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In 2022 in the FLNP research according to the JINR Topical Plan within the framework of the topic "Investigations of the interaction of neutrons with nuclei and properties of the neutron" were continued. These works related to searching of spatial and temporal parity violations in the neutron-induced reactions; studying of the nuclear fission process; experimental and theoretical study of the fundamental properties of the neutron; gamma spectroscopy of neutron-nuclear reactions products; structure of the atomic nucleus; acquiring data for nuclear reactors modeling and nuclear astrophysicists; experiments with ultracold neutrons; applied work related to the use of neutron activation analysis (NAA). The scientific program for the research of inelastic scattering of fast neutrons (project "TANGRA") is being successfully implemented.

1. Development and operation of the IREN facility.

In 2022, work continued to improve the systems of the LUE-200 accelerator:
Analysis of the LUE-200 accelerating sections capabilities was performed jointly with the Institute of Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences (Novosibirsk), and showed that the efficiency of the accelerating sections powered by UHF SLED power compression systems depends on the change of the working frequency. That dependence is shown in Fig.1. It is assumed that the frequency of 2855.5 MHz corresponds to the oscillation mode of 2π/3 and 100% energy gain.
[image: ]
Fig. 1. Dependence of the achieved energy on the generator frequency
It can be noticed from Fig. 1. that 50% energy decrease corresponds to phase   at frequency  MHz. The frequency difference from the working 2855.5 MHz is MHz.
Due to this information, in the second and fourth quarters of 2022, experiments were carried out on a UHF system to optimize the operating frequency of the accelerating structures and match it to the intrinsic frequencies of the SLED UHF power compression system resonators. According to the datasheets of the sections, developed and manufactured at the BINP SB RAS, the operating frequency of acceleration structures, measured "under the atmosphere" at a temperature of 25°C is 2855.05 MHz, the temperature dependence coefficient of the operating frequency is ≈ 50 kHz/deg. Under vacuum, due to a change in the dielectric constant of the medium (for air 1.0006, for vacuum), the operating frequency grows approximately on 0.86 MHz. In this case, at a temperature of 25°C, the operating frequency should be 2855.91 MHz. When the temperature rises to 37°C, the operating frequency should decrease to 2855.31 MHz. In 2020 - 2021 the master oscillator frequency was set at 2856.57 MHz, which is 1.26 MHz higher than the perfect one, i.e. which should have led (and, most likely, led) to the inefficient acceleration of electrons. During the joint work at the accelerator, specialists from the BINP SB RAS and employees of the IREN facility found that the resonators of the SLED microwave power compression systems at the accelerator were so detuned that the detuning exceeded the bandwidth of the SLED resonators, which reduced the transmission efficiency into a beam of microwave power stored in the acceleration structure.
After matching (perhaps not yet completely) the frequency of the master oscillator, the operating frequency of the section, and the frequencies of the SLED resonators , it was possible to complete the work on the output of neutrons from the non-breeding target of the IREN facility, and the measurement of the particle energy spectrum of the accelerator confirmed increase the output power of the accelerator.
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Fig.2. Energy spectra of the accelerated electrons beam obtained in December 2019 (Fig. 2a) and in 2022. (Fig. 2b)



In Fig. 2 (a,b) the energy spectra of accelerated particle beams obtained in December 2019 (Fig 2,a) and those obtained in November 2022 (Fig 2,b) are presented. A significant difference between the new result and the previous one is that the old spectrum was obtained at the low limit beam current, and the newest one was obtained at the normal (regular) beam current of 1.0 - 1.1 A.
The obtained results could lead to an increase of the intensity of neutron beams when operating at cycle frequencies of 50 -100 Hz.
Last year, the IREN facility worked in the experiment for more than 1000 hours, of which 450 hours at cycle frequencies of 50 Hz; 390 hours at cycle frequencies of 25Hz; 192 hours at 2 Hz.


Experimental and methodological research.
2.1. Determination of the angular distribution of fast fission gamma quanta 235 U .
A more thorough analysis of the previously obtained experimental data on the measurement of the angular distributions of prompt gamma rays emitted by 235U fission fragments by monochromatic neutrons with an energy of 60 meV was carried out in this year. The results of these works were accepted for publication in the journal Romanian Reports in Physics, 74 (4) 2022.
In our previous research, we studied the effect of rotation of the fission axis, the so-called ROT effect, using the angular distribution of prompt gamma rays from binary fission. This effect is expressed as a shift in the anisotropic angular distribution of γ-quanta emitted by excited fission fragments by some small angle δθ in the direction of the fission axis when the neutron beam polarization direction is reversed. A more detailed description is given in [1,2,3].
The measurement of the angular distribution of γ-rays corresponded to the same energy range of γ-rays and the same geometric configuration of the detectors that was used to study the ROT effect, since all possible effects associated with the geometry of the experimental setup should be the same in both cases. Experimental measurements were carried out at the POLI facility of the FRM II reactor (Garching, Germany) [4].
The experimental setup consists of: a double-sided target, a vacuum fission chamber, low-pressure multiwire proportional counters for detecting fission fragments (start and segmented stop detectors), scintillation detectors located around the target at different angles (±22.5, ±45, ±67.5, ± 112.5, ±135 and ±157.5 degrees), for registration of neutrons and γ-quanta accompanying fission, as well as a neutron beam monitor. Each stop detector is equipped with five independent segments, at angles of 0, ± 22.5, ± 45 degrees on one side and ± 135, ± 157.5, 180 degrees on the other side of the target, to increase the angular sensitivity of the detector. A schematic of the experimental setup is shown in Fig. 3.
[bookmark: _Ref123220282]Fig. 1[image: ] Scheme of the experimental setup. 1 — fission chamber, 2 — Al input chamber window, 3, 4 — fission fragment detectors based on position-sensitive multiwire proportional counters (start and stop detectors), 5 — holder, 6 — scintillation plastic detectors of γ-quanta and neutrons.

The angular distribution of prompt γ-quanta was measured for the coincidences of pulses from eight plastic scintillation detectors with each pulse from ten segments of the stop detector. Thus, data were acquired for 16 different angles between the axes of the fission fragment and γ-detectors in the experiment (see Fig. 4). The resulting angular distribution was approximated by the following function:
N(θ) ~ 1 + A·cos2θ					(1)
[bookmark: _Ref123220355]where A is the angular anisotropy coefficient, θ is the angle of γ-quantum emission.[image: ]
Fig. 4. Measured angular distribution of prompt γ-quanta of 235U fission. The red line shows the approximation by function (1).
Fig. 4 shows the deviation of the approximation curve from some experimental points. This is mainly due to the efficiency of γ-detectors, plastic scintillators had different threshold levels for registering γ-quanta. The main purpose of updating the result was to determine the efficiency of γ-ray detectors and to correct the experimental points by a factor related to efficiency.
For clarity, let's draw function (1) (see Fig. 5). The figure shows that the detectors located in certain positions (indicated in the figure by different colors) should register approximately the same number of γ-quanta from binary fission. From this, the approximate efficiency of each detector can be calculated.
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Graph of the function (1).
But in our case, each angle does not correspond to a specific detector, for example, angle 0 is set by four, and angle 22.5 by six combinations of γ-quanta detectors and fission fragments. In the experiment, the angle between the axes of fission fragments and γ-detectors is determined as:
θ = Plang − FFang 			(2)
where Plang and FFang are the angular positions of plastic detectors and stop detector segments, respectively.
To determine the efficiency of γ-detectors, all possible combinations of angles between each sector of the stop-detector with all γ-detectors were analyzed separately (ten iterations in total). Such an operation is analogous to rotating a clip of eight detectors and measuring the number of γ-quanta of each detector at the same angle per unit time. For this, a computer program specially written in C++ was used [5]. The program specifies time intervals in the time-of-flight spectra that separate prompt γ-quanta from prompt neutrons, as well as segments of the stop detector. On Fig. 6 shows the time-of-flight spectrum of one of the stop detectors.
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Fig. 6. Time-of-flight spectrum of one of the stop detectors.
It was established that two plastic scintillators counted less than others, and the rest had approximately the same detection efficiency. By comparing the count rates of different detectors in the same angles, the corresponding coefficients for each detector were found. Fig. 7 shows the angular distribution of prompt γ-rays emitted during binary fission of 235U, obtained after a slight correction (taking into account the correction for efficiency) of the same distribution of the form (Fig. 4). The angular anisotropy coefficient was found to be A = 0.1570 ± 0.0053 by approximating the angular distribution by function (1).
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[bookmark: _Ref123220619]Fig. 2 Angular distribution of prompt γ-rays during binary fission of 235U after correction of all γ-detectors for efficiency.
2.2. Study of the ternary fission of 252Cf
In 2022, together with the Institute of Experimental and Applied Physics of the Czech Technical University (Prague, Czech Republic), rare fission modes were measured with a highly active spontaneous fission 252Cf (370 kBq) using Timepix detectors with upgraded electronic boards. High statistics were accumulated for ternary particles with cut-off energy during measurement run for 7 months. Photo of the experimental setup is shown in Fig. 8. The detection systems (three telescopes and a Si-detector) made of silicon detectors of various thicknesses enclosed in a stainless steel vacuum fission chamber.
[image: Изображение выглядит как грязный

Автоматически созданное описание]Fig. 8. Photo of the experimental setup for studying ternary and quaternary fission processes, consisting of three telescopes and a Si detector. The figure shows the placement of the target between the detectors.
The source was located at the center of the detector system. Aluminum foils with 27 μm thicknesses were placed in front of the telescopes to stop fission fragments and alpha particles from the natural alpha decay of the spontaneous 252Cf source. Thus, the detectors registered only long-range light charged particles from ternary fission. Charged particles were identified by the ∆E-E method using particle telescopes consisting of a thin silicon ∆E detectors (thickness 15 and 150 µm) and Timepix hybrid pixel silicon detectors used as E detectors (thickness 300 and 600 µm).
Ternary particles from 4He to C have been detected and successfully identified using the 1st and 3rd telescopes. Isotopes lighter than 4He (1H, 2H, 3H) were well separated using the 2nd telescope. The Fig. 9 shows ΔE-E spectra for light charged particles for telescopes 2 and 3.
[image: ][image: ]Fig. 9. ΔE-E spectra for telescopes 2 (left) and 3 (right).
The third telescope also separated the ternary fission products as 4He, 6He, and 8He. This telescope was placed in front of the FF detector to detect polar ternary particles. Energy spectra were plotted for the identified ternary particles using cutting method. Energy spectra are plotted for each type of particles. Corrections for energy losses in the aluminum foil and detector ΔE were done using SRIM program. The measured energy distribution of helium isotopes in the ternary fission of 252Cf was shown in Fig. 10.
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[bookmark: _Ref123221281]Fig. 3 Energy spectrum of helium isotopes. The results are shown in Table 1. [image: ]
Fig. 11 Energy spectra of 1H, 2H and 3H particles emitted in spontaneous ternary fission of 252Cf.
Interesting results were obtained for the 1H, 2H, and 3H, since these isotopes have not been studied in detail by other authors. The energy spectra of 1H, 2H, and 3H is shown in the Fig. 11. To correct the energy spectra, it is necessary to take into account the energy losses of various particles in aluminum foil. For this purpose, we used the cut method, as shown in Fig. 9. A specially written program in ROOT was used to use cut information and SRIM to correct the energy spectra. It has been observed that the energy spectrum of protons is more complex compared to other ternary particles. For 1H isotopes, cutoff energies due to the thickness of the telescope and aluminum foil were observed on both sides of the spectra. The telescope was not thick enough to stop the 1H particles. The components of the Fig. 11 clearly shows 3 components: low energy (i.e. Ep < 6.5 MeV), medium energy (at Ep ~ 7.5 MeV) and high energy (at Ep ~ 9.2 MeV), which is as close as possible to the low energy limit of Si detectors. The spectra were fitted with a Gaussian function to determine the energies and FWHM (2.35 * σ) of ternary particles. The energy spectra of deuterons and tritons shown in Figs. 11 show the most probable energy of about 9 MeV (σ≈3 MeV). It can be expected that the emission of protons is the result of the same mechanism. Therefore, the high-energy component in the figure corresponds to ternary fission protons emitted from 252Cf spontaneous ternary fission.
The energy spectrum of 1H extends up to 15.8 MeV, which corresponds to an energy of 9.21±0.15 MeV with σ≈3.3 MeV, and is very similar to the energy spectra of deuterons and tritons. Protons generated from background (n,p) and (α,p) reactions caused by fission neutrons can make a significant contribution to the yield of ternary fission protons. In our case, the low-energy component can arise as a result of Si(n,p) reactions inside semiconductor detectors. At intermediate energies, the total energy spectrum corresponds to the protons of Al(α,p) reactions. The similarity of the angular distributions of neutrons and protons suggests that the observed protons arise either as a result of evaporation from ternary fission or as a result of (n,p) reactions induced by fission neutrons. To analyze the contributions from various possible sources, the energy spectrum of protons was calculated using Talys-1.9. As a result of the calculation, it was found that protons formed as a result of the reaction (α,p) can contribute to the energy spectrum of protons. Since the average energy of neutrons from 252Cf is 2 MeV, the energy of protons produced as a result of the (n,p) reaction at these energies reaches 2 MeV, so the experimental setup does not allow detecting such protons. Generally the energy of neutrons emitted from 252Cf can reach 10 MeV. However, the probability of emitting neutrons with excess energy is sharply reduced. Therefore, the protons released during the (n,p)-reaction with high-energy neutrons can be neglected. In this case, the energy of the protons generated in this way is maximum 8 MeV; therefore, these protons can be neglected against the background of the protons generated in the reaction (α,p). Figure 12 shows a comparison of the calculated results for (α,p) with the experimental results. The expected proton energy spectrum of reactions (α,p) is shown by a straight line. Table 1 presents the results obtained in the experiment. 

[bookmark: _Ref123221228]Рис 
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[bookmark: _Ref123221466]Fig. 4 Energy spectrum of protons from Al(α,p) reactions (solid line) and ternary fission (dashed line).

Table 1. Results obtained for all ternary fission particles.
	Ternary particles
	Number of events
	Cut-off energy (MeV)
	Energy
(MeV)
	Sigma
(MeV)

	Yield 
(104 α)

	H1
	33434
	5.5
	9.21(0.15)
	3.23(0.01)
	0.0181

	H2
	12320
	6.0
	9.13(0.01)
	3.59(0.01)
	0.0067

	H3
	85498
	6.5
	8.96(0.01)
	2.97(0.01
	0.0463

	4He
	4.5206·106
	9.5
	15.99(0.01)
	4.33(0.01)
	1

	6He
	123186
	10.5
	12.44(0.01)
	3.42(0.01)
	0.02629

	8He
	7147
	11.0
	11.23(0.04)
	3.21(0.04)
	0.00152

	Li
	21844
	20
	15.66(0.04)
	5.38(0.02)
	0.00466

	Be
	47503
	28
	21.92(0.12)
	5.95(0.04)
	0.01013

	B
	4360
	39
	26.67(3.14)
	7.50(0.79)
	0.00093

	C
	12887
	49
	31.74(4.60)
	8.09(0.97)
	0.00275



2.3. Investigations of 235U fission neutron multiplicity variations 

In the current year, studies were carried out on variations in the average number of prompt fission neutrons (PFN) caused by reactions with the resonance of neutrons. In experiments carried out on IREN channel 2 using a double ionization chamber with Frisch grids in combination with a fast neutron detector, new data were obtained (Fig. 13, Fig. 14). These results were presented at international conferences in Montenegro [6] and Moscow [7].
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[bookmark: _Ref123221947] Fig. 5 Variations of total kinetic energy of the fisson products (TKE) in the reaction 235U(nres,f) as a function of the energy of resonance neutrons, obtained in the laboratory in comparison with the results obtained at the GELINA (left) and IREN (right) sources. The data were obtained using a double ionization chamber with Frisch grids and one neutron detector located along the axis of symmetry of the chamber.
	
	

	
	


[bookmark: _Ref123221950]Fig. 6 Results of the study of the dependences of the average number of PFN in the 235U(n,f) reaction in the resonance region of neutron energies of the IREN source.

A measuring module has been created in the laboratory to study correlations between the properties of fission fragments caused by resonance neutrons and PFN emission. The setup consists of 32 neutron scintillation detectors with a BC501 liquid scintillator and a double ionization chamber. To organize the experiment, CAEN electronic modules were used. The created measuring module is located on channel 2 of the IREN source and is used to study the properties of PFN emission (with 32 neutron detector modules) in reactions induced by resonant neutrons. The created spectrometer makes it possible to carry out studies using N6730 pulse digitizers (16 bit 500 MHz, CAEN) connected in a Daisy chain for communication with a data acquisition PC. As a result, it was possible to start collecting data to study the correlations between the properties of fission fragments and the PFN emission in the beam of resonance neutrons of the 2nd IREN channel using the developed equipment.
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A new setup for studying MND emission in fission induced by resonant neutrons at the IREN source was put into operation in 2022.
)[image: ДМН.PNG]
A new facility for studying the properties of PFN (Fig. 15) is installed on the second channel of IREN and is ready to measure the properties of fission with PFN emission on a beam of resonance neutrons. To study the properties of an PFN with an updated detector with 32 neutron detectors, it became necessary to determine the angle between the axis of fragment expansion and the direction to the neutron detector modules. For this, a new chamber with strip anodes was designed and created. This chamber allows not only the measurement of the masses and kinetic energies of fission fragments, but also the orientation of the fission axis in three dimensions.

2.4. Investigation of (n,p) and (n,α) reactions on fast neutrons.
Investigations of (n,p) and (n,α) reactions on fast neutrons are of great interest, both for assessing radiation damage to structural materials of nuclear facilities, and for nuclear physics and astrophysics. The measurements were carried out with monoenergetic neutrons in the neutron energy range of 3.0–10.5 MeV at the accelerators EG-5 at FLNP JINR, EG-4.5 (Peking University, Beijing) and HI-13 (Chinese Institute of Atomic Energy, Beijing).
Measurements of the cross section for the reaction 148Sm(n,α)145Nd in the neutron energy range 3.3-5.3 MeV At EG-5 FLNP JINR are being completed. 
The experimental data for the 91Zr(n,α)88Sr reaction have been processed and published in the journal Phys. Rev. C [8]. Cross sections were measured with high accuracy at neutron energies of 3.9, 4.3, 5.0, and 5.3 MeV. This is the first experimental result in the MeV region. The total cross sections were obtained by adding the measured cross section of the reaction 91Zr(n,α0)88Sr and the partial cross section (n,α1) obtained in calculations according to TALYS-1.9. Figure 16 shows, for example, the energy spectra of α-particles in the "forward" and "backward" directions at En=5.3 MeV, and in Fig. 17 - experimental cross sections compared with the results of various data libraries and calculations using TALYS-1.9.
In addition, alpha clustering factors are calculated in this work by two methods using compound and “knock-on” mechanisms, which show that alpha clusters are formed after the interaction of neutrons with target nuclei. 
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[bookmark: _Ref123225505]Fig. 8 The anode projection spectra of the 91Zr(n,α)88Sr reaction in the forward (a) and backward (b) directions for En=5.3 MeV, respectively.
[image: ]
[bookmark: _Ref123225519]Fig. 9 Our experimental cross sections compared with results from various data libraries and calculations using TALYS-1.9  
Cross sections of the 40Ca(n,α)37Ar reactions at five neutron energy points in the 8.50–9.50 MeV energy region were measured on the HI-13 tandem accelerator of China Institute of Atomic Energy (CIAE), the results are published in [9]. There are relatively many measurements for this reaction, which have been performed in previous years for neutron energies below 7 MeV, but the energy range from 7 to 14 MeV has been very poorly studied experimentally due to the lack of reliable sources of monoenergetic neutrons. The small amount of data generates an increased interest in new measurements, especially due to the discrepancy between the results of some previous measurements and the recommendations of international nuclear data libraries. The cross sections were measured using an ionization chamber. As an example in Fig. 18 shows the measured cathode-anode 2D spectrum obtained with the CaO sample in the "forward" direction at En=9.50 MeV.
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[bookmark: _Ref123225698]Fig. 10 The measured cathode-anode two-dimensional spectrum of the CaO sample in the forward direction at En = 9.50 MeV.
FigFig. 11 shows the measured and calculated anode spectra in the forward direction at En=9.50 MeV from the reactions 40Ca(n,α0)37Ar и 40Ca(n,α)37Ar.



[bookmark: _Ref123225731]Fig. 11 measured and calculated anode spectra in the forward direction at energy En=9.50 MeV from the reactions 40Ca(n,α0)37Ar (left) andи 40Ca(n,α)37Ar (right).
The results obtained are compared with the available experimental data and the estimates of the libraries in Figs. 20.



[bookmark: _Ref123225761]Fig. 12 The cross sections of the 40Ca(n,α0)37Ar (a) и 40Ca(n,α)37Ar (b).
The TALYS-1.9 code was used for theoretical calculations. These calculations with corrected parameters are in agreement with our measurements and show that the compound mechanism is predominant for the 40Ca(n,α)37Ar reaction in the 8.5 – 9.5 MeV region. Nevertheless, the forward/backward ratios we measured and calculations using TALYS-1.9 indicate that direct and preequilibrium mechanisms cannot be neglected for the 40Ca(n,α)37Ar reaction in the 8.5–9.5 MeV region.
The cross sections for the 232Th(n, f) reaction were measured at 12 energies in the range 4.2 – 11.5 MeV. The experiments were performed at the EG-4.5 Peking University (range 4.2-5.5 MeV) and the HI-13 CIAE tandem accelerator, Beijing (8.5-11.5 MeV), the results of the experiment were published in [10] and are presented in Fig. 21.
	
	


[bookmark: _Ref123225833]Fig. 13 Cross sections for the 232Th(n, f) reaction compared to previous measurements, libraries, UNF and TALYS-1.9 calculations with both adjusted and default parameters for (a) 1.5 MeV ≤ En ≤ 6.0 MeV and (b) 7.0 MeV ≤ En ≤ 12.0 MeV. 
The results presented are consistent with existing experimental data obtained using white neutron sources, while previous cross sections measured using mono-energy neutron sources are systematically overestimated.
2.5. Development of the TalysLib library for optical model parameters adjustment
The planning of experiments to study nuclear reactions and the subsequent data processing require information about the probabilities of studied processes. The available experimental or evaluated data often are not enough to estimate possibility of observing certain reaction channels. One of the possible sources of the necessary information can be model calculations performed using sets of parameters optimized on the basis of available experimental information.
One of the problems solved in the processing of experimental data obtained in the TANGRA experiments is the deciphering of the spectra of γ-quanta emitted by the products of neutron-nuclear reactions. For its solution, information on the radiation cross sections of γ-quanta of individual energies is critically important. One of the possible approaches to estimating the emission probability of individual γ-lines is based on the reconstruction of γ-transition cascades using the excitation cross sections of individual levels from ENDF and branching coefficients from ENSDF; in particular, it is implemented in GEANT4. An alternative source of γ-ray emission cross sections can be the result of calculations in TALYS [11]. In this case, similarly to the previous approach, the γ-cascades are reconstructed, but the results of model calculations are used as the excitation cross sections for individual levels. The variant using TALYS is much easier to implement both because of the easily readable output file format and because the entire cascade reconstruction procedure is implemented directly inside TALYS.
 (
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)The TalysLib [11] code started as a procedure which uses TALYS for peak identification to analyze γ-spectra acquired using HPGe detectors in experiments for γ-yields measurements. The code structure was suitable for further development.
[image: image1]
[bookmark: _Ref123226254]Fig. 22. An example of interpretation of the γ-spectrum obtained in an experiment on the scattering of neutrons with an energy of 14.1 MeV on an iron sample.
The structure of this code is based on 3 classes corresponding to real physical objects (Fig. 23).
The Nucleus class corresponds to the atomic nucleus and contains information about its properties: charge, mass, deformation, optical potential, etc. Also, this object stores a list of levels as a vector of an object of type Level. The Level class corresponds to a single excited state of the nucleus and contains information about the energy, spin and parity of the state, a list of the corresponding γ-transitions, excitation cross sections, and angular distributions of scattered particles. Each Level object stores a list of γ-transitions as a vector of GammaTransition objects.
[image: image2]
[bookmark: _Ref123226316]Рис. 14 Структура TalysLib
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)[image: ][image: ][image: ]The GammaTransition class contains data on the transition energy, its multipolarity, and calculated cross sections.
Each of the classes also contains pointers to the object above it in the hierarchy. In the case of a reaction like a + A→b + B, the Nucleus object corresponding to nucleus B contains a pointer to nucleus A.
Interaction with TALYS performed this way: an input file is created based on the default or user-specified parameters, after that TALYS is launched using system calls. The calculation results are redirected to the output file, which is then analyzed to extract the calculated reaction characteristics. As a result of calculations, a large amount of information is generated: a list of individual reaction channels, their Q, cross sections, angular distributions of products. The structure of the TalysLib prototype code turned out to be quite successful for further development.
The use of ROOT [13] makes it possible to implement the selection of model parameters used in TALYS to improve the agreement between the calculation results and experimental data through the use of the MINUIT minimizer. The closest to the activities of the TANGRA collaboration is the problem of optimizing the optical potential used to calculate neutron-nuclear reactions. On the one hand, the use of selected parameters can improve the quality of the description of individual reaction channels, and on the other hand, it makes it possible to establish the nature of individual excited states and deformation of the nucleus.
· Currently, TalysLib can perform the following operations:
· Generation of input files and parameter files for TALYS;
· Reading data on the structure of the nucleus from the TALYS database;
· Adjustment of model parameters using the MINUIT minimizer;
· Visualization and saving data using the ROOT software environment;
· Extracting data from ENDF for some processes.
The adjustment of model parameters is implemented using the TalysFitterMT class, which is part of TalysLib, and the MINUIT minimizer built into ROOT. Minimization requires a set of experimental data, which can be represented as a tabular function of one variable D(x). Two user-defined functions C and F are also required, the first of which compares the set of selected parameters with the calculation parameters, and the second describes the procedure for extracting data corresponding to the experimental data from the main classes of the library. The block diagram of the minimization procedure is shown in Fig. 24.
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Fig. 24. TalysLib minimization process scheme
The fitting process begins with the calculation of 2 and ∇2 for the initial approximation, which are then passed to MINUIT. Given the calculated ∇2, MINUIT determines the set of points lying on the gradient whose coordinates are passed to the Nucleus object using the C function, which creates new input data for TALYS. Based on them, 2 is calculated again and a set of parameters is determined for which this value is the smallest. For the resulting set, ∇2 is calculated and the cycle is repeated. When the exit condition is reached (detection of the minimum/exceeding the threshold number of iterations), MINUIT terminates the minimization procedure.
In the future, it is planned to add the ability to search and extract experimental data from EXFOR in automatic mode, which, firstly, will simplify and speed up the selection of model parameters, and secondly, will significantly reduce the staff time spent on working with literature when preparing articles. In addition, negotiations are currently underway on the possible integration of TalysLib into the new version of NRV [14].

2.6. Applied research
Determination of carbon concentration in soil using the tagged neutrons method 
Within the framework of the TANGRA project, a research was carried out to study the possibility of determining the concentration of carbon in the soil with a AGP-S prototype setup for fast elemental analysis. It contains a portable neutron generator ING-27 with a built-in 9-pixel α-detector, a system of 6 γ-detectors based on BGO crystals 76 mm in diameter and 65 mm thick, a data acquisition system, a power supply unit for detectors and a neutron generator. The setup scheme is shown in Fig. 25. In the left side of Fig. 26 a typical temporal distribution of events recorded by the detector when the sample was irradiated by the ING-27 neutron generator is shown. The spectrum was acquired in a 60 ns wide coincidence window, which opens at the moment of the α-particle registration. It can be seen that during this time, among other things, events from the reactions, caused by untagged neutrons in surrounding objects are registered, they give a shelf of random coincidences (the area of the shelf that is used as a background is designated I). A noticeable peak is formed by γ-quanta from the sample (II), the amplitude of the peak is several times greater than the height of the shelf of random coincidences. The energy spectrum of the random coincidences is shown on the right (dashed line, region I) and the spectrum formed by γ-quanta from the sample (solid line, region II).
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Fig. 25. Scheme of the setup for determining the concentration of carbon in the soil.
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[bookmark: _Ref123226980]Fig. 15 Left side:time spectrum; dotted lines show areas of random coincidences (the shelf of random coincidences is shown in red), 10 ns wide, which is used as a background; the dotted line on the right highlights the peak region 6 ns wide. Right side: The γ-ray energy spectrum corresponding to time domain I is shown by a dotted line; the energy spectrum of γ-quanta corresponding to time domain II is shown by a solid line.
The energy calibration was carried out using reference characteristic peaks from the elements present in the structural materials of the facility: Fe (847 keV), Fe (1238 keV), C (4438 keV), O (6129 keV).
The measurements were carried out without any preliminary preparation and processing of samples. The γ-spectrum of each sample was decomposed into separate components by fitting it with the sum of the reference γ-spectra of 9 elements, which were previously measured using the same experimental setup. Al, C, Ca, Fe, Mg, Na, O, P, Si were chosen as the basic elements necessary to describe the soil spectrum. To obtain the characteristic γ-spectra of the main chemical elements, reagents of the corresponding oxides (Al2O3, CaO, Fe2O3, MgO, Na2CO3, P2O5, SiO2) with a purity of at least “pure” were used, as well as a carbon plate and water.
The energy spectrum of γ-quanta emitted from the sample is represented as the sum of the spectra of individual γ-lines, the continuum spectra, and the background spectrum:	
	
	


where Nj is a parameter that determines the content of element j in the sample, and this parameter is proportional to the number of atoms of the element in the sample and is the same for each γ-line with number i of element j;
nj is the number of γ-lines i of element j;
σij (E) is the cross section for the production of γ-quanta with energy E, corresponding to the γ-line i, during the interaction of a neutron with element j;
Pij is the γ-detector response function corresponding to the γ-line i of element j;
FjCont (E) is the amplitude of the continuum spectrum, which is observed at high excitation energies for almost all nuclei except the lightest ones;
RjCont – normalization coefficient for the continuum spectrum;
 is the background function, A and B are fitting parameters (fit).
[image: ]
Fig. 27. Energy spectrum of γ-quanta from the soil sample. Points with errors show experimental data. Different colors show the contributions from the energy spectra of individual elements. The blue line shows the contribution from oxygen, the green dashed line shows the contribution from silicon, and the red line shows the contribution from carbon. The blue line shows the total contribution from all elements.

A typical energy spectrum of γ-quanta of a soil sample is shown on the Fig. 27. This spectrum is obtained by subtracting the energy spectrum of random coincidences corresponding to time spectrum region II from the energy spectrum corresponding to time spectrum region I (see Fig. 26). Points with errors show experimental data. Different colors show the contributions from the energy spectra of individual elements. The blue line shows the total contribution from all elements. It can be seen that the contributions from oxygen (blue line), silicon (green line), and carbon (red line) make the main contribution to the soil spectrum. The contributions from all other elements present in the fit turned out to be equal to zero. It is also clearly seen how small the contribution of carbon to the total spectrum is. 
Measurements were made using samples composed of silicate sand which simulates parent material, and sugar which represents organic part of the soil, in various proportions. The mass of each sample was 30 kg, the content of sugar was selected to achieve carbon mass fraction in the sample varied from 0 to 10%. Measurements were made in 3x30 min mode. The average of results of 3 measurements was used as a final value for each sample. Thus, a calibration curve was obtained, which on a mass scale characterizes the accuracy and sensitivity of the method.
[image: ]
[bookmark: _Ref123227207]Fig. 16 Results of measurements of calibration samples. The graph shows AGP-S results versus predefined ones. The red line shows the calibration characteristic. The marker size is greater than the measurement error value.
Fig. 28. demonstrates the results of measurements of calibration samples, as well as the calibration dependence (red line). The results were approximated by a simple linear function with parameters:

	Y = (1,03±0,03) × Craw – (0,31±0,12),
	


where C raw are the results of measurements of the AGP-S setup, Y are the calculated values of the carbon concentration.
Scatter of calibration data (convergence with calculated values) by standard deviation (RMS):

	
	


where n is the number of calibration samples, X is the element concentration value measured by AGP-S for the i -th sample, Y is the value of the calculated concentration of the element for the i -th sample.
To determine the capabilities of the equipment, the measurement accuracy in terms of repeatability was determined. To do this, two samples were measured 12 times for 30 min without changing the setup configuration and the position of the samples in space. Table 2 shows the values of the absolute σr and relative σr of repeated measurements standard deviation:
	
	

	
	


where n is the number of measurements, C is the average value of the mass concentration of the element over all measurements, Ci is the value of the mass concentration of the element in the i-dimension.
Table 2. The values of the absolute (σr) and relative (σrrel) standard deviation of repeated measurements for samples with a carbon concentration of 3.3 and 1.7%.
	
	Average content, %
	σr, %
	σrrel, %

	С
	3,30
	0,16
	4,7

	
	1,70
	0,12
	6,9

	O
	52,01
	0,45
	0,9

	
	52,62
	0,65
	1,2

	Si
	44,65
	0,29
	0,6

	
	39,23
	0,63
	1,6


Thus, the absolute error of repeated measurements of the mass concentration of carbon in the soil averaged 0.14%, silicon - 0.46%, oxygen - 0.55%.
Magnetic system for controlling the spin of polarized neutrons 
In previous years, the JINR Laboratory of Neutron Physics developed and assembled a spin control device for polarized neutrons, consisting of three rectangular coils arranged coaxially in a magnetic screen. Using a combination of such devices one can simultaneously compensate for the effects of external scattered magnetic fields on the beam polarization, as well as set any direction of the polarization vector in the right place and introduce periodical spin flipping. This device has been successfully tested and used in an experiment to study the ROT effect at the POLI instrument of the FRM II reactor in Garching (Germany). This year, a paper (D. Berikov et al., J. Instrum. 17 (2022) P08030) was published that described for the first time a method for controlling the neutron spin, a method for compensating the influence of external scattered magnetic fields on polarization using a combination of three devices. The main advantage of this spin-control device is high magnetic field homogeneity in combination with small dimensions, a large cross-section for a neutron beam, high flipping speed (up to 1 kHz reversal frequency, which is important when measuring weak effects), and ease of control. Another important feature of this device is the complete magnetic shielding which excludes the influence of a periodic spin flipping on the surrounding equipment sensitive to the magnetic filed changes, e.g., photomultiplier tubes (PMT) etc. A schematic design of the spin-control device is shown in figure 29
 [image: ][image: ][image: ]Fig. 17 Spin-control device construction: on the left — coil body made of polyamide, in the middle — the location of the coils inside the ferromagnetic screen (the magnetic field directions are shown by the arrows), on the right — a general view of the flip-device.
[bookmark: _Ref123227519]The layout of the experimental setup for measuring T-odd effects in the fission of heavy nuclei at the POLI instrument is shown in Fig. 30.
[image: ]Рис. 18 Schematic view of the experimental setup with POLI instrument at MLZ. P: SEOP polarizer; Ch: fission chamber surrounded by gamma detectors; A: analyzer; D: neutron detector; S1, S2: spin-control devices. The red arrow in the figure indicates the direction of the magnetic field, the blue arrow direction of the neutron spin.
Three identical spin-control devices were used in the experiment: two correction devices and one test device. The first correction device S1 is placed immediately after the polarizer — it controls the spin orientation at the sample position and is used simultaneously as a spin flipper. The second correction device S2 is placed between the sample and the analyzer and is used to control the spin orientation at the analyzer in order to monitor the polarization value. The test device S3 is placed temporarily at the sample position and is used in combination with the first correction device S1 to set the spin orientation at the sample position before the experiment. During the experiment the test device is removed and replaced by the sample.
The set-up procedure before the experiment is needed to select the proper values of the current in the coils of the correction devices to set the proper spin orientation at the sample position and at the analyzer. An important parameter of the coil is I360 — the current strength, at which the neutron spin makes a full 360 degrees turn while the neutron with the given energy travels through the coil. It can be calculated using equation:


[bookmark: _Ref123227579]where 𝑛 is the number of turns per meter of winding length, 𝐼 is the current strength, μ0 is the magnetic constant, E is the neutron energy, l is the length of the coil. In addition, it can be determined more accurately experimentally by placing the coil between the polarizer and the analyzer and measuring the count rate of the detector after the analyzer as a function of the current strength (see figure 31). We call this type of figure “spin rotation curve”.
[image: ]Fig. 19 Dependence of the neutron counts on the current in the precession coil. The distance between the two maximums/minimums corresponds to the I360 current.
We consider the coordinate system XYZ with 𝑋-axis directed along the neutron beam and 𝑍-axis being vertical. We assume that the polarizer and analyzer are identical and polarize the neutrons in vertical direction, and we need the longitudial polarization (neutron spin along the beam direction) at the sample position. We also assume that all neutrons are monoenergetic, and there is an unknown stray magnetic field at the experimental hall, which leads to a rotation of the polarization vector while the neutrons travel between the polarizer and the sample and between the sample and the analyzer by an angle not larger than 90 degrees.
In the spin-control device S1, the magnetic field 𝐵 in the first precession coil is chosen in such a way that, upon exit, the neutron spin rotates around the 𝑌 axis by +π/2 or −π/2 (with periodic switching of the current direction) and becomes parallel or antiparallel to the 𝑋 axis (the current equal to I360/4). The next two coils are used to rotate the neutron spin in space by an angle which compensates the rotation in the stray magnetic field on the way to the sample position. To determine the currents for these two coils the test device S3 is used. It will take some set-up procedure, which is done in a few steps.
First of all the fission camber is removed and additional test device S3 is located in the sample’s place (see Fig. 32). The polarization vector receives an additional angle 𝜑 and 𝜃 around the 𝑍 axis at the input to the test device (case 2) in Fig. 32), which is proportional to the current (i.e., the field value). The corresponding change in the current can eliminate the depolarization effect at the sample position.[image: ]

[bookmark: _Ref123227637]

Fig. 20 A set-up procedure for compensating the influence of external stray magnetic fields on polarization and correcting any imbalance in the total magnetic field integral. The green and red filled areas show the neutron spin deflection by an angle 𝜑 and 𝜃 in polar coordinates due to precession in an external stray magnetic field.
[bookmark: _Ref123227691]The magnetic field in the first compensation coils of the S1 and S3 devices is directed along the 𝑍 axis. For each setting of current in the coil of the S1 device a “spin rotation curve” for the coil of the S3 device is measured (see Fig. 33 a)). The cone of the angle 𝜑 at the output of the test device, in this case, represents the geometric position of the polarization vector for different values of the current in the coils of the S1 device. Then mainly one neutron component comes into the analyzer along the 𝑍 axis. A linear change of the current leads to the cosine of the counting speed of the neutron detector (Fig. 33 b)). The amplitude of the curve will have the maximum when the spin polarization is longitudinal at the position of the test device.
[bookmark: _Ref123227750][image: ][image: ]Рис. 21 Precession of neutron spin vector around the magnetic field. S1, S2 and S3: spin-control devices, A: analyzer, and D: neutron detector. The black arrow in the figure indicates the direction of the magnetic field, colored arrows direction of the neutron spin. a) “Spin rotation curve”, when a certain current was fed in the second coil of the S1 device and in the second coil of the S3 device current changed smoothly. b) The cosine of the counting speed of the neutron detector.
Fig. 34 Dependence of the detector counting rate on the current in the test device S3 (“spin rotation curve”). Different colors mark different currents in the second compensation coil of the S1 device.
Figure 34 shows experimental data on determining the maximum value of neutron polarization by scanning the current in the coils. The current in the first compensation coil of the S1 device was changing from 0.4 to 1.2 A in steps of 200 mA (shown in different colors in the figure), and for each step the “spin rotation curve” was measured for the first compensation coil of the S3 device at the sample position. Thus, the cosine of the neutron detector count rate was measured.
This curve can be fitted by the function N = a+b·cos(2πI/d+c), which is shown on the plot. Function parameters are determined from the fit, here: 𝑎, 𝑏 are the cosine offset and amplitude, 𝑐 is a phase shift, and 𝑑 = I360 is the current for 360◦ rotation. One can see that for each curve not only the amplitude 𝑏 changes its value, but also the offset 𝑎 and the phase shift 𝑐. The amplitude reaches its maximum when the neutron polarization at the position of the test device becomes longitudinal. It corresponds to the current 𝐼 = 0.8 A in the first compensation coil of the S1 device. An additional offset and phase shift appear, in particular, because the second correction device S2 was not fully adjusted during this measurement which leads to a rotation of the polarization vector when the neutrons reach the analyzer.
Such measurement should be done for both compensation coils, which are mutually perpendicular to each other and to the beam direction. In the second compensation coils of the S1 and S3 devices a magnetic field directed along the 𝑌 axis, which compensates for the deviation of the neutron spin by the angle 𝜃.
The second spin-control device, located between the sample and the analyzer, is used to put the neutron spin vertically at the analyzer and correct for the rotation in the stray magnetic field on the way from the sample to the analyzer. The currents in two mutually perpendicular coils of this device are selected in such a way that the spin-flip ratio (ratio of count rates for two opposite settings of the spin-flip coil) of the neutron detector after the analyzer is maximal.

Neutron/γ-counter for IREN facility intensity monitoring

The limiting of availability and the increasing cost of traditional neutron detectors based on 3He stimulate the search for new methods of neutron detection. There are many alternative options for neutron and γ-ray registration. The demand for detectors of this type is highly relevant for physics experiments, monitoring of nuclear facilities, healthcare, and so on. For monitoring the intensity of the Resonance Neutron Source (IREN), a neutron/γ-ray detector has been developed to register neutron and γ-ray fields in the target room. The proposed detector construction is based on SiPM (MAPD) and p-terphenyl scintillator. P-terphenyl is an organic scintillator with good neutron and γ-ray discrimination properties, one of the best scintillators since the 1970s. The used MAPD performs registration of photons emitted by the plastic scintillator. The task of the detector is to register neutrons and γ-quanta at the IREN for monitoring the accelerator's condition, observing the overall technical stability of the object (facility), and ensuring personnel safety and health.
The detector uses a last-generation Zecotech MAPD 3NM-2LOT photomultiplier. It was developed by our group at the Laboratory of High Energy Physics and manufactured in Malaysia. The pixel size is 12 µm, and the active area of the photodiode is 3.7 mm x 3.7 mm. The photodiode thickness without the casing is 700 µm, while the avalanche region is approximately 3-5 µm, which has a positive effect on the device's radiation resistance. The photon detection efficiency (PDE) of the used Micor pixel Avalanche photodiodes (MAPD) is 36-38%, which is a high value for devices of its class. The avalanche gain is 6*105 at an overvoltage of 3V (or at the optimal voltage), and the breakdown voltage at room temperature is approximately 52V (25°C). To improve the coupling between the MAPD and the scintillator, a transparent liquid with a light transmission coefficient of 99% was used. The size of the used scintillator is 3 mm x 3 mm x 50 mm.
The experimental detector schematic is shown in Figure 35. The developed detector consists of a high-voltage source (HV), an amplifier, a comparator, and an analog-to-digital converter (ADC).
[image: Block schem Iren Det2]
[bookmark: _Ref123227880]Fig. 22. The functional scheme of the detector.

The amplifier, high-voltage source, and comparator were developed and created at FLNP. The assembled systems are powered by a positive 6V voltage source. The high-voltage source can generate positive voltage ranging from 10V to 135V with an accuracy of 0.02V. The voltage is adjustable using a potentiometer. The amplifier has a bandwidth of 20MHz with a gain of 36. Figure 36a) and Figure 36b) show the schematic of the assembled high-voltage source and amplifier. The size of the HV board is 60mm x 20mm, and the size of the amplifier is 12mm x 35mm. The photo of the detector block is shown in Figure 37. The CAEN-DT5720B analog-to-digital converter is used for signal integration from the amplifier.[image: C:\Users\Sebuhi Nuruyev\Downloads\HV.bmp]
a) The power source scheme.

[image: C:\Users\Sebuhi Nuruyev\Downloads\Golovin.bmp]
b) The scheme of the amplifier
[bookmark: _Ref123227979]Fig. 23
The amplifier's output signal is an analog negative signal. The distance between the accelerator control panel and the experimental hall is approximately 40 meters. To transmit the obtained analog signal from the target room to the control room without any loss, it is converted to TTL (Transistor-Transistor Logic). A comparator was used as the converter from the analog signal to the TTL signal. As a result, there are two signal outputs: the analog output and the TTL output from the electrical circuit.

[image: C:\Users\Sebuhi Nuruyev\Downloads\20221122_112706.jpg]

Fig. 37 Detector block photo

With this monitor, it is possible to observe changes in the flux in the target room in real-time. The variations in current and electron energy in the accelerator affect the number of neutrons and γ-quanta in the target room, which impact the obtained data. Figure 38 shows the obtained test result.
[image: D:\Diisertasiya 23.08.21\Spendiya Frank cixish 2022-2023\Monitoring İren screen ph 2.png]
Fig 38. Time dependence of the neutron/γ count rate in the experimental hall.

The upper half of Figure 38 shows the changes in the flux over the last 500 seconds, with the number at the top indicating the number of registered particles per second. The lower half of the graph shows the changes over the past 8 hours, with the number at the top reflecting the number of registered particles in the last 10 seconds.

Measuring the background of delayed neutrons at the IBR-2 reactor
Previously, a new time-of-flight method was proposed for measuring the neutron lifetime τn. The time-of-flight method for measuring the neutron lifetime τn is very sensitive to the background. It was found that the effect-background ratio should be less than 10-6.
The background of delayed neutrons was studied at the 30-meter base of the 1st channel of the IBR-2 reactor. Almost all of the reactor's power, 93%, is generated during the power pulse. The remaining 7% of the reactor power is associated with delayed neutrons. The reactor power (P) during the pause is weakly dependent on time due to the time dependence of the reactor reactivity during the pause:
Р(t) = –P0 •β / ε(t) = P0 •β∙χ(t).
 	Here P0 is the pulse power, β is the fraction of delayed neutrons, ε(t) is the reactivity of the reactor during the pause, and χ(t) is the multiplication capacity of the reactor during the pause. The reactivity of the reactor during the pause changes slightly periodically when the main movable reflector passes past the reactor core or not periodically when the automatic regulator rod or the compensating reflector unit is operating. The number of neutrons produced in a reactor is proportional to its power. Thus, delayed neutrons make a noticeable and irremovable contribution to the background in time-of-flight measurements.
Based on the measured time-of-flight transmission spectra of neutrons through samples of lead, cadmium, and samarium, the structure of the delayed neutron spectrum, which is determined by the reactivity of the reactor in the pause between power pulses, is determined. On Fig. 39 shows following: the black line is the time-of-flight spectrum of neutrons that passed through tantalum and 20 cm of lead, the blue line is the time-of-flight spectrum of neutrons that passed through samarium (1 cm) and 20 cm of lead. It can be seen that the count of neutrons that have passed through samarium drops by 2 orders of magnitude after the 8th millisecond and is due to the detection of fast and resonant neutrons produced by delayed neutrons. It can be seen that almost the entire thermal neutron flux enters the detector within 8 to 40 ms, and the effect of satellites can be neglected.


[bookmark: _Ref123286070]Fig. 24 The time-of-flight spectrum of neutrons passing through lead is the black line. The time-of-flight spectrum of neutrons that passed through lead and a sample of samarium is the blue line.

The time dependence of the breeding capacity of the reactor during the pause χ(t) is revealed. Procedures have been developed for reconstructing the background of delayed neutrons in the thermal region, based on the results of measuring the background in the epithermal region, En > 0.2 eV. An example of reconstructing the background of delayed neutrons is shown On Fig. 40.


[bookmark: _Ref123286121]Fig. 25 The black line is the time-of-flight spectrum of neutrons that passed through tantalum and 20 cm of lead, the crimson line is the time-of-flight spectrum of neutrons that passed through samarium (1 cm) and 20 cm of lead, and the red line is the reconstructed background substrate of thermal neutrons.
Investigation of neutron resonances at the IREN facility
In recent years there has been renewed interest in the study of angular correlations in (n,γ) reactions, especially in the spectrometry of γ-quanta from p-wave resonances. It is connected with the experimental discovery in them of the strengthening of the effects of nonconservation of spatial parity and the search for the violation of T-invariance.
As part of the creation of a facility for studying p-wave resonances based on BGO scintillation detectors, measurements of the time-of-flight and energy spectra for samples with known p-wave resonances were performed on the 4th channel of the IREN facility. The purpose of these measurements is to evaluate the possibility of studying angular correlations in low-lying p-wave resonances in medium-heavy and heavy nuclei.
The effect of forward-backward asymmetry in an unpolarized beam is expressed as follows:
And is defined as the difference in the number of γ-quanta emitted from the target at angles θ and 180 - θ to the beam[image: Изображение выглядит как текст
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A fragment of the time-of-flight spectrum for the 81Br target nucleus in the (n,γ) reaction for eight BGO detectors placed at the 11-m flight base of the IREN accelerator is shown in the Fig. 41.
[image: ]

[bookmark: _Ref123286380]Fig. 26 Time-of-flight spectra for the target nucleus 81Br. 

Currently, work is underway to improve the background conditions and optimize the parameters of the installation on the 4th beam of the IREN facility.
2.7. Development of the concept of the UCN source on a pulsed reactor.
Work on the creation of the concept of an intensive source of ultracold neutrons (UCN) on a pulsed reactor of average power has continued. As the main variant, a source based on the principle of time focusing and F.L. Shapiro's idea of pulsed filling of an UCN trap is considered.
It was realized that the previously proposed implementation of a time lens based on the principle of focusing in time by means of non-stationary neutron diffraction on a moving diffraction structure, is fraught with insurmountable difficulties. This made us turn to an alternative approach to focusing based on the principle of non-stationary neutron spin flip in a magnetic field. In this case, the so-called adiabatic or gradient flipper can act as a time lens, in which the spin flip occurs under the action of an alternating high-frequency field directed perpendicular to a large stationary field. Passing the flipper, the neutron energy changes by the value ED = 2μB, where μ is the magnetic moment of the neutron and B is the magnitude of the constant magnetic field.
Principal schemes of such a source are presented below. In one of the schemes, a variant of time focusing with a weak deceleration and subsequent drop of neutron energy immediately before entering the trap to the UCN energy sufficient for these neutrons to be stored in a material trap is considered (Fig. 42 a). The second scheme differs only in that focusing in time occurs with a slight acceleration of neutrons (Fig. 42 b).
	[image: ]

	[bookmark: _Ref123206329]Fig. 27. Principal schemes of a source with time focusing based on an adiabatic spin flipper.



Since the energy change in the spin flipper occurs along the direction of the magnetic field gradient, one of the important tasks is to create such a lens design that this energy change was                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          mainly due to the change in the neutron velocity along the beam. Research on this problem has begun.
Later it was realized that in the case of the release of a large neutron energy by a moderator flipper and, accordingly, a large initial energy and neutron velocity, even in the absence of a time lens, the spread of the flight times of such neutrons δt from the pulsed source to the flipper-decelerator and, accordingly, to the trap, can be much less than the flight time itself t = L/V, where L is the length of the transport neutron guide. Under favorable conditions, δt can also be significantly less than the pulse repetition period of the reactor Т. In this case, the flux of neutrons, which after deceleration will be converted into UCN capable of being stored in a trap, will have a pulsed structure and the neutron density in the pulse will exceed the average in G = T/δt times. The latter result led to the proposal to create the first stage of the UCN source without time focusing, but with a flipper decelerator designed for a large energy decrease. With a magnetic field of the order of 20 T, the energy change will be ED = 2.4×103 neV, and the neutron velocity before deceleration will be about 20 m/s. These fields are achievable in modern superconducting systems.
Also note that the use of neutrons with such high speeds provides better conditions for transporting neutrons from the converter and allows to use a more efficient converter.
2.8. Research in the framework of creating reflectors of very cold (VCN) and cold neutrons (CN) based on nanostructured matter..
Improved directional extraction of very cold neutrons using a reflector made of diamond nanoparticle powder.
The work on processing of the experimental data has been completed. The purpose of the experiment was to measure the gain factor of the VCN output in a given direction when the VCN source is surrounded by a reflector based on fluorinated nanodiamonds (F-DND) in relation to the VCN output from the source in the same direction without a reflector. The reflector used in the measurements had the shape of a cylinder, with a diameter of 3 cm and a length of 30 cm. The gain factor was measured for two cases: in a wide solid angle of VCN diverging from the source, at the output of the reflector, and in a narrow solid angle along the axis of the reflector, at a large distance from it. In the latter case, the angular distribution of the emitted neutrons was also measured.
In a wide solid angle, measurements were performed in the neutron velocity range of 47-92 m/s. The gain factor was inversely proportional to the neutron velocity and was of 13 times for velocity of 92 m/s and of 33 times for velocity of 47 m/s. In a narrow solid angle, measurements were carried out for neutron velocities of 57 m/s and 75 m/s. In both cases, the gain factor was of 10 times.
Thus, for the first time, an increase in the probability of VCN extraction due to a nanodiamond reflector was demonstrated. The results obtained showed that the use of such reflectors can lead to a sharp increase in the intensity of VCN sources by one or two orders of magnitude. It should be noted that this is only the first measurement of this type. Despite such a significant increase in the yield of VCN, the yield is still only a few percent of the VCN produced at the source. We expect that the use of other DND powders and the use of a reflector of a different shape will lead to an additional significant increase in number of VCN extracted from the source.
Effect of nanodiamond sizes on the efficiency of the quasi-specular reflection of cold neutrons.
In 2022, the processing of measurements of the quasi-mirror reflection of cold neutrons from the surface of the nanodiamond powder, which were carried out a year earlier, was completed. The phenomenon of quasi-mirror reflection itself consists in the fact that when neutrons fall at a small angle on the surface of a diffusive reflector, the angular distribution of reflected neutrons forms a quite narrow peak around the angle of the mirror reflection. This phenomenon can be used in the initial sections of mirror neutron guides of cold neutrons, where it is impossible to use the sputtered mirror surfaces of the neutron guides due to their low radiation resistance. The characteristics of such quasi-mirror reflectors are the probability of reflection (albedo) and the width of the angular distribution of reflected neutrons. The higher the albedo and the smaller the width of the angular distribution, the better the reflector.
In this experiment, the aim was to investigate the effect of the size of nanoparticles in the powder from which the reflector is made on the characteristics of the reflector. Measurements were carried out for two powders of nanodiamond particles with average nanoparticle sizes of 4.3 nm and 15 nm. In the experiment, the albedo and angular distributions of reflected neutrons were measured for three angles of incidence: 1°, 2°, and 3° in the range of wavelength from 1 to 16 Å.
Measurements have shown that a powder with a large size of nanoparticles gives a greater albedo for neutrons with a wavelength of more than 4 Å and a smaller albedo for neutrons of less than 4 Å for all incident angles. The latter circumstance is explained by the greater probability of Bragg scattering on large diamonds. At a neutron wavelength of more than 4.12 Å, there is no Bragg scattering on the diamond. The width of the angular distribution of scattered neutrons for large nanoparticles is in all cases smaller than for smaller nanoparticles.
We performed a mathematical simulation of the experiment. The calculation of neutron transport in nanoparticle powder was carried out using the SNASAS program and the diamond balls method developed in our group. The results of the calculations completely coincided with the measurements for neutrons with a wavelength of more than 4.12 Å. This allowed us to calculate the dependence of the albedo and the width of the angular distribution of neutrons reflected from the surface of the nanodiamond reflector on the size of nanoparticles for such wavelengths. The calculation showed that for reflectors of finite thickness, for each wavelength there is an optimal size of nanoparticles at which the albedo reaches a maximum. The angular distribution of reflected neutrons monotonically decreases with an increase in the size of nanodiamonds up to hundreds of nanometers.
3. Applied research
3.1. Analytical studies on neutron resonances at the IREN facility.
In 2022, FLNP continued research work on the development and application of neutron resonance analysis. This method makes it possible to determine the elemental and isotopic composition over the entire volume of the sample without destroying it, which is relevant for various studies, including archaeological ones. Information about the elemental composition of artifacts can help archaeologists identify centers of craft production, clarify the dating of finds and their technological schemes, etc.
Such measurements were carried out in collaboration with the Institute of Archeology of the Russian Academy of Sciences using a pulsed source of resonance neutrons IREN FLNP for a kiaf (bowl) from the Volna 1 necropolis on the Taman Peninsula (VI-IV centuries BC) (see Fig. 43).
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Fig. 43 Kiaf from the necropolis Volna 1

The experiment was carried out on the flight path of 58.6 m of the IREN facility. In the experiment, the time-of-flight spectrum of reactions (n, γ) was recorded on the sample material. To register γ-quanta, we used a multisection liquid scintillation detector developed at FLNP JINR. The detector consists of 6 independent sections forming together a cylinder with a through channel 28 cm in diameter along the neutron beam. The length of the detector is 60 cm, the total amount of the scintillator is 210 liters. Each section is viewed from two ends by a pair of photomultipliers.
The measurement with the kiaf lasted 136 hours. Fig. 44 shows a part of the time-of-flight spectrum obtained in this measurement.
[image: ]
Fig. 44 Sections of the time-of-flight reaction spectrum (n,γ) on the kiaf material. The width of the time channel from 0 to 20000 channels is 0.05 µs, from 20000 to 22000 - 1 µs.

The resonances shown in the figure were used for identification and data processing. Resonances of silver, tin, copper, and arsenic are identified on the time-of-flight spectrum. The results of the study are shown in Table 3.

Table 3. Results of measurements of the elemental composition of the kiaf using the NRCA method
	Element
	Mass, g
	Percentage, %

	Cu
Sn
As
Ag
	59.7± 3.9
5.29 ± 0.23
0.1892± 0.0081
0.0131± 0.0014
	68.8±4.5
6.10±0.26
0.2179±0.0094
0.0151± 0.0016



The results obtained confirm the use of tin bronze for the manufacture of the studied kiaf. The recorded presence of tin in the composition of the alloy, its quantitative characteristics, along with the established presence of arsenic, refer us to the type of alloy characteristic of archaic Greece. The presence of elements such as arsenic, silver, indicate the conclusion that copper was obtained from polymetallic ores.
Another study was carried out for the pommel in the shape of a bear's head, skin and paws. This artifact was providedted by the Dubna Museum. The pommel was discovered by archaeologists on the outskirts of the Pekunov settlement in the vicinity of the city of Dubna. This artifact is shown in Fig. 45.
[image: Изображение выглядит как динозавр
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Fig. 45 Pommel in the form of a head, skin and paws of a bear
Measurements with the sample were carried out for about 32 hours. Resonances of copper, antimony and silver were identified on the time-of-flight spectrum (Fig. 46). The results of the analysis are shown in Table 4.[image: ][image: ]
Fig. 46 Sections of the time-of-flight spectrum of the (n,γ) reaction on the material of the pommel. The width of the time channel from 0 to 20000 channels is 0.05 µs, from 20000 to 22000 - 1 µs.

Table 4. Results of measurements of the elemental composition of the pommel by the NRCA method
	Element
	Mass, g
	Percentage, %

	Cu
Sb 
Ag
	30.1± 1.5
0.574 ± 0.018
0.0388± 0.0018
	90.7±4.5
1.731±0.054
0.03699±0.00084



According to the conclusions of archaeologists, the pommel was made by metallurgists of the Ananyinsky cultural and historical region in the 1st millennium BC.
3.2. Analytical studies in the group of neutron activation analysis (GNAA) at IREN.
Work continued on the study of samples of various origins by neutron activation analysis (NAA) and additional methods: X-ray fluorescence analysis, infrared spectroscopy with Fourier transform. Stratigraphy and polarizing microscopy have been mastered and actively used. The method of Raman spectroscopy is being introduced. The main volume is made up of various components of medieval wall painting, ecological and geological samples.
Due to the temporary suspension of the operation of the IBR-2 reactor, the NAA in GNAA was mainly carried out at the WWR-K reactor at the Institute of Nuclear Physics (Almaty, Kazakhstan) - about 900 samples. There are two spectrometers for XRF. About 650 samples were analyzed by X-ray fluorescence analysis, most of which were studied in situ. The molecular and mineral composition of samples in GNAA is determined using a Bruker Invenio IR spectrometer; about 50 samples were analyzed.
The work is carried out within the framework of the Protocols on the implementation of joint research work with the State Institute of Art History, the Interregional Scientific and Restoration Art Administration, the Institute of Nuclear Physics (Kazakhstan) and three joint projects with Egypt. The list of cooperating organizations on the Egyptian side includes the following: Egyptian Atomic Energy Authority (EAEA); National Research Center (NRC); Academy of Scientific Research and Technology (ASRT); National Museum of Egyptian Civilization (NMEC); Menoufia university; American University in Cairo (AUC); Mansoura University.
In 2022, two basic cooperation agreements were signed with humanitarian organizations: the Federal State Budgetary Institution of Culture “State Historical and Cultural Museum-Reserve “Moscow Kremlin” and the Institute of Archeology of the Russian Academy of Sciences, as well as with the Institute of Geology and Geophysics of the National Academy of Sciences of Azerbaijan. In addition, preparations have begun for a joint experiment with Vietnamese colleagues at the IREN facility to determine the capture cross sections and resonance integrals of individual isotopes.
At the IREN facility, the first steps in gamma-activation analysis were taken - the qualitative elemental composition of three samples was determined. The fundamental possibility of determining isotopes obtained by gamma-induced reactions is shown. For further research in the field of GAA, the group needs a dedicated staff member.
Work continued on elucidating the fundamental possibility of using the sixth channel of the IREN facility for performing activation analysis on prompt gamma quanta. Further steps in this direction have been agreed.
For conducting physical and chemical studies of the 12th-century wall paintings of St. George's Cathedral of the St. George's Monastery in Veliky Novgorod, a cultural monument from the UNESCO World Heritage List, the team members received a letter of thanks from the State Institute of Art History (see Appendix).
Works on the creation of a new control panel for the pneumatic transport system (PTS) REGATA-2 at the IREN unit have been completed.
In 2022, the GNAA participated for the sixth time in professional competence tests organized by the IAEA using the NAA and for the third time using additional methods, in this case XFA. GNAA showed good results in IAEA tests in 2021. In the tests, the elemental composition of two samples, clay and vegetation, was studied. Using the NAA method, the mass fractions of 37 elements were determined in a clay sample, of which only one value was estimated as an outlier. The XFA method determined the contents of 19 elements, including 5 departures. For a sample of plant origin, the mass fractions of 17 elements, including 2 outliers, were determined by the NAA method, 11 elements, 3 of which turned out to be outliers, were determined by the X-ray diffraction method.
Four employees of the GNAA were trained at the State Research Institute of Restoration under the program "Physical and chemical methods for studying the paint layer of works of art."
Two people (a graduate student and a student) from Egypt completed an internship at GNAA on the processing and analysis of induced activity spectra using the Genie-2000 and Mass fractions software. Colleagues from Egypt and Kazakhstan worked in the group to conduct joint research.
An information booklet in Russian and English on the activities of the GNAA with examples of work performed, a list of the methods used and the equipment used was created and printed in the JINR Publishing Department: http://flnph.jinr.ru/images/naa_rus.pdf
Numerous excursions for JINR guests were held in the premises of the group: the chemical laboratory, spectrometric rooms, the REGATA-2 pneumatic transport system, etc.
Fresco painting
Research has begun on archaeological fragments of frescoes in the Church of John the Baptist on Opoki (XII century) and the Resurrection Cathedral of the Derevyanitsky Monastery (XVI and XVI centuries) in Veliky Novgorod. Based on the results obtained, two reports were prepared and made at the X scientific-practical conference “Novgorod and Novgorod land. Art and Restoration”, which took place from 18 to 21 October 2022 in Veliky Novgorod.
More than 10 complementary methods have been applied (see Fig. 47) to study the unique pre-Mongolian wall paintings of the 12th century from St. George's Cathedral of St. George's Monastery in Veliky Novgorod [15]. Both archaeological specimens from the main volume of the temple and fragments in situ in the tower of the cathedral were studied.
For the first time in Russia, sensitive neutron methods were used to study the elemental composition of pigments and plaster bases - neutron activation analysis and activation analysis on prompt gamma quanta. The conducted research allowed to determine the elemental and mineral composition of pigments and plaster bases used in the creation of frescoes; identify the technique of painting; make assumptions about the different time of creation of the murals in the main volume and in the tower of the cathedral; as well as to reconstruct the original appearance of the fresco depicting St. George. The discovery of an expensive lapis lazuli pigment testified to the high status of the customer of the cathedral's murals. The obtained data are compared with the simultaneous paintings of Byzantine and Italian temples.
[image: ]
Fig. 47. An example of applying an integrated approach to the study of a sample with a blue ink layer
Archaeological pottery
For the first time in Russia, with the help of NAA, the elemental composition of samples of medieval archaeological ceramics of various types was revealed in order to determine their origin, classification and creation of reference groups. The use of several analytical statistical methods and machine learning methods made it possible to identify elements of decisive importance. These were used as fingerprints to create the first reference groups [16], which will serve as input for future work.
The elemental composition of samples of medieval ceramics was analyzed using another powerful analytical method, instantaneous gamma-ray activation analysis (PGAA), which is implemented at the IBR-2 reactor [17]. The analysis methodology was determined, and special software was created to automate the processing of the obtained data. The data obtained largely demonstrate agreement with the results of the study of the same samples using other methods - XRF and NAA.
[image: ]
Fig. 48 Bidirectional plot from the first two PCA measurements

Ecology.
Extensive work has been carried out to study the coastal regions of the Egyptian Mediterranean in order to obtain a comprehensive picture of the distribution of elemental contents in surface sediments. As a result of the study, regions with high anthropogenic pollution as a result of direct human impact on the environment were identified. A total of 99 samples were analyzed using NAA. Analysis of the obtained data showed that there are four places: Lake Al-Manzala, Ras Elbar, Lake Elbrullus, Abu Kir Bey (Fig. 49), which are especially polluted  ith toxic substances and heavy metals [18].
[image: ]
Fig. 49 Spatial distribution of pollution along the coastal regions of the Egyptian Mediterranean

The NAA group carried out work devoted to the study of air mass pollution. The cross-border transport of pollutants between Poland and the Czech Republic in one of the most polluted Czech regions, Moravian-Silesian, was studied. PM10 inorganic air pollutants accumulated on air filters were analyzed using NAA. Statistical analysis led to the conclusion that the pollution originated from the southeast/west; therefore, we can assume that industrial enterprises are the source of pollution: steel and iron production in the southeast and a coke plant, foundry and generating facility in the west [19].
Based on the results of determining the elemental composition of marine sediments of the Red and Mediterranean Seas, an article containing a data set was published. The resulting data set can later be used to establish the geochemical background for the study areas and track changes that may pose a significant threat to the environment and people [20].

3.3. Analytical studies on charged particle beams of the EG-5 accelerator.
1. Ion-beam spectrometry. Within the framework of the JINR-Serbia project, archeological specimens (glasses) dated to the 11th century AD were studied.
Setup data. Energy of alpha particles: 2000 keV; Calibration sample: SiO2/Si; Incident angle: 30° and 60°; Scattering angle: 170°.
Results and discussion. The spectra of sample C-48 are shown in Fig. 50. It can be seen that Rutherford backscattering (RBS) and proton-induced X-ray emission (PIXE) methods complement each other in elemental selectivity. In particular, the elements Fe, Ca, Si, Al, Cl, Na, O and, in a vanishingly low concentration of Cu, are detected by the RBS
 (
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)
Fig.50 RBS (a) and PIXE (b) spectra of the sample C-48.

In addition to the spatial inhomogeneity of the distribution of elements, with a high degree of probability, there is porosity and uneven surface relief of the samples, which significantly affects the sensitivity of the methods to elements present in small quantities and the magnitude of the error.
Figure 51 shows the RBS (Fig. 51a) and PIXE (Fig. 51b) spectra of sample C-11539. The PIXE spectra, as in the case of sample C-48, indicate the presence of a large number of elements in sample C-11539. The elements in both the PIXE and RBS spectra are so densely packed that the energy resolution of the ion-beam spectrometer (15 eV) is insufficient for their complete identification. (
a
b
)
Fig. 51 RBS (a) and PIXE (b) spectra of sample C-11539.

According to the spectra (Fig. 51, a) and PIXE (Fig. 52, a), sample C-13043 is similar in elemental composition to sample C-11539, but there is a difference in the concentration of certain elements: the concentration of Al and Ca is higher, and the concentration of Na lower than in the previous example.
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[bookmark: _Ref123287289]Fig. 52 RBS (a) and PIXE (b) spectra of sample C-13043.
A similar trend is observed for sample C-103C2 (Fig. 53). 
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[bookmark: _Ref123287231]Fig. 53 RBS (a) and PIXE (b) spectra of sample C-103C2.
According to the RBS data (Fig. 53a), this sample is similar in composition to samples C-11539 and C-13043, but the Ca concentration in C-13043 is slightly increased, while the concentration of Na and Al elements, respectively, is less and more reduced compared to with corresponding values in sample C-11539.
2. Combined use of ion-beam and optical methods. 
The optical properties and depth profiles of As, Ga, and Xe elements and the oxide layer on the surface of a GaAs crystal before and after implantation of 250-Xe+ ions with a dose rate of 1×1012 to 3×1016 ions/cm2 were studied using spectroscopic ellipsometry, RBS, and nuclear reactions. (NR) [21].
Using the Nuclear Reaction Method, the appearance of an oxygen-enriched layer on the surface of GaAs samples after ion implantation was established (Fig. 54, c). The Cauchy and Urbach dispersion models were used to calculate the optical properties of the oxide layer on the surface of GaAs samples.
[bookmark: _Ref123288139] (
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)Fig. 54 RBS / NR - spectra before (black curve 1) and after implantation (red curve 2), where the insets show magnified features corresponding to oxygen (inset c) and gallium Ga (inset d).
[image: ]An increase in atomic density in the near-surface layer due to the presence of implanted Xe ions is shown (Fig. 55). It has been found that Xe implantation increases the number of vacancies and reduces the activation energies of the diffusion of Ga and As atoms.


Fig. 55 Dependence of the surface density of atoms on the degree of implantation
GaAs before and after irradiation with a beam of Xe+ ions with different dose rates (Fig. 56) indicate an increase in the thickness of the surface oxide layer (up to 7 nm) as the dose rate increases (Fig. 57,a). There is an increase in the refractive index and instinct with an increase in the ion flux (Fig. 57,b- and c, respectively), associated with a change in the thickness and chemical composition of the oxide layer on the GaAs surface. 
Using the theory of effective medium approximation (EMA) under the assumption of the simultaneous existence of crystalline and amorphous phases, it is shown that the amorphous fraction in the near-surface layer of the studied objects quantitatively reaches 90% at a dose rate of the order of 1×1015 cm-2 with saturation of the dependence with a further increase dose (Fig. 58).
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[bookmark: _Ref123289423]Fig. 28 Spectra of relative amplitude change Ψ(E) and relative phase change ∆(E) of GaAs crystals.
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[bookmark: _Ref123289544]Fig. 57 Thickness (a) and optical parameters of the oxide layer on the GaAs surface: refraction (b) and extinction (c) indices.
[image: ]
Fig. 58 Percentage of amorphization of the GaAs crystal surface depending on the absorbed dose.

3. Study of nanoscale phenomena. A new size effect was established for the accumulation of an electric charge with a density of up to 270 uF/g by a system of compacted zirconium dioxide (ZrO2 – 3%mol Y2O3) nanoparticles during exposure to an electric field (5000 V/m) under normal physical conditions [22]. Based on a qualitative complex analysis of the forms of demonstration of the effect, it is shown that the object of localization of opposite charge carriers is the surface of nanoparticles. Within the framework of the theory of disperse systems, zone theory and the theory of contact phenomena in semiconductors, the proposed mechanism of the effect is considered. It is concluded that the latter is due to the phenomenon of localization in the near-surface zone of the material of nanoparticles of an electron-type charge upon contact with an adsorption ionic atmosphere.
The effect is relevant for modern subvolt nanoelectronics and microsystem technology.
4. For the first time, a rectifying contact in the form of chemically homogeneous hydrated nanoparticles of the ZrO2 –Y2O3 system, based on the size effects of band structure distortion by the surface of low-dimensional objects, has been practically implemented and studied [23]. The prospects for the creation of homogeneous electronic devices, which are of great interest for critical technologies, are shown.
5. Photovoltaics.
  On the basis of CH3NH3PbI3 perovskite, uniform glass/ITO/TiO2/CH3NH3PbI3 type functional structures were obtained for solid-state X-ray detectors in the form of thin films [24]. Their structure and elemental composition were studied by XRD, RBS, and EDS, respectively.
Due to the high adsorption capacity for X-ray radiation, the latter can be considered as a promising functional element of the X-ray detector.
6. Ion implantation of helium into metal samples is of great interest for modeling structural changes in reactor materials under conditions of their long-term neutron irradiation. The admixture of helium atoms in materials is a typical product of transmutation reactions (of the (n,α) type) initiated by neutron irradiation. The controlled introduction of an He impurity into the test material using an ion beam is extremely promising as an alternative to lengthy, complex, and expensive experiments in a research nuclear reactor. The main problem of ion beam experiments lies in the significant inhomogeneity of the ion doping profile, in connection with this, there is a certain difficulty in establishing a relationship between the observed structural changes and the amount of impurity introduced. A target unit for experiments with ion implantation has been developed at FLNR, which makes it possible to solve this problem by obtaining an ion doping profile in the sample that is uniform over the stop depth of implanted ions [25]. In May 2022, a group of experimenters from the FLNR at the FLNP EG-5 accelerator carried out the first experiment on uniform doping with He ions (2.5 MeV) of model steel samples (grade 08X13). The purpose of the experiment was to test the design of the target assembly and to test the software to determine the accumulated ion doping profile in real time of the experiment (Fig. 59). The samples of ferritic steel with embedded helium obtained in the experiment (up to a given concentration of 0.3 at%, Fig. 60) were used for electron microscopic observation of the development of gas porosity (during annealing).
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Fig. 29 Uniform ion doping of a Fe-Cr steel sample with helium: (a) He+ beam current (2.5 MeV) in the experiment; (b) final profile of ion implantation.
[image: ]
[bookmark: _Ref123290782]Fig. 30 Helium bubbles in the region near the boundary between grains in steel 08X13, formed as a result of annealing at 800°C (30 min).

3.4. Analytical research in the sector of neutron activation analysis and applied research
[bookmark: bookmark3]Scope of work performed
In 2022, in the Sector of Activation Analysis and Applied Research, a multi-element analysis of about 1500 samples was carried out: vegetation, soils, technological, biological and geological samples within the framework of cooperation programs with JINR Member and Non-Member countries..

Air pollution biomonitoring
Within the framework of the international program „Deposition of Heavy metals in Europe – estimates based on the analysis of moss-biomonitors”, a comparative analysis was performed based on the results of two biomonitoring studies conducted in the Republic of Moldova in 2015 and 2020. Comparison of the results showed that the content of most of the elements in mosses collected in 2020 decreased compared to 2015. The most significant decrease was observed for Pb and Cd, the average content of which decreased by 75% and 66%, respectively. The concentration of Cu decreased by 43%, and V and Cr – by 31% for both elements. The content of Al, Fe, Ni, As and Sb decreased by less than 30%, while the content of Zn increased by 8.9%. The main sources of air pollution in the country are transport, energy sector, industry and agriculture [26].
[image: ]
Fig. 61 Comparison of the content of several elements in moss samples taken in the Republic of Moldova in 2015 and 2020.
Passive biomonitoring was carried out in the northern and southern parts of Vietnam. The NAA method was used to determine the content of 39 elements in 45 moss samples. Factor analysis made it possible to identify five main components. Factor 1 includes elements of soil origin: Ce, La, U, Al, Fe, Ti, and Zr. Factor 2 is represented by Ni, Sb, Cr, Ba, Co, V, Zr and Zn, the elevated concentrations of which are associated with fuel combustion and transboundary transport. Elements of Factor 3 (Cl, K and Na) point to the impact of agricultural activities on air quality. Factor 4 (Th, Zn, As and Al) includes elements that are regarded as indicators of mining. Factor 5 comprises Sr, Ca, Mg and Ba and may be related to the chemical composition of water in the studied region [27].
The work on the assessment of atmospheric deposition of heavy metals using moss-biomonitors on the Crimean Peninsula was completed (Fig. 62) [28].
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Fig. 62. Sampling map of moss-biomonitors in the Republic of Crimea.
Of the five factors determined using principal component analysis, Factor 1 is a combination of elements (Na, Mg, Al, Sc, Ti, V, Cr, Fe, Co, Ni, Zn, As, Se, Rb, Sb, Cs, La, Ce, Nd, Sm, Eu, Tb, Ta, Th, and U) coming from the weathering of the surface layer of the Earth's crust. Factor 2 includes Br and I, the accumulation of which is associated with the transfer of metal ions from the surface of the Black Sea. Factor 4 is anthropogenic and includes Cl and K elements, while Factors 3 and 5 comprise elements of natural origin. 
Active biomonitoring (moss bag technique) was used to assess air pollution in the city of Tula near the Kosogorsky metallurgical plant. Three moss species: Sphagnum fallax, Pleurozium schreberi and Dicranum polysetum were chosen as bioindicators. The values of the relative accumulation factor (RAF) indicated a high degree of pollution of the studied area as a result of industrial activities, mainly by Mn and Fe (Fig. 63) [29]. [image: ] [image: ]
Fig. 63 Accumulation factor values for a) manganese and b) iron at 7 exposure points of moss bags; Pl- Pleurozium schreberi, Sp- Sphagnum fallax, Dp- Dicranum polysetum. The red line shows RAF value = 1.00 [29].
Water pollution monitoring
The content of 29 macro- and microelements in soft tissues and 24 elements in the shells of mussels of the species Mytilus galloprovincialis, selected in 3 zones of the Black Sea (Republic of Crimea) with different levels of pollution, was determined by neutron activation analysis. The highest concentrations of analyzed elements were found in the soft tissues of mussels from Kamyshovaya Bay. While the lowest contents of elements were determined in mussels from the Sevastopol Bay. Mussels from Foros were characterized by a low content of anthropogenic elements and a high content of terrigenous elements [30].
For the first time, work was carried out to assess the prospects for using Baikal sponges Lubomirskia baikalensis as indicators of pollution of Lake Baikal with chemical elements. The content of Cl, Ca, V, Zn, As, Se, Ba, Cd, and Cu in the sponges sampled near Listvyanka village was significantly higher compared to the sponges sampled near Bolshie Koty village. According to the values of the bioaccumulation factor, the sponges mainly accumulated Cd, Cu and Br from the substrate, and the main part of the elements from water (Fig. 64).[image: ]
Fig. 64 Values of the coefficient of bioaccumulation in the system: (a) water-sponges and (b) substrate-sponges, for the two studied zones of Lake Baikal [31].
Studying the distribution of elements along the length of the sponges, it was shown that the content of Al, U, Ca, Sb, I, Br and Cd was higher in segments close to the substrate, while the contents of Zn, As, and Se were higher in the upper part of the sponge. The results obtained showed that the Baikal sponges Lubomirskia baikalensis accumulated mainly Cu and Cd and, to a lesser extent, Br, Ba, and Zn [31].
Cleaning of drains 
In 2022, SNAAPI continued work on the biosorption and bioaccumulation of heavy metal and rare earth ions from model solutions and industrial wastewater using biological and inorganic sorbents. Works were carried out on the biosorption and bioaccumulation of europium, erbium and ytterbium ions from aqueous solutions and the optimal conditions for the maximum extraction of metal ions were determined.
One of the works performed was devoted to the purification of rhenium-containing wastewater (Re, Re-Mo, Re-Cu, and Re-Cu-Mo) using the cyanobacterium Spirulina platensis as an accumulator. Interest in the recovery of rhenium from wastewater is due to its high cost and wide application in industry. The accumulation of rhenium in spirulina biomass depended on the chemical composition of the model systems, and the highest accumulation of 161 mg/kg (1540 times more than the control) was noted in the Re-Cu system (Fig. 65). At the same time, it is worth noting the high accumulation of other metal ions present in the analyzed systems. The addition of rhenium to the nutrient medium of spirulina led to an increase in biomass productivity, as well as an increase in the content of proteins, carbohydrates, lipids and pigments. While the presence of copper in the nutrient medium caused oxidative stress, expressed by a decrease in biomass productivity, as well as a decrease in the content of proteins and carbohydrates. It should be noted that spirulina is an effective and environmentally friendly sorbent [32].
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Fig. 65 Accumulation of Spirulina biomass metals from rhenium-bearing effluents with different chemical compositions [32].
Soil pollution analysis and soil bioremediation 
In 2022, a number of works were carried out to assess the level of soil pollution. So, there was a study of the ecological state of the soils of the seven most visited recreational areas dispersed throughout Moscow: the Losiny Ostrov National Park, Pobedy Park on Poklonnaya Gora, the Ostankino Park-Estate, the Sokolniki Culture and Leisure Park, the Park of Culture and recreation "Izmailovo", the natural and historical park "Kuzminki-Lyublino" and the museum-reserve "Tsaritsyno". According to the results of the NAA, in the territory of the Sokolniki, Izmailovo, Ostankino and Losiny Ostrov parks, insignificant excesses of the approximately permissible concentrations for As, Cd and Zn were revealed. According to the total indicator of pollution, taking into account elements of hazard classes 1–3, the soils of the Losiny Ostrov National Park, the Ostankino Estate Park, the Tsaritsyno Natural Museum-Reserve and the Kuzminki-Lublino Historical Park belong to the permissible pollution category. A moderately hazardous pollution category was identified in part of the Sokolniki and Izmailovo parks and Pobedy Park on Poklonnaya Gora. The elemental composition of soils and bottom sediments selected in Tajikistan, Serbia and several regions of Russia was also determined.
Soil bioremediation works were carried out using microorganisms and plants. The storage capacity of millet Echinochloa frumentacea grown on soils with polyelement anomalies selected near metallurgical enterprises and highways in the city of Tula was determined. As a result of the work, the toxic effect of soils with strong polyelement anomalies (multiple excesses of the maximum allowable concentrations (MPC) for Cr, Ni, Zn, As, oil products) on biometric indicators and adaptive characteristics of millet was shown. It was found that Echinochloa frumentacea accumulated Mn, Co, As, and Cd from soils with polyelement contamination within the average values. V accumulated mainly in the root system (transition coefficient from roots to shoots 0.01–0.05), the mechanism of its absorption is rhizofiltration. The removal of Zn by shoots of Echinochloa frumentacea increased on soils where the content of the element exceeded the MPC and amounted to 100–454 mg/kg dry weight (168–508 g/ha). An analysis of the data obtained makes it possible to recommend Echinochloa frumentacea for soil phytoremediation from Cu and Zn at a low level of polyelement pollution [33]. The possibility of using the cynobacteria Nostoc linckia for the remediation of soils with polyelement pollution, where chromium and copper were the main pollutants, was also tested.
Elemental analysis of plants and corals.
In 2022, work was continued to determine the elemental composition of medicinal plants. The elemental composition of medicinal plants of the Teucrium L. family (Teucrium polium, Teucrium hircanicum, Teucrium botrys, Teucrium chamaedrys, Teucrium flavum, Teucrium orientale) widely used for the treatment of indigestion and diseases of the respiratory system was analyzed. Using NAA in the analyzed samples, 18 macro and microelements were determined. In all samples, the highest concentrations were determined for K; its contents in the samples varied from 13,200 mg/kg in T. flavum to 25,100 mg/kg in T. orientale. Among trace elements, the highest content was determined for Fe - 316 - 2520 mg/kg. The As content varied from 0.09 to 1.6 mg/kg and did not exceed the limit values established by the World Health Organization [34].
The contents of K, Ca, Mg, Na, Cl, Mn, Fe, Cu, Zn and 28 non-essential elements were determined in roots, leaves, and stems of tobacco, as well as soils sampled in North East India. The highest values of the bioaccumulation factor were calculated for Cd (7.24), they were significantly higher compared to other potentially toxic elements Zn (1.70), Cu (1.45), Ni (0.12) and Pb (0.103). For rare earth elements, bioaccumulation factor values were less than 0.1, indicating their low accumulation in tobacco. Analysis of the main components showed that tobacco grown in India differs in its elemental composition from tobacco grown in other countries (Turkey, Egypt, Pakistan, etc.). 66 [35].
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[bookmark: _Ref123216102]Fig. 66 Double diagram of the distribution of the content of chemical elements in tobacco samples from different countries, including Northeast India [35].

Using NAA, the content of 31 chemical elements was determined in coral samples taken in the Red Sea (Yemen) in order to determine the level of anthropogenic pollution. For all potentially toxic elements except Fe, the contamination index values were less than 1.0, indicating a low level of contamination. This is also confirmed by the values of the pollution load index, which for all sampling points were less than 1.0 [36].
Nanotoxicology 
Together with the MF Vladimirsky Moscow Regional Research Clinical Institute, work was carried out to assess the effect on the offspring of metal nanoparticles that came from the mother's body in the prenatal period and lactation. The levels of cognitive functions in young animals exposed to gold nanoparticles and control animals were compared. The gold content in various organs (blood, liver, lungs, kidneys and brain) of females and their offspring was determined by the NAA method. According to the data obtained, in females, the highest gold content was determined in the kidneys, then in the liver, lungs, brain and blood. In the offspring, the accumulation of gold in the organs changed in the same order. The average mass content of gold in the brain of females was 0.25±0.10 ng and in the brain of offspring 0.08±0.03 ng (Fig. 67). No significant differences were found in spatial orientation and memory between experimental and control offspring in the Morris test, but experimental mice showed increased levels of anxiety in the elevated plus maze. Thus, the effect of gold nanoparticles on the emotional state of mice exposed to nanoparticles during prenatal and early postnatal development was found, but not on their cognitive abilities. The data obtained are important for assessing the toxic effect of nanomaterials on the human reproductive system [37]. A review was also prepared on the effect of metal nanoparticles on the cognitive abilities of animals.
[image: ]
Fig. 67 Gold content in the brain of females and their offspring [37].
Work has begun to study the effect of gold, silver and copper nanoparticles on the growth and biochemical composition of medicinal plants.
Radioecology
In 2022, work on radioecology began, in particular, work was carried out to determine the natural radionuclides 40K, 232Th, 238U, 235U and 137Cs in soils selected in 15 recreational areas of Moscow at a depth of 0-5 and 5-20 cm. Study of the distribution of radionuclides depth showed a uniform distribution of natural radionuclides and a decrease in 137Cs activity with increasing depth.

[image: Изображение выглядит как карта
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Fig. 68 Left: sampling points, right: content of natural radionuclides and 137Cs in soils of recreational areas of Moscow [38].
The average values of the specific activity of radium, the hazard indices of external and internal exposure, the gamma index, the annual effective dose and the excess lifetime carcinogenic risk did not exceed the recommended values, and the average value of the absorbed dose rate of gamma radiation exceeded the value established by the UN Scientific Committee on the Effects of Atomic Radiation . In this regard, it is recommended to monitor the content of radionuclides in the soils of Moscow on an ongoing basis.
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43. Фронтасьева М.В. (1) «Нейтронный активационный анализ на реакторе ИБР-2 ЛНФ ОИЯИ»; (2) «О Программе ООН по воздуху Европы и исследованиях по биомониторингу атмосферных выпадения тяжелых металлов с помощью мхов в Арктике», (3) «Об Учебно-научном центре ОИЯИ». 14-я научно-образовательная экспедиция «Арктический плавучий университет–2022: меняющаяся Арктика». http://www.arcticandnorth.ru/news.php?ELEMENT_ID=369916
44. http://www.jinr.ru/posts/uchenye-lnf-oiyai-issleduyut-mhi-i-snega-krajnego-severa-rossii/ Устный доклад 
45. Фронтасьева М.В. «Нейтронный активационный анализ в решении задач охраны окружающей среды и здоровья человека». Семинар в Северо-Западном государственном медицинском университете в Санкт-Петербурге 12 октября 2022 г. https://szgmu.ru/rus/m/6382/; http://www.jinr.ru/posts/arkticheskaya-ekspeditsiya-dala-start-novomu-sotrudnichestvu/ Устный доклад
46. Фронтасьева М.В. «Нейтронный активационный анализ на реакторе ИБР-2 ЛНФ ОИЯИ в решении задач охраны окружающей». Семинар в Саратовском государственном университете им. Н.Г. Чернышевского, Саратов, РФ, 21 ноября 2022 г. Устный доклад

Scientific and educational work

Thesis defense.
1. Turlybekuly Kylyshbek, Engineer, SIFSN OYaF, FLNP. Ph.D. dissertation defense at the Eurasian National University named after L.N. Gumilyov on the topic "Investigation of the interaction of cold and very cold neutrons with nanodiamond particles" (supervisor - Deputy Director of the Laboratory for Research Lychagin E.V.).
2. D.N. Grozdanov, "Development and use of the method of tagged neutrons with an energy of 14 MeV, to study nuclear reactions and determine the elemental structure of substances containing carbon, oxygen or chromium." Dissertation for the degree of Ph.D.
3. Zinkovskaya Inga, head of the NAA sector. Defense of the thesis for the title of Doctor of Chemistry on "Influence of some elements determined by the method of neutron activation analysis on the quality of the environment" at the Moldovan State University (council DH 145.01-22-4).
Master thesis.

Erbolot Askar, "Position-sensitive detector of fast neutrons", University "Dubna"
PhD students:
	Teimurov E., Yushin N.S.,

Students:
Efimova A., Osipenko K. Shibanova A., Popov A.,
Practice / internships
1. Polyakova Oksana Yurievna (State Institution "Institute of Physical Organic Chemistry and Coal Chemistry named after L.M. Litvinenko", Donetsk).
2. Aleksandr Vitalievich Maletsky (Donetsk Physical-Technical Institute named after A.A. Galkin, Donetsk).

Media contacts 
TV:
1. ТК "Культура" с участием СНААПИ 6 сентября 2022 для программы "Черные дыры. Белые  пятна", сервис smotrim.ru: https://smotrim.ru/brand/20863?utm_source=internal&utm_medium=serp&utm_campaign=serp 
2. Участники Арктического плавучего университета вернулись из экспедиции https://otr-online.ru/news/uchastniki-arkticheskogo-plavuchego-universiteta-vernulis-iz-ekspedicii-201158.html

Radio:
1. Прямой эфир радиостанции Маяк, программа «Физики и лирики», «Исследования. Что объединяет физиков и искусствоведов», 24 октября 2022 года: https://smotrim.ru/video/2518644
Internet media:
1. Сайт ОИЯИ (терракота): http://www.jinr.ru/posts/v-oiyai-izuchayut-unikalnyj-artefakt-najdennyj-v-kerchenskom-prolive/
2. Наука – ТАСС (фрески): https://nauka.tass.ru/nauka/13476691
3. Сайт ОИЯИ (фрески): http://www.jinr.ru/posts/rabota-uchenyh-oiyai-poluchila-vysokuyu-otsenku-iskusstvovedov/
4. Подмосковье сегодня https://mosregtoday.ru/science/issledovaniya-oblastnyh-uchenyh-pomogut-pravil-no-restavrirovat-freski-hramov/
5. Ютуб- канал журнала Популярная механика - https://www.youtube.com/watch?v=QUY8RybvecU
6. Телеграм ОИЯИ https://t.me/jinrofficial/276
7. Сайт ОИЯИ http://www.jinr.ru/posts/uchenye-oiyai-issleduyut-freskovuyu-zhivopis-troitse-sergievoj-lavry/
8. Подмосковье сегодня https://mosregtoday.ru/soc/uchenye-dubny-pomogut-restavratoram-uznat-taynu-fresok-v-troice-sergievoy-lavre/
9. Зачем заваривают чай в ядерном реакторе? Тонкости нейтронного анализа https://radiosputnik.ria.ru/20220201/1770451793.html 
10. Нейтронами по мху
https://atomicexpert.com/neutrons_on_moss 
11. Ученые изучают арктический воздух на загрязнение тяжелыми металлами при помощи мхов https://dvina29.ru/uchenye-izuchajut-arkticheskij-vozduh-na-zagrjaznenie-tjazhelymi-metallami-pri-pomoshhi-mhov/ 
12. Север Новой Земли изучат на загрязнение тяжелыми металлами и радионуклидам https://nauka.tass.ru/nauka/15224759  
13. Участники экспедиции «Арктический плавучий университет — 2022: меняющаяся Арктика» провели изучение экосистем северных акваторий  https://ekogradmoscow.ru/novosti/novosti-press-sluzhb/uchastniki-ekspeditsii-arkticheskij-plavuchij-universitet-2022-menyayushchayasya-arktika-proveli-izuchenie-ekosistem-severnykh-akvatorij 
14. Воздух и почвы Новой Земли впервые изучат на загрязнение тяжёлыми металлами https://mashnews.ru/vozdux-i-pochvyi-novoj-zemli-vpervyie-izuchat-na-zagryaznenie-tyazhyolyimi-metallami.html 
15. Байкальские губки – биоиндикаторы загрязнения озера тяжелыми металлами  Информация взята с портала «Научная Россия» https://scientificrussia.ru/articles/bajkalskie-gubki-bioindikatory-zagraznenia-ozera-tazelymi-metallam 
16. Ученые выяснили, что байкальские губки являются биоиндикаторами загрязнения https://rossaprimavera.ru/news/7de5fad0 
17. Экологические исследования ОИЯИ в Монголии призваны улучшить здоровье людей Информация взята с портала «Научная Россия»  https://scientificrussia.ru/articles/ekologiceskie-issledovania-oiai-v-mongolii-prizvany-ulucsit-zdorove-ludeоj 
18. Иридий из космоса и серебро из головы: что только не изучают нейтронным активационным анализом https://strana-rosatom.ru/2022/07/25/vino-iz-moldavii-iridij-iz-kosmosa-chto
19. Дубненские ученые помогут школьникам провести биомониторинг регионов России https://indubnacity.ru/novosti/obrazovanie/dubnenskie-uchenye-pomogut-shkolnikam-provesti-biomonitoring-regionov-rossii5 
20. World Conference on Basic Sciences and Sustainable Development, September 19-22, 2022, Belgrade, Serbia https://mega.nz/file/iJgDiD5b#9uUQoiPjrv7gf7F5lXABZYvznS2DZoBp6Ozy_VGi9hc
21. О Семинаре в Саратовском государственном Университете им. Н.Г. Чернышевского https://www.sgu.ru/news/2022-11-24/arkticheskaya-ekspediciya-dala-start-novomu
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MacTepoB, 00BEKTHBU3UPYIOT IPEACTABICHHS O PASHOBPEMEHHOCTH CTEHOIIUCH
OCHOBHOTrO 06BbEMa Xpama W ero JeCTHHYHOM Gamrnu. KoMmIuiekcHsIl aHamus,
mpuMeHEHHbI coTpynuukamu OMSIM, BeBomuT 3HaHuMsS O (Qpeckax Ha
OPUHIMIINATEHO HOBBI  yYpPOBEHb, IO3BOJIOIIMKE  YBUAETh KapTHHY
IIPOHCXOASIIMX IIPOIIECCOB B KUBONUCY HAUO0IEE IOIHOLECHHO.

IIpoBeneHHbIe HCCIENOBAHUA — 3TO IEPBBIC MIATH [UIS PELUEHUs
TPaHIMO3HOM  3aja4d [0 CO3LAaHMIO 06asbl JaHHBIX ~ MATEPHAIOB,
HCIIOJIB30BABLIMXCS I[PH  CTPOUTENBCTBE UM  POCIHCH JIPEBHEPYCCKHX
APXUTEKTYPHO-XYI0XKECTBEHHBIX ancambueil. Hamruue Tako# 6assl 103BOIKUT B
GymymeM HOAKIIOUMTE METOIBI MAaTEMAaTHYECKOH CTATHUCTHUKH UL POILICHHS
3384 B 00JIaCTH UCKYCCTBOBEACHHS, HalpuMmep, [ YTOUHEHHs aTpuOylun
MaMsSTHHKA B HEOJTHO3HAYHBIX CIydasX.
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JIa6opaTopuu HeiirporHo# dusuku Bamrero MHCTUTYTA.

C riyGOKAM yBaXXEHHEM U 6J1ar0/[apHOCTHIO,

H.B. Cumogckas,
Jupexrop I'MM, T0KTOp UCKYCCTBOBEACHNA
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P-UETHEIE VINIOBBIE KOPPEJALIMR 1407

B cBoto owepens, s-BomHoBas aMmInTyfa S mMeeT CTaHZAPTHYIO HEpre-
THYECKYI0 3aBHCHMOCTD:

S = S (Eq) (EIE)™". (11s)

Buipasienns (10) merko agantmpyiortest K atoMmy caydaio. Ilomesnee,
onHaro, obparmthes k paGore [27], Taxske BumOTHeHHOH B j-mpencTaB-
JICHAH ¥ IOCBAIIEHHOH NMONSAPH3ANMOHHEIM KOPPEIANUAM B OKPECTHOCTH
p-pesonanca. [las paccMOTPEHHOr0 KOHKPETHOTO IIPHMEpa B Heil BEIBejie-
HH cruenyomue (opMyIsi:

0 (kykn) = Ay +4; (kykn) + B10 [kykn] + A, [(kkn)* —1/3];  (12)

Ay = |ug P4 up 1% (12a)
4, = (=224 2Zy) Re (u,u); (126)
B, = (22+ ﬁ ¥) Tm (u,f); (128)
4= —3 (% 10) lupl®, (12r)

Toe Ug — aMIUIATYA S-BOJHOBOTO 3axBara; Up — p-BOJHOBasg aMILIH-
Ty/la, TOBTOPAIOIIAsA C TOYHOCTBIO 0 MOCTOAHHOTO MHOMRUTENA BrIpae-
mme (116); & = 1/, u y = y5, — vBenenHEe B pasy. 1 OTHOCHTeNbHEE
AMIUINTY[H HeHTPOHHKX MUPHH To KaHaxaMm j = 1/2 u j = 3/2 coor-
BETCTBEHHO.

Butso, wro dopmyas: (10) u (12) pasmuwaores smaxom mepey ammin-
TyRoii Pgyjy. T 0OBACHACTCA 0ODATHHIM TOPAIKOM CIOMKEHHS MOMEH-
ToB j u I: memompsosamme yraosoit dymxumm | I, (I + i)j; Jy [27)
smecto | (I +@)j, I3 J) mpn I =1/2, J = 1 wmenser (us-3a cBoiicts
cummerpuu koadpunmenton  Kie6ma — lopnama) smak B CoCTOSHHAX
cj=23/2 80 me ¢ j = 1/2.

Coxpamsas s ompenieennoctn dasosre cooTHomenms ms [27], Ho
UCHOJB3YST BBEJICHHKIe HAMH O00O03HAUCHMA A AMIVIATYA, MOMydaeMm
BHpaKeHns 1A P-uetHrX odexToB B Bume, ymoGHOM LIS CpaBHEHHA
¢ 9KCmepmMenToM. IPdexT Jiepo-mpasoit acmmmerpmu maa 6 = 90°
ONHCHIBACTCHA COOTHONIEHHEM

- 0y — _ 02, O)—0(/2, 1) by
7 00) = B, o w2, 0o (72, T = s 3
Apdexr acummerpun BIEpe/-Ha3ajl HA HENOMAPU30BAHHOM Iy4YKe BHIPa-
FKAETCA  CIAeyIomuM 06pasoM:

p-n(g) = IO —0@—0) a3 00
EO) = SO Tow—0 ~ aTaP; e (14)

Muora uamepsiior Takxe YIIOBYIO AHRHB0TPOMIIO P-KOMIIOHEHTHI CeYeHH,
OIpEJIeNIeHHYI0 BHIPaZKeHIeM

e (0) = 20 (90°) _ ayp —as/2
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P-ETHBIE VITIOBBIE KOPPEJALMH 1413

M HasajJl OTHOCHTEJIbHO HANPABJIEHHA HeNOJAPU30BAHHBIX HeﬁTpO}lOB
¥ p-aHW30TPONHMH p-BONHOBOK YacTH CeYeHHA ep. Ilpn u3MepeHun el m
JIeTEKTOp pAacIojiaraercs B IUIOCKOCTH, NEPHeHAUKYIAPHOH BEKTOPY
HOJNAPH3ANEA HeATPOHOB, CleBa IO OTHONIEHWIO K HeMy M K HampaBie-
mmo nyuka, mox yraom 90° k mocaemmemy. Uepes omHAKOBEe BpemeH-
HBle HMHTepBaJbl HalpasjeHHe TOJApH3aNMKA MEHAeTCA Ha oGpanme.
Torga &' B p-pesoHaHCe ONDEeNAETCH CIAeLYIOmUM o06pasoM:

ennt () = [N* (E) — N"E)/IN* (E) + N~ (E)lfy.

3pecs N+ (E) — orcueTHl JIeTEKTOpPa, COOTBETCTBYIONWE ABYM HAUpaB-
JeHUAM TOJNAPHBANHMM INyuKa, f, — 3HAUCHHE MOJAPH3ANME. SAMETHM,
9TO CMeHA 3HAKa NOJApPH3alMH SKBHBAJEHTHA liepecTaHOBKe JAeTeKTopa
HampaBo OT Iy4YKa. ACHMMETPHR BIepeJ-Ha3aj B p-pe3oHaHCe H3Me-
psercss Ha HeNoJAPH30BaHHOM HeﬁTpOHﬂOM nyyke H onpene.vme'mﬁ Kak
Pa3HOCTh YHCJA Y-KBAaHTOB, BBIJIETABIIMX W3 MHINEHH mox yraamu 0
u 180° — 6 k myuky:

es-u (0, E) = [V (0, E)— N (180°—8, E)I/[N (8, E) + N (180°—8, E)].
e3(8, E) = 2N (90°, E)/[N (6, E)+N (180°—8, E)].

Axmsorponmsa &j ompefeNsAeTcs KaK OTHONEHHe ILTOMmafeil p-pesonarnca
JVIA eTEKTOpa, yCTAaHOBIEHHOro moX yriaoM 90° K myd4Ky, I IOIyCyMMbL
mIom@aneil 9TOrO ke pesoHaHCa A [eTeKTOPOB, PACHOIO0MKeHHBIX IOJ
yraamu 6 u 180° —6:

Peakropei. Bee okcnepuMenTH IPOBONUWIMCH METONOM BpPeMEHH IIPO-
JleTa Ha MyYKaX MMIYJbCHEX peakropos NBP-30 u UBP-2 JIH® OUAN.
UBP-30 paforan B JABYX pe/KHMaXx — PEAKTOPHOM u  Gycrepmom,
T.e. C pPa3MHOKeHHeM HeﬁTpOEOB OT MHIIEHH JHHEHOro YCROpuTeAa
onexTporoB JIYV3-40. B peakTopHOM pemMe HpH CpeJHeil MOIIHOCTH
20 kBt ¢ gaurenpHocThi0 Benbmmkm 70 MKc u gacroToit 4 I'ny cmeKrpain-
Hafg IUIOTHOCTH HOTOKA }leﬁTpOl[OB B MecCTe pacuoJIOKeHusA 06paau,a
(35 M oT aKTHBHOI 30HK peakTopa) cocraBisaa 3+10% /E%,% 3B~1.cn~2.c7t
(sHepruA — B DJIEKTPOH-BOJIBTAX). B GycTepHOM peskmMe HpH cpefieit
momuocrn 10 BT HelATpOHHBIE HMIYJIBCH JUIMTEIBHOCTBIO 4,5 MKC
caenosanu ¢ wacroroir 100 I'm. Ha peaxrope MBP-2 npu cpemmeii mMom-
Hoctw 2 MBt GhutH BHIIONHeHB! M3MEpPeHHs acHMMeTpuu €°~% Ha '7Sn
B DOMTEIUIOBOH 067acTH dHEepTHiE HeHTPOHOB. JKCHEPHUMEHTH HPOBOIM-
JHCH Ha JIBYX HEﬁTpOHHHX KaHajlax, IMeBIIMX MaKCHMYMbI Heﬁ'rpommx
CIIEKTPOB TIPH pPAa3HHIX DHEPrHAX. HDHMBP BpeMANpOJIETHOTO CHEeKTpa,
XapaKTepHOTO /Ui BaKyyMHpPOBaHHOTO AeBsaToro Kamana MIBP-2, moka-
san Ha pmc. 3. CmeKTp moaydveH Ha IpoierHo# Gase 39 M mpm perm-
crpanun y-nmuEng mukens ¢ E, = 9,0 MaB gerexropoy Nal (T1). Mupn-
Ha KaHala BPeMEHHOro KopgmpoBmuKa 64 Mkc. B cmexrpe mpucytcrsyior
PesoHAHCHBe, ONMTEIVIOBHE W TEINIOBEIe HeATPOHHL. [[IHTEIBHOCTH
umnynsca Momuoct MBP-2 215 mec npu wacrore 5 'y orpaHmuusaer
061aCTh JOCTYHNHEIX 110 pa3peIeHMI0 BHepruii HeHTPOHOB Ha TOH mpo-
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