, 1onization chambers have one more significant drawback; high-
energy particles are not strongly decelerated in the sensitive volume of the
detector, so that a complete absorption peak is not formed. Also, the energy
resolution of ionization chambers is very mediocre, which limits the scope of their
application as instruments for the analysis of nuclear materials.

Alpha spectrometry by FNTD is not widespread, but has potential
applications in the particle energy region above the sensitivity range of ionization
chambers. Such detectors are based on aluminum oxide crystals doped with carbon
and magnesium (AlL,Os: C, Mg) as a material for photographic plates. Tracks are
analyzed by structural illumination microscopy (SIM) or confocal laser scanning
microscopy (CLSM). The energy of alpha particles is determined by the length,
direction and intensity of the received tracks [6].

The field of FNTD spectrometry applications has not been fully defined yet,
but studies [7] in this area tend to believe that it will have a high applied potential

in nuclear medicine.
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Standard scintillation alpha spectrometers use silver-activated zinc sulfide
ZnS(Ag) as the detector material. This scintillator characteristically exhibits a high
light output (the number of photons emitted by the material per unit of absorbed
energy). The light yield of ZnS(Ag) is about 250-300% compared to Nal(T1) [1].

The time resolution of scintillation spectrometers is determined by the glow
time of the scintillator, i.e. a time period when the energy of an absorbed particle is
converted into light. ZnS(Ag) is characterized by a rather mediocre glow time of
the order of 1 pus among widely used scintillators. Nevertheless, in comparison
with gas-filled detectors (ionization chambers and proportional counters), alpha
scintillation spectrometer can operate at a much higher load, which is its
undoubted advantage.

The main disadvantage of ZnS(Ag) is the impossibility of growing large
single crystals; therefore, as a rule, such detectors are made by depositing a fine-
crystalline powder on a substrate. A thickness of the powder should be comparable
with the maximum range of alpha particles in ZnS. It leads to a deterioration in the
energy resolution of the detector, since in comparison with a single crystal, self-
absorption losses in fine-crystalline powder are higher [1].

The use of semiconductor alpha spectrometers is currently the accepted
standard for alpha analysis. The most common among devices of this class are
spectrometers based on SBS detectors. The schematic structure of such detector is

revealed in Figure 1.3.

AN spring contact
Au (~2004)

T + n—Si (~300um)

T T T T T T O T T T T O IOV AT Al (% Ip.m)

Figure 1.3 — Schematic structure of SBS [§]
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The fabrication processing of SBS consists of the following stages. Firstly, a
thin gold layer about 20 nm in thickness is deposited on a silicon substrate (made
of n-type silicon). Obtaining such a thin coating is carried out due to the
evaporation of gold. The back side of the substrate is sputtered with aluminum,
which layer is of the order of 1 um [8]. The resulting structure is called the input
window.

The maximum thickness of the sensitive area (depletion zone) of SBS
detectors can be up to 5 mm. This value is enough to stop alpha particles with
energies up to 120 MeV. However, typical silicon detectors used in alpha
spectrometry have a depletion region thickness of 300 mm and a sensitive area of
300 mm®. They have an FWHM of about 20 keV and a time resolution of 107 s,
which significantly exceeds parameters of all previously considered detectors [9].

An analogue of SBS detectors i1s PIPS. The main difference between PIPS
and SBS detectors lies in the manufacturing technology. Since processing features,
it 1s possible to create an entrance window of much smaller thickness in order to
reduce the energy loss of incident alpha particles, which have an acute angle with
detector [1, 4].

The general scheme of a semiconductor alpha spectrometer is shown in

Figure 1.4.
Surface Barrier i .
Silicon " preamp - muétnlépyaznellm
\‘\-a._p&l |
SDLI}(I:‘EE
to wacuum — pulser bias output
pump
-—

Figure 1.4 — Block diagram of a semiconductor alpha spectrometer

The radiation source is placed in the measuring chamber in proximity to the

detector. The measuring chamber has an outlet to a vacuum pump. During
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measurements, the signal from the detector is sent to the preamplifier and
amplifier, where it acquires a suitable form for reading by the measuring
equipment. In a multichannel analyzer, pulses from the detector are sorted by their
energy (magnificence of voltage pulse). Then the resulting distribution is displayed
as a spectrum available for processing and analysis.

Air pumping is necessary because of the high attenuation level of alpha
radiation in the air (Table 1.1). In the absence of vacuum, the energy loss of alpha

particles is about 1 keV/cm for every 100 Pa [9].

1.1.3 Detection efficiency

Detection efficiency (or counting efficiency) is an intrinsic property of
detector. It can be interpreted as a probability to detect an ionizing particle by
certain detection equipment in certain geometry. For convenience, it is subdivided
into two categories: absolute and intrinsic efficiencies.

Absolute efficiency e.s is defined as number of pulses generated by
ionizing radiation in detector MN.. divided on number of particles emitted by

radiation source N,,:

rec (1.4)

To exclude as much as possible the dependence on geometry aspects,

intrinsic efficiency ein 1s used. It 1s defined as:

%nt: rec’ (1'5)

where Ny is the number of particles incident on detector.

Intrinsic efficiency is influenced primarily by the detector material,
thickness of the sensitive volume of it and radiation energy. It is said that the
efficiency of a SBS detectors can assume a value up to 25-40% [11], but in case of
alpha particles it strongly depends on measurement conditions.

A relation of two efficiencies is the following:
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4
gint = gabs ﬁ’ (1 6)

where Q is solid angle of detector seen from the actual source position.

In spectrometric measurements, absolute counting efficiency in region of

certain energy E of calibration radioactive source is determined by the equation:

_ S ey
nAt ’

where: S is the area of the intensity peak with the average energy E;

e, (E)

abs

(1.7)

n 1s the branching ratio (yield) of the radionuclide at the energy E;
A 1s the reference activity of the source;
t 1s the live time of the measurement;

/A 1s decay constant of the radionuclide.
1.1.4 Energy resolution of alpha spectra

Another important characteristic of a ionizing radiation spectrometer is
energy resolution. It describes the ability of the detector to distinguish particles of
almost similar energies and takes on great significance for obtaining accurate
results.

An intensity peak obtained by spectrometric measurement always has a
certain distribution called the detector response function. Figure 1.5 shows the

response function, which has a normal distribution form.

danN FWHM
dH Resolution R = H
o

Y _____________

YR ————— e —
FWHM

Hy H
Figure 1.5 — Schematic detector response function [10]

25



In most cases, energy resolution is determined in two ways: either through
the FWHM value, or through the ratio of the FWHM to the value of the peak
centroid H, (measured in channels or eV). For peaks that have the form of a
Gaussian distribution, the value of FWHM is calculated by the following equation:

FWHM =2 o\2In(2)~2350, (1.8)
where o is the dispersion of the pulse number [10].

Based on these considerations, the limiting value of FWHM,. . can be found.

FWHM, . value is described only by statistical fluctuations in the number of charge

carriers produced in the detector:

FWHMh_e~2.35E\/%:2.35\/F wE, (1.9)

where: F is Fano factor (for Si 0.128 + 0.001 [11]);

E is the energy of ionizing particle;

N is the number of generated charge carriers;

o 1s the energy spent to generate a hole-electron pair (for Si 3.650 = 0.009
eV [12)).

The Fano factor expresses a similarity measure of the distribution of interest
with the Gaussian distribution. Its presence formula (1.9) is caused by the
consideration that the number of charge carriers generated by particle collisions
can be described with not the normal distribution, but the Poisson distribution.

Regardless, the value of R is usually several times less than the real energy
resolution, since many factors affect the resolution of the detector. These factors
are the noise level, the source thickness, the distance between the detector and the
source, the input window thickness, et cetera [1, 4].

Nevertheless, while creating mathematical models of the response of a
semiconductor detector, it is more convenient to take into consideration the main
three: statistical uncertainty (FWHM,._.), noise level (FWHM,i.) and losses due to
ionization and excitation of electrons (FWHM.xion). Thus, the total value of the

FWHM will have the following structure [13]:
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FWHM?®=FWHM, +FWHM’ +FWHM’

noise ex—ion®

(1.10)

FWHM,.ie value for a particular semiconductor detector can be measured
using the built-in pulse generator. On the other hand, obtaining a reliable value of
FWHM...ion 1s associated with some difficulties.

After entering the active zone of the detector, the particles lose their energy
due to ionization and excitation processes with Si electrons. The remaining energy
is spent in collisions with Si atoms by so-called "nuclear stopping power". Energy
losses during ionization and excitation processes do not follow a Gauss distribution
and contribute essentially to the asymmetry of the alpha peaks [14]. For this
reason, the most common way to take it into account is the use of simulation
methods [13].

In addition to all of the above, peaks of alpha radiation have a characteristic
tailing in the region of lower energies (Figure 1.6), which affects the energy

resolution of the resulting peak.

; peak

Counts

tailing

Energy

Figure 1.6 — Schematic graph of an alpha peak with tailing [15]

The main reason for the tailing formation is the following. Alpha particles
with an angle distribution other than 90° travel a much longer path to the detector
than particles flying perpendicular to its surface. So, in the first case compared to
the second, the energy loss increases and interactions of low-energy particles affect
the peak shape. An additional contribution to the peak asymmetry is made by the

nature of the interaction of alpha particles with the sensitive volume of the
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detector. The distribution of energy losses during ionization also shows a low-
energy tailing.

However, for some radioactive isotopes, the effects of the high-energy
tailing can be observed. An example is the lines of **Po and *"’Po in radioactive
equilibrium with *"?Bi and *"’Bi. The formation of tailing in this case is caused by
the interaction of beta particles, formed during the Bi decay, and alpha particles,
formed during the Po decay, with the sensitive volume of the detector during signal
processing [15]. However, the low-energy tailing appears to be the most common
asymmetry effect.

Tailing is significant for alpha peaks with relatively low energies (up to 6
MeV) and often becomes a critical obstacle to accurate spectral analysis. This
effect is especially substantial for multiplets, where the higher energy peak is much
more intense than the peak with a lower energy.

Improving the energy resolution of a spectrometer is one of the priority
problems of alpha spectrometry. Fair amount of tools is used to solve it and one of

them 1s the use of collimators.
1.2 Collimation of alpha radiation

Collimation is an old technique to alleviate various measurement problems
in spectrometry of ionizing radiation. Collimators are divided into two types by
mechanism of their action: mechanical and electronic.

Electronic collimation is implemented in ionizing chambers by decelerating
charged particles of certain angles by voltage pulses. However, to apply this
method, detector signal should depend on incidence angle. For this reason,
application of electronic collimation in semiconductor detector, such as PIPS, is
impossible [16].

Mechanical collimators allow to cut off particles with angles significantly
lower than 90° directly by absorption, as it showed at Figure 1.7. Thus, the number

of particles interacting with the detector at an acute angle is reduced. It leads to a
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decrease in the tailing intensity and slightly improves the energy resolution of the

peak [17].

Alpha detector Alpha detector

& ad

8 [ a, "N " pasaspasen 5 ' :
Collimator | o : E ! ‘

Figure 1.7 — Schematic representation of mechanical collimation

of alpha particles [17]

In contradistinction from gamma radiation measurements, single hole
collimators are not used in alpha spectrometry because of considerably lower
detection efficiency. On account of small ranges of alpha particles in any solid
material, the most convenient collimator shape is honeycomb. Particles with low
angles (such as a; and a, at Figure 1.7) can be stopped by thin cell walls, while
particles with normal incidence or close to it (such as as; and o4) pass through and
interact with the detector.

According to shape of honeycomb collimator, it is necessary to take into
account new important parameter as cell diameter or mesh thickness. In case if cell
size 1s too small, alpha particles emitted almost perpendicularly, but close to the
cell wall might be absorbed and do not enter the detector, decreasing the
efficiency. On the other hand, the larger the size, the greater the scatter of incident

angles, which leads to poor energy resolution [17].

1.2.1 Collimators and energy resolution of alpha spectra

In recent years, numerous studies are underway on sizes and shapes of
collimator cells in alpha measurements with semiconductor spectrometers. Both

mathematical models and experimental methods are applied.
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Previous researches have focused on three cell shapes: hexagonal, circular
and rectangular (as depicted at Figure 1.8, where holes are green and walls are

yellow).

a) b) c)
Figure 1.8 — Collimator meshes with different cell shapes [18]:

a) hexagonal; b) circular; ¢) rectangular

The main differences between these shapes that supposed to affect energy
resolution and counting efficiency are claimed to be the following [19].

1. Circular mesh has extra intercellular space filled with material and does
not give complete surface coverage. Particles get absorbed more likely, so the
detection efficiency might be decreased.

2. Rectangular and hexagonal cells with the same areas have different
perimeters, and hexagon has shorter one, according to the expression (1.11).
Shorter perimeter reduce the probability of particle to encounter the walls, hence,

might improve counting efficiency.

PERERS
P. _ B 243 (1.11)

= =4 ~1.075,
Phex 6'7’ 3

where P, 1s a perimeter of rectangular cell;
P 1s a perimeter of hexagonal cell;
r 1s radius of the circumscribed circle of a hexagonal cell.
Theoretical study [18] was made of the influence of the cell shape and
diameter on the energy resolution and efficiency of alphas with energies from 5 to

9 MeV. It has been established that the dependence of the resolution on the cell
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shape is extremely weak (within the limit of error), but there are differences in the
particle detection efficiency: for a circular collimator it turned out to be the
smallest (0.922%), and for a rectangular collimator it turned out to be the largest
(1.31%).

In regard to cell size, minimal energy resolution and efficiency were shown
by a 14 mm mesh for all shapes. Furthermore, some diameter values were found,
where both energy resolution and counting efficiency deteriorate.

It is important to mention, that most of studies are focused on hexagonal cell
shape due to its shortest perimeter. For example, research [16] takes both
theoretical and experimental approach to to investigate changes in energy
resolution and efficiency caused by hexagonal collimators, varying mesh size.
Collimator material is aluminum and cell diameters (which is diameter of inscribed
circle of hexagon) were varied between 2.5, 4 and 6 mm. Number of alpha sources
were used, providing particle energies from 4 to 6 MeV.

According to the Geant4 simulation results, a significant improvement in

energy resolution was noted when using a collimator (Figure 1.9).
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Figure 1.9 — Theoretical curve of efficiency and FWHM with respect to cell

diameter of hexagonal collimator [16]

However, there is a decrease in efficiency as in FWHM. At the same time,
when the difference between the energy peaks is less than 10 keV, they cannot be

distinguished even with the use of a collimator.
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The experimentally obtained spectra also showed a significant improvement
in the energy resolution of the peaks and a decrease in the intensity of the tailing.
Nonetheless, the obtained resolution turned out to be higher than expected, which
could be explained by the non-homogeneity of the PIPS detector doping.

In study [19], the hexagonal collimators are also chosen. Collimator material
is stainless steel and particle energies are in range from 5 to 6 MeV. Simulation
results are revealed in Figure 1.10. It is important to note, that apothem used in this
study to describe hexagonal cell size is nothing but a half of mesh step (diameter of

inscribed circle).
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Figure 1.10 — Theoretical evolutions of FWHM (a) and absolute efficiency (b) with

o

respect to hexagonal mesh size and collimator height H [19]

Figure 1.10 shows, that not only cell diameter has an influence on energy
resolution and efficiency, as at Figure 1.9, but also height of a collimator.
Significant decrease can be seen for both quantities with rising collimator height,
especially in the case of efficiency.

Research [20] studies the influence of the collimator position relative to the
source and detector (Figure 1.11) on the efficiency of particle detection. Study
shows that an increase in the source diameter L from 1 to 20 cm with a constant
value of the source distance R, = 1 cm leads to a linear increase in the counting

efficiency, however, with a further increase from 50 to 100 cm, the linearity is lost.
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Figure 1.11 — Diagram showing the source position [20]

By keeping L constant (10 cm) and varying R, from 1 to 100 cm, the
efficiency also decreases. The most significant decrease is observed in the range of
R, from 1 to 5 cm, where the efficiency drops from 0.45 to 0.25.

Additionally, the applicability of collimators for measuring spectra of alpha-
emitting aerosols was studied in [21]. Acrylonitrile butadiene styrene collimators
with a square cell of various sizes were used in the experiments. In this case, as in
previously mentioned studies, an improvement in the energy resolution (from 400
to 120 keV) was revealed, accompanied by a decrease in efficiency. The study also
noted that the analysis of the energy spectrum in case of an aerosol source is
significantly complicated with self-absorption in the filter, which leads to a strong
shift of the peaks.

Thus to summarize, considerable attention has been paid to the research of
collimation effects on energy resolution and counting efficiency. The main trends
and dependencies are clear; smaller cell size leads to better energy resolution
(decrease of FWHM) and worse efficiency due to increased probability of alpha-
particles to collide with cell walls. However, differences between cell shapes were

primarily theoretically investigated and still remain questionable.
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2 Investigation of the collimator influence on counting efficiency and

energy resolution

2.1 Materials and methods

In the present work honeycomb collimators with hexagonal and circular
cell shape is used. All collimators are made of Anycubic ultraviolet-curing resin
(UV-resin) by 3D printing. The diameters of both circular and hexagonal cells have
values of 2.5, 4.0 and 5.0 mm, as shown at Figure 2.1. Diameter of hexagonal cell

is defined as diameter of inscribed circle. For all measurements collimator height

equals 5.0 mm.

a) b)

Figure 2.1 — Schematic diagram of a) circular and b) hexagonal collimator

A

Y

Measurement of efficiency and energy resolution is focused on ***Pu and
*' Am lines. Reference spectroscopic alpha sources of ***Pu and **' Am has circular
active layer with diameter of 11 mm and 1 mm thick. TiO, coating covers active

layer and is 0.08 pum in thickness and 24 mm in diameter. Source characteristics

are presented in Table 2.1.
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Table 2.1 — Characteristics of >**Pu and **' Am sources

Decl tivit Alpha particl
Source eclared activity, pha particle Yield, %
Bq energy, keV
5499.0 70.91
2*Pu (P8-532) 18 360
5456.3 29.98
5485.6 84.8
*'Am (A1-86) 17 500
5442.8 13.1

Spectrometric measurements are provided with Canberra PIPS alpha
spectrometer system (model A450 — 18AM). Scheme of a measuring chamber is
depicted at Figure 2.2. Detector is placed 3 mm from the collimator and 9 mm
from the source. The vacuum pressure in the chamber (about 8 Pa) was obtained

with a rotary pump attached. Time of the measurement adjusted to 300 sec.

PIPS detector

VNSNS SN aN IR
LSS LATILSS SIS

Source

3 mm
5 mm
1

mm

Figure 2.2 — Schematic diagram of measurement geometry

Peak areas and FWHM values are obtained using Genie 2000 software.
Absolute efficiency ¢ is calculated from obtained area values S according to the
modified expression (1.7), neglecting exponential part with regard to the long half-

life of 2*Pu and **' Am:

g=—" 2.1)

2.2 Simulation in Geant4

Geant4 is an open source toolkit for Monte Carlo simulations using Object-

Oriented paradigm provided by C++ programming language. It allows to handle
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3AJJAHUE JIJISI PA3JIEJIA
«®UHAHCOBBIII MEHE/UKMEHT, PECYPCOD®®EKTUBHOCTD 1

PECYPCOCBEPEXXEHUE»
CryneHry:
I'pynna DPUO
0A91 Kotnsipesckoii AuHe CepreeBHe
IIkoJ1a MATIL Otaenenue mkoJasl (HOIL) OSTILL
YpoBeHb 14.03.02 AnepHbie
bakanaBpuar | HanmpaBJ/ieHue/cnenuajibHOCTh

o0pa3oBaHusi ¢du3MKa U TEXHOJIOTUU

Hcxoanble JaHHBIE K pas3aeiay «PuHaHCOBBII1 MCHEIKMCECHT, pecypcoadnl)eKTnBHOCTL Hu

pecypcocoepekeHne:

— Cmoumocmbs pecypcoe Hay4yH020 UCCe008aHUSA
(HH): mamepuanorho-mexHuyeckux,
9Hepeemu4ecKux, (PUHaAHCOBLIX,
UHPOPMAYUOHHBIX U He08EHUEeCKUX

bromxer npoekra — He Oonee 362 ThIC.
py0., B T.4. 3aTpaThl 10 OIUIaTe TpyJa
— He 6oiee 186 Thic. pyo.

— Hopmvl u Hopmamugsl pacxo008anus pecypcos

3HayeHWE MOKa3aTeasl WHTErPaIbHOM
pecypcodhPekTHBHOCTH — HE MeHee
3,5 6aymioB U3 5

- chwzwyezwaﬂ cucmema HClJZ02005JZODfC€HM}1,
CmaeKu HAajlocoe, omunﬂeHuﬁ,
()uCKOHmupO@(lHU}Z u erdumoeanuﬂ

Tapud OTUUCIICHUN BO
BHEOIO/DKETHbIE (OHIBI (CTPAXOBBIX
B3HOCOB) — 30%

Ilepeyens BOMpocoB, MOIJIEKANNX HCCIET0BAHIIO, TPOEKTHPOBAHMUIO U pa3padoTkKe:

1. Oyenka KomMmepuecko20 nomeHyuad,
NepcneKmueHOCMU U AbIMEePHAMUE NPOBEOCHUs.
HU ¢ nosuyuu pecypcoagpgpexmusrnocmu u
pecypcocbepedcenus

AHamM3 KOMMEPYECKOro TOTEHIIHAIa
HCCIIEIOBaHUS. HccnenoBanue
KOHKYPEHTHBIX TEXHUYECKUX PEIICHUM.
[TpoBenenue SWOT-ananuza

2. Ilnanuposanue u ghopmuposarue 6r0xicema
HAYYHBIX UCCIe008AHULL

OmnpeneneHne TPYyIOEMKOCTH —paboT.
Paspabotka  rpaduka  mpoBeaCHUS
HAYYHOT'O MCCJICIOBAHUSI.
dopmupoBanue  OwjpKeTra  3aTpar
HAYYHO-KMCCIIEIOBATEIHCKOTO TIPOCKTA

3. Onpeoenenue pecypcHoli (pecypcocoepezarouyeli),

Gunarncosol, 6100cemHol, COYUATbHOU U
IKOHOMUYECKOU (P PexmusHocmu uccied08anus

[IpoBeneHue OICHKH CpPaBHUTEIBHON
3¢ PEeKTUBHOCTH TTPOCKTA

Ilepeuyens rpapuueckoro MaTepuasa (c MoYHbLIM YKA3AHUEM 00A3AMENbHBIX Yepmedicell):

1. Kapma ceemenmayuu pvinka

Mampuya SWOT
Anvmeprnamugwvl npogedenus HHU

Kanenoapnwii epaghux nposedenus
biooowcem HU

N LA W

OueHKCl KOHKypeHI’)’IOCI’IOCO6HOCI’nu me)CHMItQCKuXpemeHMZZ

. OQyenka pecypchoui, QUHAHCOB0U U IKOHOMUYeCKOU 2 pexmusnocmu HU

I[aTa BbIIAYM 3aJaHU JJIA pa3jeia 1o JUHeHHOMY rpadguky | 24.04.2023
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Bananne BbIAAJI KOHCYJbTAHT:

YdyeHasi cTeneHb,

Jo/KkHOCTD DOUO Moanuck Hdara
3BaHHE
nouent OCI'H Crunsiaa JIro00B6 -
LIBUIT TITY IOpbeBHa T
3ajaHue NPUHSAJ K MCTIOJHEHUIO CTY/IeHT:
I'pynna [02%(0) Hoanuch Jara
0A91 Kotnsipeckasi AnHa CepreeBHa
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3 ®uHaHCOBBINH MEHE/I)KMEHT, pecypco3¢PeKTUBHOCTD 7|

pecypcocOepexxeHue

[ens pazgena «DUHAHCOBBIM MEHEIKMEHT, PecypcodPhEeKTHBHOCTh H
pecypcocOepexeHuey)  3aKIo4yaeTcss B NPOEKTHPOBAHUM W CO3JaHUH
KOHKYPEHTOCTIOCOOHOM pa3pabOTKH, OTBEUAIONICH COBPEMEHHBIM TPEOOBaHUSIM B
obnactu pecypcod3pheKTUBHOCTH B PECYPCOCOEPEIKCHHMS.

E€ noctmxenue obecrieynBaeTcs pEIICHHEM psijia 3a/1a4:

1) mpoBemeHre OIEHKH KOMMEPUYECKOTO TOTCHIINANIA U TEPCIIEKTHBHOCTH
HAyYHBIX UCCIIEOBaHUI;

2) ompenencHUE BO3MOXKHBIX — allbTEPHATHUB  TPOBEICHUS  HAYYHBIX
WCCJICIOBAHNM, OTBEUAIOIIUX COBPEMEHHBIM  TpeOOBaHMSIM B 00JacTH
pecypcodPheKTUBHOCTH U PECypCOCOEPEIKCHHUS;

3) mIaHUpPOBAaHME HAYUYHO-UCCIEI0BATEIBLCKUX paloT;

4) ompexdeneHue pecypcHor (pecypcocOeperarormieii), (puUHAHCOBOH,

OI0IXKETHOM, COITMATLHON U IKOHOMUYECKOU 3(P(HEKTUBHOCTH HCCIICI0BAHUS.

3.1 Onenka KOMMEPYECKOI'o NOTCHIMAJIA HAYYHOI'0 HCCJICAOBAHUSA

Kak yxe ObU10 ynoMmsiHyTo B paszzene 1.2, B 00JaCTH CIEKTPOMETPUUECKUX
MU3MEPEHUN TPUMEHSETCS 1BA TUIA KOJUIMMATOPOB, PA3JIMYAOIIUXCS 110 IPUHLUITY
NEHCTBUS: MEXaHWYEeCKUE M d3JeKTpoHHble. Hambornee BakHbIMM MapameTpamu,
ONpEeAENSIOUMMU  00JaCTh NPUMEHEHUS KOJUIMMATOpa TOrO0 WM WHOrO THIIA,
ABJISIIOTCS. TN KOJUIMMUPYEMOT'O M3JIy4eHHUS U THUIl JETEKTOPa, YCTAHOBJIEHHOTO B
CHEKTPOMETPUYECKON YCTaHOBKE (PaCCMOTPEHBI TOIBKO JETEKTOPHI, pabOoTaIOLINe
Ha MpUHUUIIE HOHW3aluu). B tabnune 3.1 mpuBeneHa kapTa CErMEHTHUPOBAHMS

PBIHKA KOJLIMMATOPOB B COOTBCTCTBUU C YIIOMAHYTBIMU IIapaMETPaMMU.
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Tabmuma 3.1 — Kapra cermeHTanuum  pbhIHKA  KOJUIMMATOPOB  JUIS

CHEKTPOMETPUUYECKUX CUCTEM

Tun KoIIMMUPYEMOTO U3ITYUYEHUS

Anbpa bera [Mamma

o ["a3opaszpsaHblii
o
e
> CUMHTUIUISIIIUOHHBII
=
5 |o i
o Ty OpECLEHTHbIH
= | TPeKOBbIi
F

[TosrynipoBOTHUKOBBIN

- — MEXaHUYECKNE KOJUTMMATOPBI — BJIEKTPOHHBIE KOJTUMATOPBI

Kak wmoxHO oTMeTuTh U3 Tabmuiel 3.1, 3HauWTENbHAs 4YacTh pPbIHKA
3aXBaY€HA MEXAHUYECKHUMHU KOJUIMMATOpPaMH MO TMPUYMHE HUX MOPOCTOTHl U
YHUBEPCATIBHOCTU. TeM He MeHee, MEXaHWYECKHUE KOJUIMMATOPhl 3HAYMTEIBHO
CHIKAIOT A (DEKTUBHOCTH PETUCTPAIIMN HOHU3UPYIOIIETO U3ITyICHHSI IETEKTOPOM,
MMOATOMY TaK BaX€H I0J00p ONTHUMAIBHBIX IapaMeTpOB KOJUIMMaTopa s
KOHKPETHBIX 33]1a4 CIIEKTPOMETPHH.

Takxe CTOMT YNOMSIHYTb, YTO MPOMBIIIJICHHOE H3TOTOBJIECHHUE SYEUCTBHIX
KOJUTUMATOPOB ajib(a-u3aydeHus, K KOTOPhIM IIPUKOBAHO MPUCTATIbHOEC BHUMAHHUE

HAy4HOIo cooOuiecTBa, B Poccum oTcyTCTBYET.

3.1.1 llopTpert NOTEHUUAIbHBIX norpeourTesiei pe3yJibTaToB

HCCIeJ0BAaHUA

AHanu3  KOHKYPEHTHBIX  TEXHHYECKHX  PCHICHHA ¢ TO3UIUH
pecypcoddHEeKTUBHOCTH M pecypcocOepekeHus] TO3BOJISIET MPOBECTH OICHKY
CpaBHUTEIBbHOU  A()PEKTUBHOCTH  HAY4YHOM  pa3paOOTKM U ONPEACIIUTH

HampaBieHUs A1 ee Oynymiero mnoBbiieHHs. B paccmarpuBaemMom ciyyae B
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KayeCcTBE  KOHKYPHUPYIOIIMX  pa3paboTOK  BBIOpaHbl  pa3UyHbIE  BUJbI
KOJJIUMATOPOB ajib(a 4acTull:

1) MexaHM4ecKuil A4YEUCThIl KouMMartop (IpUMEHSETCS B JTAHHOM
HCCJIEIOBAHUM );

2) MEXaHUYECKUI KOJUTMMATOP C OAHUM OTBEPCTUEM;

3) 2JIEKTPOHHBIN KOJIUMATOP.

OCHOBHBIE NPEUMYILIECTBA SYEUCTOrO KOJUIMMATOpPa HaJ KOJUIMMATOPOM C
OJIHUM OTBEPCTHUEM SIBJIIETCS TOPa3 0 MEHbIIEE CHIKEHHE Y3PPEKTUBHOCTH CUETa
JIETEKTOPA, YTO IMO3BOJISIET U3MEPATh MEHEE AKTUBHBIE UCTOYHUKH. Ho mpu 3TOM,
3a CYET CBOEH CIOKHOM CTPYKTYPBI U TOHKHX CTEHOK, TAKHUE KOJJIMMATOPbI MEHEE
HaZAEKHBl W JIerdye MOBPEXKJIAEMbl, OCOOEHHO €CIU CHAEJIaHbl U3 HEIJIOTHBIX
MaTepuanoB (HarpuMep, MIaCTUK).

DNEKTPOHHBIE KOJTUMATOPHl (YHKIMOHUPYIOT MO COBEPIIEHHO HWHOMY
OPUHIUIY M 332 CYET 3TOTO CHUJIBHO OTrPaHUYEHbl B 00JacTH NpuMeHeHus. OHH
Oosiee CIOXHBI B YCTPOICTBE U YCTAaHOBKE Ha CHEKTPOMETP U, COOTBETCTBEHHO,
0oJiee TOPOroCTOSIIIHE.

[To3umus pa3pabOTKU € TOYKH 3pEHHsS] KOHKYPEHTHBIX MPEUMYLIECTB Haj
JPYTMMHU OLICHUBAETCSA M0 KaKIOMY H3 3apaHee OINPENCNIEHHBIX IIOKa3aTeen
AKCIIEPTHBIM MYTEM MO MATHOAJUIBHOW LIKalle, e 1 03HayaeT Hambosiee caadyro
MIO3UIINIO, a 5 — HanboJIee CUITLHYIO.

bannbpHas oueHKa KOHKYPEHTOCHOCOOHOCTH BBIUMCISETCA MO ClEIyoLen
bopmyie:

K=> B, B, (3.1)
rae B, — Bec i-ro xpurepus;

b; — 6annpHas oLeHKa i-ro KpUTEepusl.

OneHovHast KapTa pHUBeaeHa B Tabuuue 3.2, pu 3TOM HUHAEKCHl OaNIbHBIX
OLICHOK COOTBETCTBYIOT MOPSIKOBOMY HOMEpY pa3pabOTKH B BbIIIEyKa3aHHOM

CIINCKC.
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Tabnmumna 3.2 — OneHouHass kKapTa JUisi CPaBHEHUS KOHKYPEHTHBIX TEXHHUYECKUX

peLIeHUN
Bec BaLbr Konkypenro-
Kputepun oneHku KpHTE- CII0OCOOHOCTh
put By | by | By | Ki | Ky | K

TexHuueckue KpUTEpUn OIIEHKU PecypcodPHEeKTUBHOCTH

[IpruMEeHnMOCTD 1T pa3IuYHbIX
THTIOB CIIEKTPOMETPOB

Hanéxnocts 0,05 | 4 5 3 10,210,250,15

OYHKIMOHATBHOCTH (COOTBETCTBHE
TpeOOBAHUSIM OTPEOUTEIIEH)

0,08 | 4 4 1 10,32]0,32 0,08

0,35 | 4 1 5 | 1,4 (0,25 1,75

[Ipocrora skciutyarauu 0,02 5 5 3 0,1 | 0,1 {0,06

DKoHOMHUYECKHE KpUTepuun 3 (PEeKTUBHOCTU

KonkypenTocnocodnocts npoaykra| 0,08 3 1 4 10,2410,08 0,32

YPOBCHB IMPOHHUKHOBCHHA Ha

0,12 | 1 3 10,12]0,12 0,36
PBIHOK

ITpeanonaraeMslii Cpok 0,1 3 5 3 1031051 0,3

JKCILTyaTaluu
Ilena 0,2 4 5 2 108 1 |04
Hroro 1 28 | 27 | 26 |3,48|2,62 3,42

Takum O6p3,30M, COTOBUAHLIC  KOJUIMMATOPbI  SABJIAIOTCA HauOoJiee

KOHKYPEHTOCTIOCOOHBIM TEXHUYECKUM PEIICHUEM CPEIU PACCMOTPEHHBIX.

3.1.2 SWOT-anaau3

SWOT-ananu3 sBIAETCA MHCTPYMEHTOM [JII KOMIUIEKCHOTO HMCCIEAOBAHUS
BHEIIHEW W BHYTPEHHEW Cpelbl HAYYHO-HCCIEAOBATEILCKOrO Ipoekra. B xonme
aHaiM3a OIpPEACNSIIOTCS CHIbHbIE M CcJla0ble CTOPOHBI MPOEKTa, TO €CTbh,
KOHKYPEHTHBIE  IPEUMYIIECTBA M  HEJIOCTAaTKM WU  OCOOBIE  PECYpPCHI,

oOyCJIOBJIEHHbIE ~ BHYTPEHHEW  cpenodl  mpoekrta. Takxke  Ompenemnstorcs
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BO3MOYKHOCTH M yTPO3bI, 00YCIOBICHHBIC N3MEHEHNEM BHEITHUMH YCIOBUSMH, B
KOTOPBIX CYIIECTBYET MPOEKT.

Pesynbratel SWOT-ananu3a npuseaeHsl B Tabnuie b1 B mpunoxenun b. [1o
pe3yibTaTaM aHajiu3a MOKHO BBIJICIUTH OCHOBHBIE HAMpPABICHUS JaTbHEHIIETO
Pa3BUTHS HAYYHO-HCCIIEOBATENBCKOTO IPOEKTA:

1) yrounenwue MaTEeMaTUIECKON MOJICIH nyTéM BBEJICHUS
JOTIOJTHUTENBHBIX TIOMPABOK U YCOBEPILIEHCTBOBAHUS T€OMETPUH U3MEPEHUS;

2) YCKOpEHHE BBIYUCIICHHUH ITyTEM BHEIPEHUS MHOTOIIOTOYHOCTH;

3) co3maHWe OMBITHBIX OOpa3loOB KOJUIMMATOPOB W3 MeTauia WIH

KOMIIO3UTHOI'O IINIaCTHUKA.

3.2 OnpeneJieHre BO3MOKHBIX AJIbTEPHATHB MPOBEICHUS HAYYHBIX

Hccjae10BaHum

OcHoBHas mnpoOjemMa HACTOsIIEH padoOThl 3aKIIOYEHa B HOTPEOHOCTH
noadopa  ONTUMAIbHBIX  MMApaMETPOB  KOJUTUMATOpa  JJIA  IMPOBEACHHUS
CHEKTPOMETPUYECKUX H3MEpPeHUil anb(a-uznydarommux wuzoronoB. [lo 3Toii
OpUYMHE E€IUHCTBEHHBI MapaMerp, MO KOTOPOMY MOXKET OBITh IPOBEACHO
pa3liesicHHe AIbTEPHATUB MTPOBEACHUS TAHHOTO UCCIEA0BAHUS — 3TO €TI0 METOJ.

B nmaHHOM ciayyae MeTOoABl POBEACHMS  HMCCIEIOBAHUS  MOYHO
nuddepeHurpoBaTh Ha AKCHEPUMEHTAIbHBIE u TEOPETUUECKHUE.
OKCHepUMEHTAIbHBIA ~ METOJl ~ MOJpa3yMEBAaeT  HM3TOTOBJIEHHE  O0Opa3IoB
KOJUIUMATOPOB C Pa3jJU4YHbIMA T'€OMETPUUYECKUMHU MapamMeTpaMH W U3 Pa3HbIX
MarepualioB. B cBow odepellb, TEOPETUUYECKUM METOJI OCHOBAaH HA CO3JIaHUU
MaTEeMaTUYECKON MOJIENH, KOTOpas JOJKHA ObITh BEpUPUIIMPOBAHA HECKOIbKUMHU
CepUsIMU SKCIIEPUMEHTOB, HO HE TpeOyeT M3rOTOBJIEHHS OOJIBLIOTO KOJIUYECTBA
00pa3IioB.

OCHOBHBIMM  3aJlayaMU MAaT€MaTHYE€CKOW MOJICNIH SBJSIOTCS  PACUET
HHEPreTUYECKUX MOTEPh allb(pa-4yacThll B BO3AYXE U MOCTPOECHUE IHEPIETUUECKOTO

CIICKTpa. Ounn MOT'YT OBITH peICHbl € HCIIOJIB30BAHHUEM KaK I/IMI/ITaHI/IOHHOﬁ
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MOJIENIN, TaK U AHAIUTUYECKOM (IIyCTh U CO 3HAYUTEIBHO MEHBIIECH TOYHOCTBIO
pe3yabTatoB). EJAMHCTBEHHBIM JOCTYMHBIM MPOTPAMMHBIM MPOIAYKTOM IS
ITIOCTPOCHUSI MMHUTAILMOHHOM MOJENIM Ha HAcTOSAIMU MOMEHT sBisercs Geant4.
Jns  ToCTpoeHHUST AaHAIMTHYECKOHW MOJEIN TMOAOMAET MPaKTUUECKH Jro0oi
MPOTPaMMHBIM MaKeT KOMIBIOTEPHOU anreOpbl, HO M3 MPUOPUTETHBIX MOXKHO
BBIIEINTH MatLab.

I'maBHBIE 0COOCHHOCTH KaXKJI0M U3 YIIOMSHYTBHIX albTEPHATUB, HA KOTOPBIX

OCHOBAHBI JaJIbHEHIINE pacu€Thl, IPUBEICHBI B Ta0uUIIE 3.3.

Tabnuma 3.3 — AnbTepHaTUBBI TPOBEJCHUS HAYYHOT'O UCCIICIOBAHUS

HaumenoBanue aabTepHaTUBBI
Kpurepnii Nmurannonnas AHanmuTuyeckas
DKCIEPUMEHT
MOJIETTh MOJIETTh
KonnuecTBo U3roTOBIEHHBIX
6 42 6
00pas1oB
LibreOffice Calc, .
. i . . LibreOffice Calc,
Tpebyemoe nporpammHoe LibreOffice Writer, | LibreOlffice Calc, . .
: . LibreOffice Writer,
obecnieuenue (I10) Geant4, Wolfram | LibreOlffice Writer
. MatLab
Mathematica
Haubonee npoaomxuTens- IIpoBeneHue IIpoBeneHue ITocTpoenue
HBIN BUJ IE€SATEIBHOCTH CUMYJISILINI WU3MEpPEHUN CHCTEMBI YPaBHEHH
TouHOCTB pe3ynpTara Cpenusis Bricokas Huskas

Peann3oBaHHBIM METOJIOM IMPOBEJICHUS JTAHHOTO HAYYHOTO HCCIIEJIOBaHUS
SBJISIETCS MIOCTPOEHUE UMUTAIIMOHHON MoJienu (fganee ucnonHenue 1). [onHocThio
AKCTIIEPUMEHTAILHOE HCCIEJOBAaHWE B JajbHeWmeM OyaeT 0003Ha4aThCs
UCIIOJTHEHWE 2, a WCCleJoBaHWE Ha OCHOBE aHAJMTUYECKOM Mojaenu —

UCHOJITHEHUE 3.

3.3 IlnaHupoBaHUE HAYYHO-UCCJIEI0BATEIbCKUX PadoT

PaGouyto rpyrmiy, BOBICUEHHYIO B pealu3allii0 HACTOAIIETO IMPOEKTa,
COCTaBJIIIOT JIBA MCIOJIHUTENS: HAy4YHBIH PYKOBOJIUTENh (JOUEHT), Hay4YHBIH
COTpYIHUK (acmupaHT) W HHXeHep (CTyneHT). Mexay HCHOJHUTEIIMU
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pacinpCaciiCHbl AKTHBHOCTH, COCTABJLAIOIIHMC OTallbl pcaln3alry IIPOCKTA.

[lepedennb paboT, pa3aenEHHBIX MEXIY UCIIOJHUTEIIMU, TpUBEAEH B Tabmue 3.4.

Ta6mumna 3.4 — Ilepedens 3TanoB, paboOT U pacrpeeieHue UCTIOTHUTEIEH

JIOKHOCTh
OCHOBHBIE 3TaIbI Coneprxanue paboT
UCIIOJIHUTEIIS
Pa3zpaboTka TexHUYECKOTO
1. CocraBnenue u yreepxaenue T3 PykoBonuTens
3amanust (T3)
2. [ToxGop u n3yveHne MaTepruagoB 1o "
H)KEHE
Br10op HanpasieHust TeEME P
uccleI0BaHuH PyxoBoaurens,
3. Beibop HanpaBneHus padoT
UH)KEHEp
4. IloarotoBka K pOBEAECHUIO Hayynsrii
u3Mepenuit (3D-neuats 006pasIoB) COTPYIHUK
5. IIpoBeneHnE SKCIEPUMEHTOB HNuxenep
Nuxene
6. O0paboTKa pe3yIbTaToB 13’
Teopernueckue u Hay4HbIN
IKCIIEPUMEHTA
AKCIEPUMEHTAIbHbIE COTPYJIHUK
HCCIIEI0BAHUS 7. IlpoBenenue npeaBapruTEIbHbIX
pacy€ToB, COCTABIEHNE MAaTEMATHYECKOU WNuxenep
MOJIEH
8. KoppekTrupoBka MaTeMaTH4eCKOM
Nuxenep
MOJIeNn
9. O1neHka corinacoBaHHOCTU PyxoBoaurens,
O06o0011eHME U OLIeHKa IIOJIyYEHHBIX PE3yJIbTaTOB UH)XEHEP
pe3yJbTaToB 10. IIpoBeneHne MoienMpoOBaHUS U
Nuxenep
00paboTKa pe3yIbTaToB
11. CocraBnenue oT4ETHON
. . JIOKyMEHTAIUu (TIOSICHUTEIbHOU Hnxenep
Odopmnenne 0TIETHOM
3aMHUCKH)
JOKYMEHTalluu RN
12. KoppekTupoBka OT4ETHOM PykoBonurens,
JIOKyMEHTalU! Nuxenep

JIJIsi OLIGHKW TPYIOEMKOCTH YKa3aHHBIX PabOT HCIOJIB3YEeTCS BEIUYHHA
OKHJITAEMOTO 3HAYEHUS TPYAOEMKOCTH, KOTOpas BBIUYUCISETCS TO CISAYIOIICH
bopmyie:

3¢t . . +2¢t .
t ': mini maxlj (3.2)

0X1 5

rIe toxi — OXKHUAaEMast TPYAO0EMKOCTD i-OU pabOThI, YeN.-TH.;
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tmini — MUHIMAJIBHO BO3MOYKHAS TPYIOEMKOCTB i-0il pabOoThI, Yell.-/IH.;

fax i — MAKCUMAIIBHO BO3MOXKHAS TPYAOEMKOCTb i-Oi pabOThI, Ye.-H.
Ucxoass w3 oxugaeMoM  TPYIOEMKOCTH  paboT,  ompeaensercs
MPOJIOJDKUTEIIFHOCTh KaXKI0M paboThl B paboumx JHAX 1, YUYUTHIBAIOIIAsS

MnapaJuiCJIbHOCTDb BBIITOJIHCHUA pa60T HCCKOJBbKHNMMH UCIIOJTTHUTCIISAMU:

7 = loxi (3.3)

rne 1, — MPOJIOJDKUTETHLHOCTH i-0i paboThI, pad. 1H.;

Y, — 4UCIEHHOCTh UCTIOIHUTENEH, BHIMOMTHSIOUX i-yI0 padoTy, Yel.

Jns  ynobcTBa TOCTpOEHMsI KajeHAapHOro rpaduka-miaHa B BUIE
nuarpaMmbl ['aHTa MPOAOKUTENBHOCTS PAOOT MEPEBOAUTCS B KaJlCHIApHbBIC JTHU
o ¢hopmyiie:

TKi:Tpi.kKan: (34)

rae T — IPOJOJKUTENIBHOCTD i-OM pabOThI, KaJl. JIH.;

kian — KOO UIIUESHT KAJIGHIAPHOCTH, BEIYUCIIIEMbIN TT0 popmyie (3.5).

T
. - 365

w ST T T T 365-52—14

Kan BBIX p

=1,22, (3.5)

rnae T'can — KOJIMYECTBO KaJICHIAPHBIX THEU B roAy;
T's.x — KOTMYECTBO BBIXOAHBIX THEW B TOJY;

T'p — KOJIMYECTBO MPA3JTHUYHBIX THEH B TOMY.
PaccuuranHbie 3HAYECHUS U1 KaXIOTO M3 TPEX BapUAHTOB MCIOJHECHUS
npuBecHB! B TaOimie b2 B mpunoxkennn b. Ha ocHoBe maHHBIX u3 Tabmumbel b2
MOCTPOCH KaJeHAApHBIM IUaH-rpaduk g ucnojHenus 1 (tabmuma 3.5),

pa3outsiii Ha ekaasl. Homepa paGoT cooTBeTCTBYIOT Tabmule 3.4.
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Tabnuna 3.5 — Kanennapusiii rpadmk mpoBeeHUST HAYYHOTO UCCIICT0OBAHMS

Ne
pabot T, [TpoaomKUTENEHOCTD BEITIOTHEHHS pa0doOT
HUcnonuurenu | kai. -
. SIHB dbeBpainb MapT anpesb Mmait
3 1 {213 1 {23 1 {213 1| 2
1 PykoBonurens | 3 -
2 Nnxenep 15
3 PykoBoauTensp, 1 E“
UHXEHep -
4 Hayunebrit 3
COTPYJIHUK .
5 Nnxenep 5
6 Nuxenep, 2 ﬁ
Hay4YHBIN
COTPYIHUK

7 Nnxenep 9 -
¢ | tceney [ 2 B

9 PykoBoauTtens, 3 ﬁ
WHXXEHEp I

10 HNuxenep 20

11 Hnxenep 16

12 | PykoBogutens, | 4
Hnxenep

— PYKOBOJIUTEIB; - — HHXEHEp; 1 — nayunsiit cotpyHuK.

3.4 BrogKeT HAYYHO-TEXHUYECKOT0 MCCIIe0BAHUSA

B mpomecce dopmupoBanus OroKeTa HWCCIACAOBAHHS —MPUMEHSCTCS
IPYNIUPOBKA 3aTPaT MO CIASAYIOIIUM CTAThSIM:
— MaTrepualbHbIC 3aTPaThI;
— 3arpatsl Ha [10;
— 3aTpaThl Ha CIeNUaIbHOEe 000PYT0BAHNE;

— OCHOBHasl 3apab0THAas TIaTa UCTIOJTHUTEINECH;
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— JIOTIOJIHUTEIIbHAS 3apa00THAas I1J1aTa UCIIOTHUTEIICH;
— OTYHCJICHHUS BO BHEOIO/DKETHBIC (DOH/IBI,
— KOHTPareHTHBIC PACXO/IbI;

— HaKJaJHbIE PaCXObl.
3.4.1 Pacuér maTepuajbHbIX 3aTpaT U 3aTpar Ha [1O

Pacuér oO0mmx wmaTepualbHBIX 3aTparT 3, TMPOBOAWICA C Y4YETOM
TPAHCIIOPTHO-3aTOTOBUTEIBHBIX PACXOJIOB IO CIEAYIOmEeH hopMmyIie:
3,=(1+k,) 11N, (3.6)
rne  kr=0,2 — ko3 dunuent yuéra TpaHCIOPTHO-3arOTOBUTEIBLHBIX PACXOIOB;
L1 — 1ieHa 3a eIMHUILY MaTePHATILHOTO pecypca,;
N — KOIMYECTBO MaTepHAILHOTO pecypca.

MarepuanbHble 3aTpaThl, HEOOXOAWMBIC IJIs PEATHM30BAHHOTO BapHUaHTA
WCTIOJTHEHMSI, TpUBeAcHBI B Tabmuie 3.6. cnonnenue 2 u 3 TpeOyIOT HACHTUYHBIX
pacxoqoB B JaHHOW CTaThe, HECMOTPS HA TO, YTO B WCIOJHEHUU 2 Tpedyercs
neyatb 36 KOJUIMMATOPOB H3  (POTOMOJMMEPHON CMOJBI, MHUHUMAIHHOTO

npuodperaemMoro oob€Ma CMOJIbI JJOCTATOUHO ISl X MPOU3BOACTBA.

Tabnuua 3.6 — MarepuanbHbie 3aTpaThl

3aTpaThl Ha
Koaunuectno, Ilena 3a
HanmMenoBanue MaTepHaIbl,
IIT. eAUHUILY, pyoO.
pyo.
O A bi ter-
OTOHOHI/.IMep nycubic Water | 4900 5280
Wash Resin+
Xamnat 1abopaTopHbIN 3 1160 4176
Hroro 10 056

3artparsl Ha [IO s KaXxao0ro BapuaHTa peanu3aluy MMPOEKTa PaCCUYUTAHBI
Ha ocHoBe HH(popmanmu u3 Tabmuusl 3.4. IlockoiabKy Bce MpOrpaMMHBIE

npoayktel LibreOlffice, a Takxke Geant4d pacnpoctpanstorcs 6ecruiato kak [10 c
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OTKPBITHIM HCXOJHBIM KOJIOM, OHM HE BKJIIOYEHBI B IMEPEYCHHb 3arpaT (Tadiuiia
3.7). 3arpatel Ha Wolfram Mathematica v MatLab paccuuTaHbl Ha OCHOBE

CTOMMOCTH TTOJIUCKH JUTS aKaIeMUYeCKUX TIeJIeH, ucxos u3 kypeca 1$ = 84 pyo.

Tabnuna 3.7 — 3atparst Ha [10

JmuTensHOCTh Ilena 3a equHMUILY, Sarpars 1a 10, py6.
HaumenoBanue HOZIIMCKH pyo.
Ucn.1 | Ucn.2 | Ucn.3 | Ucn.1 | Ucn.2 | Ucn.3 | Ucn.1 | Ucn.2 | Mcn.3
Wolfram Mathematica |3 mec.| — — 5124 — - | 15372 - —
MatLab - - lron| - - 23100 - — 23100
Hroro 15372 - |23100

3.4.2 Pacuér 3aTpaT Ha crieHaJIbHOE 000py10BaHHE

Hacrosimee uccnenoBanue He TpeOyeT MpUOOpPETEHUS TOTOTHUTEIHHOTO
CHEIUAIbHOTO  O0OpYAOBaHMS, IOATOMY B 3aTpaThl BKJIIOYEHBI  TOJIBKO
aMOPTHU3ALIMOHHBIE OTYHUCICHUS Uisi 000OpyJoBaHMs, uMerolierocss B ToMcKoM
nonurexuudeckom  yHuBepcutere (TIIY). Taxke B 3aTparhl BKJIIOYEHA
aMOpTHU3alMsl JIMYHOTO HOYTOyKa UCIIOJIHUTENS, Ha KOTOPOM MPOBOIAMIOCH
MOJIEJTMPOBaHUE U 00pabOTKa Pe3yIbTaTOB.

AMOPTH3AIIMOHHBIE OTYUCIICHUS 3, ONIPEACIISIIOTCS 0 PopMyIie:

_ Lt
33_T-365’ (3.7)

rane 1l —uenHa 3a equHuIly 000pyAOBaHMUS;

{ — IIUTENBLHOCTH UCIIOJIb30BAHUS, JTHU;

T — cpok monesnoro ucnonbzoBanus (CIIN), xoTopelii ompenenseTcs
coryiacHo noctanoByeHuto [IpaBurenscTBa Poccuiickoit @enepannu ot 01.01.2002
Nel «O Knaccudukanum OCHOBHBIX CPEJICTB, BKIIOYAEMBIX B aMOPTU3AIMOHHEIC
rpynns» [23].

Pe3ynbTatsl pacuéra 3aTpaTr Ha 000pyAOBaHUE IIPUBEIEHBI B TaduLe 3.8.
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Ta6mmma 3.8 — 3arparhl Ha crieHAIBHOE 000PYI0BaHHE

JnuTensHOCTD Ilena 3a 3aTpatsl Ha
HavMeHoBaHue UCIIOJIb30BAHUS, THU Cl, eqnunLy, | 00OpynoBamue, pyo.
rOJibl
Hcn.l | Ucn.2 | Ucen.3 pyo. Hcn.1 | Ucn.2 | Ucen.3

Anbda-ciekTpomMeTp

Canberra A450 — 184M 7 50 7 5 10 M. | 38356 | 273973 | 38356

3D-nipuntep Anycubic

1 2 2
Photon Mono 3 0 3 3 8 000 77 56 77
Hoytbyk Lenovo

100 60 100 3 70 000 6393 | 3836 | 6393
Ideapad 2
Hroro 44826 | 278064 | 44826

3.4.3 PacuéT 3aTpaT Ha OCHOBHYI0 H JIONOJHHUTEIbHYI0 32apa00THYIO

IUIATY M OTYMCJIEHUH BO BHEOKOIKeTHbIE (POHIBI

CpeI[HeI[HeBHaH omjiaTa TpyAda HCHOJHUTCIIA 30;1 pacCunTaHa IIO

cienytouiei hopmyse:

3. M
3= i (3.8)
rae 3cv — CPETHEMECSIIHBIN OKJIaJI, pacCUUThIBaeMbIi 1o popmyiie (3.9);

M — xonuuecTBO MecsileB paboThl 0e3 oTmycka B TeueHue ropa, 10,4
Mecsiia aJist 6-JHEeBHOU paboueil Henenu;
F — nelictBuTeNnbHBIN T0/10BOM (hOHJ pabodero BpeMeHHU (OnpeeiacH mo
tabmure 3.9).
B =30 1+ Kyt Koy) Ko, 3.9)
e 3o« — OKJIQJHAS 4acTh 0€3 y4éTa MOnmpaBOYHbBIX KO3(PPUITUEHTOB,
kuan— KO3 OUIIMEHT TOTUIAT U HAJ0aBOK, MpUHATHIH (,3;
kp — KO3(hduIMEHT mnpemMupoBaHus, NpUHATHIM 0,3 1708 HayyHOro
pykoBoauTess u 0,2 111 OCTaTbHBIX UCTIOJTHUTEIICH;

kper — paliOHHBIN KO3 duLHeHT, paBHbIi 1,3 11t Tomcka.
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Tabnuna 3.9 — bananc pabouero BpeMeHu

[Tokazarenu pabouero Hayunbii Hayunbii
Nuxenep
BpEMEHU PYKOBOJUTEND | COTPYIHHUK

Kanennapuoe uucio nxei 365 365 365
KonuuectBo Hepaboumnx HEH 66 66 66
[ToTepu pabouero BpemeHu
(OTITyCK, HEBBIXO/IBI 110 62 55 55
0oJie3HN), TH
F, nn 237 244 244

Pacuér cpennenneBHOU omiatel Tpynaa npuBeAcH B Tabnuie 3.10. Pacuér

OCHOBHOM 3apabO0THOM TIAThI 3,0 TPUBENEH B TaOmIe b2 npunoxenus b.

Ta6mmma 3.10 — Pacu€T cpenHeTHEBHOM OTUIATHI TPY/1a HCIIOJIHUTEIICH

M

VICTIOTHUTEITD 300 PYO. | Kian | kup | Kper Me:: F,nu| 3, pyo./nH
PyKOBOIHTETD 39300 | 03 | 03 |13 | 104 | 237 3587.08
ERA 16242 | 03 | 02 | 13| 104 | 244 1349,95
COTPYIHHUK
UrkeHep 16242 | 03 | 02 | 13| 104 | 244 1349,95

3arpathl MO JOMOJHUTENHHOM 3apaO0THOM IJIaTe UCTIOJIHUTEIIEH YUHUTHIBAIOT
BEJIMYUHY NPENYCMOTPEHHBIX TpyaoBbIM KonekcoM PD nomnar 3a OTKIOHEHUE OT
HOPMAJIbHBIX YCJIOBHM Tpyaa, a TakKe BBIIJIAT, CBSI3aHHBIX C OOCECICYCHHEM
rapaHTU U KOMIICHCAIUN.
Pacuer nomonaHuTEnbHOM 3apabOTHOM IIIATHI 3x0n BEACTCS MO CIEAYIOLIEH
bopmyie:
3.0=3

J011 OCH

ko> (3.10)
rie kzon — KOOQPUIIMEHT TOMOTHUTENBHON 3apaOOTHOM IUIATHI, MPUHSATHINA

paBHbIM 0,15.
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Bennunnaa oTuncienuit Bo BHEOWOKETHBIE (DOHIBI 35, ((DOH COIMATLHOTO

CTpaxoBaHU:I, IeHCUOHHBIN q)OH,Z[, (1)0H,Z[ 00s13aTEILHOIO MEAUITHUHCKOTI'O
CTanOBaHI/IH) omnpcacicHa n3 CICAYIOIUICTIO BbIPAKCHUA:
3BH: 3OCH+3}10H ’ kBH) (31 1)

rie  ky— KOODPUIMEHT CTPAXOBBIX OTYUCIICHUH.

Haunnas ¢ 2023 rona corimacHo myHKTy 3 crateu 425 Hanorosoro konuekca
Poccuiickoit ®eneparuu (HK P®) ycranoBneH emunblii Tapud CTpaxoBBIX
B3HOCOB, paBHbId 30%, TIOCKOJNBKY MJIsI TOCYJApCTBEHHBIX YUYPEXKICHUM,
OCYIIECTBISIONUINX 00pa30BaTEIbHYI0 U HAYYHYIO JAEATEIbHOCTh, HE YCTAaHOBJICHBI
noHmKeHHbIe Tapudsl (ctaThs 427 HK PD) [24].

3apa0OTHON TUIATBl W OTYMCICHUH BO

Pacuétr nmonmomaHUTEIHLHOU

BHEOIOKeTHBIE (POH B TpuBenEH B Tabmwuie 3.11.

Tabnuna 3.11 — JlononuuTtensHas 3apa00THAS TUIATa UCTIOTHUTENCH U OTYHCIICHUS

BO BHEOIOKETHBIE (hOH/IBI

Hcnonaurens Seer PYO- 3. PYO.
Ucn.1 Hcn.2 Hcn.3 Ucn.1 Hcn.2 Hcn.3
PykoBoaurens 35870,8 35870,8 35870,8 5380,6 5380,6 5380,6
Wnxenep 120145,6 | 113395,8 | 137694,9 | 18021,8 17009,4 | 20654,2
Hayunslii coTpyaHuk 5399,8 25649,1 5399,8 810,0 3847,4 810,0
Hroro 161416,2 | 174915,7 | 178965,5 | 24212,4 | 26237,3 | 26844,8
3u, PYO. (kww=0,3)

HUcnoanenue 1 55688,6

Hcnoanenue 2 603459

Hcnoanenue 3 61743,1

3.4.4 PacuyéTr KOHTPAreHTHBHIX M HAKJIAJAHBIX PACX010B

KonTtparentneie pacxoasl 3« TPEOYIOTCS TOJBKO B CIIy4ae UCIOJHEHUS 2 U

BKJIFOYAIOT Ce€0s M3rOTOBJICHUE  AJTIOMHUHHUEBBIX KOJUIMMAaTOpOB  MCTOIOM
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MOPOIIKOBOM MeTautypruu. Mcxoas U3 CTOMMOCTH M3TOTOBJIEHUS! KOJJIMMATOPOB
200 py0./1IT., KOHTpareHTHbIE pacxoibl coctasat 1200 pyo.

Haknagnapie pacxo/bl yUUTHIBAIOT IPOYHE 3aTPAThl HA PeaTU3alI0 HAYIHO-
UCCIIEIOBATENIBCKOTO MpoeKTa. B 1aHHOM ciyyae B CTaThbi0 HaKJIAIHBIX PAacXO0B
MOMAaJal0T: MeYaTh OTYETHOM AOKYMEHTalMH, omiara yciayr csizu (MuTtepher) u
AIIEKTPOIHEPTUH.

OO0bEéM HaKIAAHBIX PACXOAOB JJii OCHOBHOTO HCIOJIHEHUSI TMPOEKTa
ONpeeNéx CIeayoIM 00pa3oMm:
3, =130 30t Baont Bt 3 Ko, (3.12)

rae  kwp — KO3 GUIHUEHT, yUUTHIBAIOIINWNA HAKIIaIHbIE pacXxo/ibl, paBHbIH (,16.
3.4.5 ®opMupoBaHne HTOrOBOr0 0KKETA

Paccuntannas BenmuyMHA 3aTpaT HAYYHO-HCCIIEIOBATENHCKOW PabOTHI
ABJIIETCSI OCHOBOM [uisi (opMHpoBaHUs Orojkera 3aTpar mnpoekra. Pacuér
UTOTOBOTO OIOJKETAa 3aTpaT HAa HAy4YHO-UCCIENOBATEIbCKUM MPOEKT MO KaXIOMY

BapUAHTY MCIIOJHEHUS IpuBeAeH B Tabmuie 3.12.

Ta6mmma 3.12 — bropkeT HaydyHOTO HCCIeIOBaHMS

Cymma, py0
HaumenoBaunue cratbu

Hcnonaenue 1 | Ucnmonmrenue 2 | UctosaeHue 3

MarepuanbHble 3aTpaThl 10 056 10 056 10 056
3arparsl Ha [1O 15372 0 23100
3aTpaThl Ha CIICIUATIBHOE 44876 278064 44826
obopymoBaHue

3aTpaThl IO OCHOBHOM

3apabOTHOM TIIaTe 161416,2 174915,7 178965,5

UCIIOJTHUTEJIEN
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[Tponomxkenue Tadauib 3.12

Cymma, pyo
HanmMeHoBaHue cTaThu
HUcnonnenue 1 | Ucnonnenue 2 | Mcnmonnenue 3

3aTpaThl IO JOMOJHUTEIbHOU
3apaboOTHOM T1aTe 24212.,4 26237,3 26844.8
HUCIOJIHUTEICH
0]

THHCICHITL BO 55688,6 60345,9 61743,1
BHEOIOHKETHBIC (hOHIBI
KonTpareHTHbI€ pacxoibl 0 1200 0
Haxknagueie pacxoasl 48990,1 87197,7 54330,7
HNToroBblii 6101:KeT 3aTpaT 361422,5 6389499 400821,1

CrpykTypa OrO/pKeTa OCHOBHOTO BapHAaHTA  HWCIOJHEHHUS IPOEKTa

n3o0paxkeHa Ha pucyHke 3.1.

3atpatsl no ocHosHoii 3apaboTHoit nnate |GG 161 416 ¢
OTuncnenvs Bo BHetroakeTHbie dhoHab! (NG - 659 £
HaknagHble pacxoas! |GG /5 990 ¢
3arpartsl Ha cneymansHoe odopyaosaqve [ 22 526 ¢

3atpartsl no gononHuTensHoii sapacotHoii nnate [N 24 212 ¢

3arpatsl Ha MO M 15372P

MatepnanbHble 2atpatsl il 10 056 £

KoHTpareHTHble pacxoabl (0P

RS SN PN N
FF §F §F & &
ey -\@ '{,19 P

I

N 3 N3
& & &

QQ
$ $

Pucynok 3.1 — Ctpyktypa Or01keTa OCHOBHOTO BapHaHTa UCTIOTHEHUS TTPOSKTa

Haubosnpuas mo BeJIMYMHE CTaThsl 3aTpaT — OCHOBHAs 3apaOoTHas IuiaTa

HUCIIOJIHUTEJICH, 4To

00BICHATHCS

OTCYTCTBUEM

HEOO0XOIMMOCTH B

JIOTIOJTHUTEIHHON 3aKYIIKE JTIOPOTOCTOSIIEro 000pyAoBaHus. MUHUMAaIIbHAS CTAThs
pacxoj10B (0e3 yuéTa KOHTPAreHTHBIX PAcX0/I0B B UCIIOJIHEHUU 2) — MaTepUATIbHbBIC

3aTpaThl, TIOCKOJIbKY JlaHHas pabota cpOKycMpoBaHa Ha  CO3JaHHUH
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MaTeMaTHU4YEeCKOM MOACIIN C MHWHHMAJIBHBIM KOJIN4YCCTBOM (I)I/IBI/I‘-IGCKI/IX

OKCIICPUMCHTOB.

3.5 Onpenesienne pecypcHoii (pecypcocOeperamwineii), (pUHAHCOBOI,

0I0/I’KE€THOM, COMAIBHON U IKOHOMUYECKOH 3(P(PEeKTUBHOCTH MCCIETOBAHUSA

Onpenenenne  AG(HEKTUBHOCTH  TPOUCXOIUT HA  OCHOBE  pacuera
MHTErpajJbHOTO ToKa3arenss 3(pGEeKTUBHOCTH Hay4yHOro ucciefoBaHus Iy. Ero
HaXO0XJECHUE OCYUIECTBIISIETCS MOCPEACTBOM OTIPEICIICHUS JIBYX
CPEIHEB3BCIICHHBIX  BEJIMYMH: HWHTETPAIBHOTO  TOKa3arenss  (pUHAHCOBOU
3G (HEKTUBHOCTH [y M MHTETPAIBHOTO MOKa3aTels pecypcodhPexTuBHOCTH 1.

1y onipenensieTcs U3 CAEAYIOIIEro BhIPaXKEHU:

(Dl'
ly=g— (3.13)

max
rie  ®; — CTOMMOCTD i-I'0 BapHAHTA UCIIOTHEHUS;

®,,0r — MAKCUMAJIbHASL CTOUMOCTH MCTIOJIHEHHUS UCCIIEIOBAHMSL.

I,, B cBOIO ouepeb, onpeaensercs no popmyse:

1= a,b, (3.14)

rie a; — BECcOBOM KOAP(UIMEHT [-r0 BapuaHTa HCIOJHEHHUS TNPOEKTa B
KaTeropuu CpaBHEHUS;

b; — GamnbHas OIEHKA i-rO BapuaHTa MCIOJIHEHUS MPOEKTa B KAaTEropuu
CpaBHEHHUSI.

CpaBHeHHE XapaKTEpUCTHK BAPHMAHTOB HCIOJIHEHHUS NMPOEKTa M pacyér I,

npuBeAeHbl B Tadnuie 3.13.
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Tabnuna 3.13 — CpaBHUTENbHAS OIEHKA XapaKTEPUCTUK BAPUAHTOB UCIIOJTHCHHUSI

HCCIICOAO0BATCIILCKOI'O ITPOCKTA

Bec bausl
Kpurepuu ouenku
Kputepud | Hcem.1 Hcen.2 Hcn.3

Veroi o

CTOMYMBOCTH UyCJIOBI/H/I CpeI[I)j 0.25 5 | 5
(MozenMpyeMOi TN peaIbHOM )
[Ipo0mKUTETBHOCTD CEAHCOB 0.1 1 3 5
MO/JICITUPOBAHUS (U3MEPEHHIA) ’
TOYHOCTB pe3yNbTATOB 0,3 3 4 1
DHeprocoepexeHue 0,1 3 1 4
MarepnanoéMKOoCTh 0,25 5 1 5
Hrorosein /,,; 3,8 2.1 3,4

WNuTterpanbHbiii  mokazatenb J(PGEKTHBHOCTH BapuWaHTa WCIOJHCHUS
npoekTa I,y MpeAcTaBisieT co00M OTHOIIEHUE MOoKa3aTels pecypcodPHeKTUBHOCTH

K 1mokazarennto (uHaHCOBOM 3 (PEeKTUBHOCTH:

13¢i=ﬁ (3.17)

B cBoro ouepenp, cpaBHUTENbHASA 3P(HEKTUBHOCTh BapUaHTa UCIOJHEHUS
D¢ SABIAETCA OTHOLIEHUWEM €r0 HMHTETPAJIBHOIO IIOKAa3aTesid K HHTErpajJbHOMY

MOKAa3aTeli0 aIbTEPHATUBHOIO BApPUAHTA C HAMOOIBIIINUM 3HAYECHUEM Log max:

Dy =20 (3.18)

Iad)max
CpaBHeHue nokazareiieu Iy, [,, I, 1 D¢, IJIS1 paCCMOTPEHHBIX BapHaHTOB
bs Lps Lo p

WCIIOJIHeHHMSI IPUBEICHO B Tadmuiie 3.14.

69



Tabmuma 3.14 — OneHka pecypcHOW, (PUHAHCOBOM M HAKOHOMHYECKOM

7 (HEKTUBHOCTH HAYYHOTO MCCIIEIOBAHUS

[Toka3zarenb Ucm.1 Hcn.2 Hcn.3

" o o

HTETpaJibHbIN (PUHAHCOBBIN MMOKa3aTeNb 0.57 | 0.63
pa3paboTKu
WNuTerpanbHblii okas3aTesb 3.8 2.1 34
pecypcoddHeKTUBHOCTH pa3pabOTKu
WuTerpanbhblil mokazatensb 3QpGEeKTUBHOCTH 6,71 2,10 5,42
CpaBHurenbHas 3pPEKTUBHOCT BAPUAHTOB | 031 0.81
UCIIOJIHEHHUS

Taxum 00pa3oM, Hanbosee NPEANOUYTUTEIbHBIM BAPUAHTOM HCIIOJHEHUS U3
PAaCCMOTPEHHBIX C TOYKH 3PEHHSI PECypCHOM, (PMHAHCOBOM M SKOHOMHUYECKOMN
3¢(EKTUBHOCTH  SIBISIETCA  WCHOJHEHHWE 1, a MMEHHO UCHOJIb30BaHUE
MMUTAIMOHHON MOJENH JJI1 UCCIENOBaHUS BIMSHUSA PA3TUYHBIX KOJJIMMATOPOB

Ha SHEPreTHYECKOe pazperieHue u 3PPEeKTUBHOCTh CYETA IETEKTOPA.

3.6 3akiroueHue Mo pasaesny

ITo pe3ynbpraraM OLIEHKM KOMMEPYECKOTO IMOTEHIMaNda U MEePCHEKTUBHOCTH
HAYYHBIX HCCIIEJOBAHUM BBISBIEHO, YTO SYEHCTHIE KOJJIMMATOPBI alb(a-yacTHI]
ABJIAIOTCS HaubOolee KOHKYPEHTOCHOCOOHBIM TEXHUYECKUM PpELIEHUEM B
CPaBHEHUU C OJJIEKTPOHHBIMU KOJUIMMATOpPAMM W KOJUIMMATOpPaMH C OJHHUM
orBepctueM.  IIpoBenéunbii  SWOT-ananu3  mokaszana, 4To  Haubosee
NPUOPUTETHBIMU IMYTSAMH PA3BUTHS NPOEKTA SABIISIFOTCS:

1) BBeieHUsI  JONOJHUTENBHBIX TIONPaBOK M  yCOBEPILIEHCTBOBaHUS
r€OMETPUU H3MEPEHHs] B MATEMaTUYECKOM MOJAENM C UENbl0 YTOYHEHHUS
pE3yNbTATOB;

2) BHCAPCHUC MHOT'OIIOTOYHOCTH BI)I‘II/ICJIGHI/If/'I;
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3) co3maHue OMBITHBIX O0Opa3loB KOJUIMMATOPOB W3 MeETala WM
KOMIIO3UTHOTO TITACTHKA.

Taxoke OBUT COCTAaBJIEH TUTAH TIPOBEACHHS HWCCICIOBAHMS, BBIJCICHBI
OCHOBHBIE ATambl U BUJBI pabOT, pabOThl paclpeeraeHbl MKy UCTIOTHUTEISIMH,
0003HaYeHbl CPOKM BHITIOJIHEHHS. PaccunTaH OrODKET HMCCIeOBaHUS, KOTOPBIHA
coctaBui 361 422.5 py6.

Cpean BO3MOXKHBIX aJbTEPHATHB IIPOBENCHUSI HAYUYHBIX HCCIEIOBaHUMN
OBLTM BBIJICIICHBI DKCIIEPUMEHTAIBHBIA METOJlT W COCTaBJICHUE aHATUTHYCCKOU
MOJIENIA, OJHAKO TPU TIOCIEAYIOIIEM aHallu3€ pPEeCypcHOM, (HUHAHCOBOMH,
OIOJKETHOM, COIMAIBbHOM U HKOHOMHUYECKOM 3(P(EKTUBHOCTH BBIOPAHHBIM

BAapUaHT UCIOJIHEHUS NMPOEKTa OKazaiics Hanboiiee 3(p(PpekTuBHBIM C 1,4= 6,71.
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3AJJAHUE JIJISI PA3JIEJIA
«COLUMAJILHASI OTBETCTBEHHOCTb»

CryneHry:
I'pynna DPUO
0A91 KornsipeBckoii AuHe CepreeBHe
IIxkoJ1a HATIL Otaenenue mkoJsl (HOIL) OSTILL
YpoBeHb 14.03.02 AnepHbie
bakanaBpuar | HanmpaBJ/ieHue/cnenuajibHOCTh
o0pa3oBaHusi ¢u3MKa 1 TEXHOJIOTUU

Hcxoanble JaHHBIE K pasgeiay «COIII/IaJIbHaﬂ OTBCTCTBCHHOCTDb»:

— Xapaxmepucmuxa o6vekma ucciedosa-
HUsL U 0b1acmu €20 NPUMEHEHUS.

— Onucanue pabouetl 30Hbl (paboue2o
Mecma) npu npogedeHUU UCCI1e008aAHUS

OO0wexT wuccnenoBanus:  3(PPeKTUBHOCTH
PETUCTpAIH U YHEPTETHUECKOE pa3pelIcHne
B alb(ha-CIIEeKTPOMETPUIECKUX U3MEPEHHSX.
O6mactp MIPUMEHCHUS: anbda-
CIEKTPOMETPUSI.

Pabouas 30na: mabopatopus Ne 318 xopmyca
NelO TITY

Ilepeyens BOonpocoB, MOIJIEKANNX HCCIET0BAHNIO, TPOEKTHPOBAHMIO U pa3padoTKe:

1. Ilpoussoocmeennas bezonacHocms npu
nposedeHUulU UCCie008aHUs.

Bpenneie wu  omacHbie
(baxTopsI:

— TOBBIIICHHBIA YPOBEHb IIyMa;

— IapaMeTpbl MUKPOKIIUMATA;

— OCBeIllEHHE PadoYero MecTa;

— TMCUXO(pHU3UOTIOTHUECKUE (PAKTOPHI,

— HOHHM3HPYIOIIUE U3ITyUCHHS,;

— DBJIEKTPUYECKUU TOK.
DeKTpoOe30MacHOCTb, OXKapo-
B3pPBIBOOIIACHOCTH paboueli 30HBI.

ITIPONU3BOACTBCHHBIC

2. besonacnocmu 6 asapuiinblx u
upessviuatinvix cumyayusix (AC u YC) npu
npogeoeHUlU UCCLe008aHUs

Bo3moxubie AC u YC: mnoxap, mopaxxeHue
AIIEKTPUYECKUM TOKOM, MAaJECHHE C ONOPHOU
MOBEPXHOCTHU Ha TY K€ MOBEPXHOCTb.

Haub6onee BepositHast AC nin YC: noxap.

Jarta BplIa4u 3aJaHus VI pa3/iesia 1o JUHeHHOMY rpaguky | 24.04.2023
3anaHne BbIIAJ KOHCYJIbTAHT:
JomkHOCTD OUO Yuenas crenens, oanuck Hdara
3BaHHE
nmoueHt OSATL] Ilepenepun KOpuit o
WATIHI TITY Brnagumuposuu B
3ajaHne NPUHAJ K MCIIOJIHEHUIO CTY/IeHT:
I'pynna DdUO Ioanuck Hara
0A91 KotnsipeBckast Auna CepreeBHa
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Ipuiaoxenune b

(o0s3aTeBHOE)

Taomuna b1 — SWOT-ananu3

CuiIbHbIE CTOPOHBI:

Cl. Hanuune wm3MeEpUTENBHOTO
o0opynoBaHusi i BepHPH-
Kalluu pe3yJIbTaTOB MOEIUPO-
BaHUS

C2. Bo3MOXXHOCTb HM3TrOTOBJIE-
HUSl TUIACTUKOBBIX  KOJUTMMA-
TOPOB Ha MECTE

C3. Bo3moskHOoCTh 1oa0o0pa mna-
pamMeTpoB KOJUIUMAaTopoB 0e3
W3TOTOBIICHHS

Cna0ble CTOPOHBI:

Cnl. OTcyTCcTBHE TEXHOJIOTUU
ONEPATUBHOTO M3TOTOBJICHUS
METAJUIMYECKUX  KOJUTMMATO-
poB

Cn2. 3HaunMble OrpaHUYEHUS
pe3yIbTaTOB MOACTHUPOBAHNUS
Cn3. IIpoTsEHHOCTh CEaHCOB

MOACIINPOBAHUA BO BPEMCHU

Bo3mo:kHoCTH:

B1. PactipocTpanenue TexHO-
JIOTH TOPOILIKOBOM MeTal-
JTypruu

B2. IlosBieHre HOBBIX KOM-
MO3UTHBIX IJIACTUKOB 11 3D-
neyaTu

B3. HeynoBnerBopéHHbIit
crpoc
anbQa-u3nydeHus

Ha KOJUIUMAaTOPhbL

Maremarnyeckast MOI€eIb I103-

BOJSET CHHM3HUTh CTOMMOCTH
pa3paboTKu M AT MOTEHITUAN
HCIOJB30BaHUS HOBBIX Mare-
pHAJIOB JUIS YiIydileHus (QyHK-
IIUOHAJILHOCTH TPOAYKTA.

IIpu sTOoM pa3paboTka BOCTpe-
O0oOBaHa 1O TPUYHUHE OTCYT-
CTBHSI TIPEIUIOKEHUS 1O H3r0-
TOBJICHHIO KOJUIUMATOPOB TIOJ

KOHKPCTHBIC LICIIN.

Pa3pabotka  moxer  OBITh
YCOBEPIIICHCTBOBaHa OJarojaa-
psl YTOUHEHHIO MOJETH M TIe-
pexoqy Ha MHOTONOTOYHBIC
BBIYUCIICHHUSI.

Bo3M0OXHO MpHUBIIEYCHHE CTO-
POHHHMX OpTaHU3aIMi IS W3-
TOTOBJICHHUSI ~ METAJUTHYECKUX

KOJUIMMAaTOpPOB.

Yrpo3ssr:

V1. Camwxenue cmopoca Ha
1o/100HbIE pa3paboOTKH

V2. HecBoeBpeMeHHOE TrocCy-
JTapCcTBeHHOEe  (UHAHCUPOBA-
HUE pa3paboTKu

VY3. BeIxos Ha peIHOK OoJiee
KOHKYPEHTOCIIOCOOHON  pas-

paboTku

B ycnoBuAX  CHMXKEHHOTO
crnpoca U (PMHAHCOBBIX OIpaHU-
YeHui pa3paboTka MOXKET ObITh
HanpaBjeHa Ha YJOBIIETBOpE-
HUE COOCTBEHHBIX MOTpeOHOC-
Teil maboparopuit HU TIIY B
KOJUTUMATOpax JJjsl TIOBBIIIE-
HUSI TOYHOCTH U3MEPEHHIA.

3anepkKu B (pUHAHCHUPOBAHUU
O0TCpOYar Iepexo] Ha M3roTo-
BIICHUE METaJUIMYECKUX KOJI-
JIMMAaTOPOB.

IIpn Takux ycCIOBHSIX OCHOB-
HOM BEKTOp pa3BUTUSA MOXKET
ObITh HampaBjleH Ha YyTO4Y-
HEHUE MAaTeMaTHYeCKOW MoJie-
JIY ¥ ONITUMM3ALUU KOJa.
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Tabnuua b2 — BpemeHHble oKa3aTesy NPOBEACHUS HAYYHOTO UCCIIEI0BaHUS

HazBanue paboTsr

TpymoémkocTts paboT

tmin is

tmax is

toxi, 9EM.-JTH.

YelL.-IH.

YelL.-IH.

Ty, pab. aH.

TKi P}

KaJl. IH.

HUcn.1

Hcn.2

Ucm.3

HUcn.1

Hcn.2

Ucm.3

HUcn.1

Hcm.2

Hcn.3

Hcn.1

Hcn.2

Ucn.3

HUcn.1

Hcm.2

Ucn.3

1. CocraBnenue u
yTBep)kacHue T3

[

S

2. [ToxGop u u3zy-
YCHUE MaTepua-
JIOB TIO TEME

10

15

12

12

15

3. Beibop Hampa-
BIIEHUS paboT

1,4

0,7

4. TlonroroBka K
MIPOBEACHUIO U3-
Mepenuit (3D-ne-
4yaTh 00pa3IioB)

10

2,8

8,8

2,8

2,8

8,8

2,8

10

5. IlpoBenenue
JKCTIIEPUMEHTOB

35

49

5.8

40,6

5.8

5.8

40,6

5,8

50

6. O6paboTka pe-
3yJIBTATOB DKCIIE-
pUMeHTa

14

28

2,8

19,6

2,8

1,4

9,8

1,4

12

7. IlpoBeneHue
MpeIBAPUTEIIb-
HBIX Pacu€ToB,
COCTaBJICHUE Ma-
TEMaTHYECKON
MOJEIIH

20

10

40

28

28

34

8. KoppekTupos-
Ka MaTeMaTH4ec-
KOt MOIenu

20

20

35

35

26

26

26

26

32

32

9. Onenka coria-
COBAHHOCTH II0-
JTyYEHHBIX Pe3-
yJIbTaTOB

10

5,2

2,6
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ITponomxkenue Tadbmuip b2

TpynoémkocTs pabot T..
T,i, pab. an. K”
po P , KaJl. J(H.
Hassanwme paGoter| " max foni, G€IL-ITH.
Yell.-IH. | 4ell.-JH. ’ qeIL.
— NN | —| NN — (@\| on — (@] on — [ N| N
2l 2| 2| E| E| E|] E = = = = | 2] 2| B
(@] (@] (@] (@] (@] (@] (@] (@] Q Q (@] (@] (@] (@] (@]
SERSERSERSENSHRSE RS B R = ~ S ESH S S
10. IlpoBenenue
MOACSTHPOBARIA 1414101 7120 0 |10 164] 0 | 82| 1 |164] 0 |82 |20 010
1 00paboTka
pe3yabTaToOB
11. CocraBnenmne
OTYETHOM JTOKY- 10 18 13,2 1 13,2 16
MEHTaIUH
12. KoppekTupo-
BKa OTYETHOM 5 10 7 2 35 4
JIOKYMEHTAITUH
Ta6muna b3 — Pacu€r ocHOBHO# 3apa00THOM TIaThl UCTIOJIHUTEIICH
Tyi, pal. 1H. 3 3ocn, PYO.
Hcmon- o
HaszBanue paboTht — | | >
mutenu | £ | 5 | 5 | pyo./mH Ucm.1 Ucm.2 Ucn.3
ST IS S
1. CocraBnenue u
Pyk. 2 3587,08 7174,16
yTBepxkacHue T3
2. [MoxGop u u3zy-
YeHUe MaTepHa- k. 12 1349,95 16199.,4
JIOB I10 TEME
3. Bei6op Harpa- Pyxk. 3587,08 3587,08
1
BJICHHST paboT . 1349,95 1349,95
4. IlogroroBka K
- Hayu.
HPOBCACHIIO 13 DL 3 1 9| 31134995 | 4049,85 | 12149,55 | 404985
Mepenuit (3D-ne- | coTp.
yaTh 00pa3IioB)
5.11
POBCACHHC 1 k. | 6 | 41| 6 | 1349,95 | 8099,7 | 55347,95 | 80997
IKCIICPUMEHTOB
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[Tponomxenue Tadauibl b3

Ty, pad. oa 3 3ocn, PYO.
Ha3zBanue paboTbl Henon- =— =51 -
HUTCJIN 5 5 E py0./nH Hcm.1 Hcm.2 Hcn.3
=S| =
6. OGpaGoTka pe- | XK. 1349,95 | 1349,95 13499,5 1349.95
3yJIbTaTOB JKCIIE- Hayu I [ 10] 1
pHMEHTa cmp. 134995 | 1349,95 13499,5 1349,95
7. IlpoBeneHue
peaBapuUTEIIb-
HPIX pactetos, Uax, | 7 | 0 | 28| 1349,95 | 944965 0 37798.6
COCTaBJICHHUEC Ma-
TEMATUYECKOU
MOJICIIN
8. KoppekTupos-
ka matemarnuec- | Wmk. | 26 | 0 | 26 | 134995 | 35098,7 0 35098,7
KOIf MOIenun
9.0 -
HERRA COTIa~ | po 3587,08 10761,24
COBAHHOCTH I10- 3
JIy4YE€HHBIX pe3-
yIBTATOB Unok. 1349,95 4049,85
10. IIpoBenenue
MOACTHPORARUA | prk. | 16 | 0 | 8 | 134995 | 215992 0 10799,6
1 o0paboTka
pe3yiibTaToB
11. CocraBiieHue
OTUETHOM JOKY- k. 13 1349,95 17549,35
MCHTAallUuH
12. Koppekrupo- | Pyk. 3587,08 14348,32
BKa OTUYETHOM 4
JTOKYMEHTAI[HH Unk. 1349,95 5399.8
Hroro 161416,15 | 174915,65 | 178965,5
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