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1. Conducting test measurements with a neutron generator and a detector system "Romashka" for determining the parameters and design of the shielding
The multidetector system "Romashka" consisting of 24 hexagonal NaI(Tl) crystals was tested using -rays from inelastic scattering of 14-MeV neutrons by carbon, 12C(n,n’)12C. A neutron generator ING-27 was used as a source of tagged neutrons. Neutrons are produced in the reaction d + 3Н  4He(3.5MeV) + n(14.1MeV) in which -particles and neutrons fly apart in almost opposite directions, and therefore, with a knowledge of -particle momentum direction, the neutron momentum direction can be determined with high accuracy. Thus, neutrons can be tagged using a multichannel -detector built into a portable neutron generator, which accelerates deuterons up to energies of 80-100 keV and focuses them on a tritium target. A 64-pixel silicon detector built into ING-27 was used to detect -particles. The measurement of the time interval between the signals from - and -detectors allows one to determine the distance from the point of neutron emission in the d-t reaction to the point of interaction between the tagged neutron and the nucleus of the substance under study (velocity of 14.1-MeV neutron is 5 cm/ns). Thus, it is possible to determine all three coordinates of the point where characteristic -radiation is generated. In the experiment, time and amplitude spectra were measured in coincidence with the signals from the central silicon pixel which corresponds to the neutron cone directed at a graphite target positioned in the center of the detector system "Romashka" (Fig. 1.1).
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	Fig. 1.1 Experiment to study inelastic scattering of 14-MeV tagged neutrons by 12C nuclei: 1 - tagged neutron generator ING-27, 2 - polyethylene, 3 - lead, 4 – gamma-detection system "Romashka", 5 - graphite cube.
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	Fig. 1.2 Amplitude gamma-ray spectra obtained using 4 gamma-detectors from the “Romashka” setup.


The detectors were shielded from exposure to the direct neutron beam from the generator using a combined collimator made of polyethylene and lead. The experiment has shown that the obtained time and amplitude resolution is sufficient for conducting measurements with the tagged neutron method using the combination of ING-27 + "Romashka". The amplitude spectra of -rays from 4 NaI(Tl) sections are presented in Fig. 1.2

2. Design and construction of the shielding for gama-ray and neutron detectors 

The experimental studies and simulation of the most effective shielding were carried out to reduce the direct neutron flux coming from the generator to gamma- or neutron detectors. An experimental stand was constructed which allows measuring the efficiency of detector shielding using different shielding materials with thicknesses varying from 0 to 50 cm. NaI(Tl), BGO, stilbene crystal and BC-501 liquid scintillators were used as detectors. The last two scintillators allow neutron/gamma pulse shape discrimination. Different combinations of lead, iron and borated polyethylene were tested as shieldingmineralogy and geology of the Earth, determination of the elemend for the projected experiments were experimentally found to be: 30 cm (Fe) + 10 cm (BPE) + 10 cm (Pb) and 20 cm (Fe) + 10 cm (BPE) + 20 cm (Pb).

More detailed results are published in the journal Physics of Elementary Particles and Atomic Nuclei, Letters. Figure 2.1 presents the layout of the experiment and one of the graphs showing the degree of attenuation of 14-MeV neutrons from the generator ING-27 by the combined shield consisting of Fe and Pb layers of different thicknesses.
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	Fig. 2.1 Left: Layout of the experiment to optimize shielding against 14-MeV neutrons. Right: neutron (and γ-ray) attenuation factor measured with a hexagonal NaI(Tl) detector as a function of the thickness of Fe and Pb layers.


3. Measurement of the angular distribution of γ-rays with an energy of 4.43 MeV produced in the inelastic scattering of neutrons with an energy of 14.1 MeV by carbon

One of the first experiments planned in the framework of the project «TANGRA» (TAgged Neutrons and Gamma RAys), is the measurement of angular correlations of γ-rays and neutrons produced in the reaction of inelastic scattering of neutrons with an energy of 14.1 MeV by carbon nuclei:
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The result of this experiment will make it possible not only to make a correct comparison with the experimental data obtained earlier in the experiments studying the characteristics of the reaction and significantly differing among themselves, but also to obtain information on the mechanism of inelastic scattering of fast neutrons by carbon nuclei. It should be noted that in the framework of the project «TANGRA» it is planned to carry out a series of experiments for a detailed study of the inelastic scattering of fast neutrons by 12C, 14N, 16O, 27Al, 56Fe, 37Cl, 32P and other nuclei using the tagged neutron method (TNM).

In addition, the interest in the study of these reactions is dictated by the need to address many applied problems basing on the use of TNM and connected with mineralogy and geology of the Earth, determination of the elemental composition of rocks, as well as with the creation of algorithms and devices for detection of hidden dangerous substances (explosives, narcotic and highly toxic substances).

A schematic of the experimental setup is presented in Fig. 3.1a, and its general view is given in Fig. 3.1b.
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	Fig. 3.1a. A schematic of the experimental setup.
	Fig. 3.1b. A general view of the setup. 


As a source of neutrons with an energy of 14.1 MeV, we used a portable neutron generator ING-27 developed and manufactured at the N.L.Dukhov All-Russia Research Institute of Automatics (VNIIA). To form a tagged neutron flux, the generator comprises a built-in silicon double-sided strip detector that consists of 8 mutually perpendicular strips on each side forming an 8х8 matrix of 4х4 mm2 pixels. The total active area of the 64-element α-detector is 32х32 mm2. The alpha-detector is located 62 mm away from the tritium target of the neutron generator and intended to detect α-particles with an energy of 3.5 MeV produced in the reaction 
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Twenty two detectors of γ-rays on the basis of NaI(Tl) crystals shaped as hexahedrons (distance between the crystal faces – 85 mm, the crystal height – 200 mm) were used as detectors of characteristic nuclear γ-radiation with an energy of 4.43 MeV from carbon. The γ-ray detectors were arranged perpendicularly to the horizontal plane in a circle of radius of 370 mm with a carbon target placed in its center. The angle between the axes of two adjacent NaI(Tl) crystals in the horizontal plane was 15º.

In the experiment, for each detector the number of detected events corresponding to the total absorption peaks for gamma-rays with an energy of 4.43 MeV (detected in coincidence with the central pixel of alpha-detector) was determined. Then, the obtained number of events was averaged for each pair of γ-detectors located symmetrically at a specified polar angle relative to the axis of the central tagged neutron beam.
To describe quantitatively the anisotropy of the angular distribution for γ-rays generated in the inelastic scattering reaction, the anisotropy parameter 
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 is used. It is defined as the ratio of the number of events detected by the detector positioned at an angle 
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 to the number of events detected by the detector positioned at an angle of 90º:
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Figure 3.2 shows the anisotropy parameter for γ-rays generated in the course of the reaction of inelastic neutron scattering from carbon as a function of the polar angle obtained from the experimental data processing. The errors in the angle (angular resolution of the detector) were obtained by the Monte Carlo simulations using the Geant4 package. The obtained angular dependence can be described using the above formula with the parameters 
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. The Figure also shows a comparison with the experimental data obtained in other studies and a theoretical curve from the ENDF/B-VII.1 library.
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	Fig. 3.2. Angular dependence obtained from the experimental data in comparison with the evaluated and other experimental data.


4. Determination of the elemental composition of friable ores
The aim of the work is to study the technical possibilities of measuring the composition of friable ores using the technology of neutron activation analysis (NAA). In the framework of this study, the following tasks have been formulated: investigation of the influence of the type of gamma-ray detectors on the accuracy of the elemental composition determination for ore samples using Am-Be/Pu-Be sources; analysis of the impact of the position of neutron sources and detectors relative to the sample on the elemental composition determination accuracy; determination of optimal geometries for the equipment location relative to the sample; design of the logical circuit for processing signals from detectors; preparation of the primary design documentation.

In Table I the rock composition determined by chemical analysis is given.

Table I. Composition of the rock used in the study.

	Results of analyses of ore elemental composition

	Controlled element
	Apatite concentrate,

weight %
	Tailings, weight %



	P2O5
	38,98
	0,9

	Al2O3
	0,99
	20,88

	CaO
	50,58
	4,9

	SiO2
	2,38
	42,16

	Fe2O3
	0,68
	8,02

	K2O
	0,24
	6,02

	H2O
	0,06
	0,15

	TiO2
	0,33
	2,92

	Na2O
	0,5
	10,26


For the study, a PuBe neutron source with the intensity of ~5*106 n/s was used. Figure 4.1 (a,b) shows a schematics of the experimental setup.
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	Fig. 4.1a 3D representation of the experimental setup. 
	Fig. 4.1b Experimental setup for determining the elemental composition of friable ores using an HPGe detector.


At the first stage, gamma-ray spectra of three irradiated ore samples with the content of P2O5 – 38, 98, 0,9% and their mixtures were measured using an HPGe detector. Figure 4.2 shows the corresponding spectra for these samples.
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	Fig. 4.2. Amplitude distributions of the events recorded by an HPGe-detector for ore samples (apatite concentrate, tailings and their mixtures) irradiated by neutrons from a PuBe-source. Background distributions of the recorded events obtained with the PuBe-source in the absence of the irradiated sample.


As one can see in the given spectra, there is a clearly observed difference in the results of the measurements of phosphorus (lines 1266 keV and 2237 keV) and calcium (lines 3732 keV and 3898 keV) contents, corresponding concentrations are at the levels of 38 and 0.9% (phosphorus) and 50 and 4.9% (calcium). This demonstrates the possibility of using the presented technique for determining phosphorus and calcium concentrations with an accuracy that meets the requirements in the industrial extraction of ores of this class.

At the second stage, the measurements of gamma-spectra were made for the specified irradiated samples using a scintillation detector based on a BGO crystal.

A schematic of the experiments using a BGO-detector is given in Fig. 4.3.
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	Fig. 4.3. Experimental setup for determining the elemental composition of friable ores using a BGO-detector.


In Fig. 4.4, the spectra of events recorded by HPGe and BGO detectors are given for comparison.
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	Fig. 4.4. Comparison of the amplitude distribution of events recorded by BGO- and HPGe-detectors.


As one can see in Fig. 4.4, there is no sufficiently clear difference in the results of the measurements of the content of phosphorus (lines 1266 keV and 2237 keV) and calcium (lines 3732 keV and 3898 keV) obtained using the BGO-detector as compared to the HPGe-detector. This is due to an essentially worse energy resolution and higher background for the BGO-detector in comparison with the HPGe-detector.

Nevertheless, BGO-detectors can still be used in measurements of the elemental content of friable ores. For this purpose, at this stage it is necessary to develop and create a highly efficient algorithm for the analysis of experimental data.

It is worth considering the question of using a gamma-ray detector based on LaBr3(LaCr3) crystals.

5. Construction of an experimental stand for the testing of devices of nuclear planetology
Within the framework of the cooperation between the Space Research Institute (Moscow) and JINR, an experimental stand has been created for testing and calibrating nuclear planetary devices. A model of Martian soil (Figure 5.1) made of silicate glass with dimensions of 3.82 x 3.21 m2 and a total weight of about 30 tons was constructed on the stand. The glass was chosen to simulate an absolutely dry soil, similar in composition to the Martian one. The heterogeneous model allows to achieve the greatest possible similarity to the Martian soil by the average elemental composition, by adding layers of the necessary substances to it. The presence of near-surface water ice is simulated by layers of polyethylene at various depths of glass. As a neutron source for testing active devices, a pulsed portable neutron generator is used, based on the use of the nuclear reaction d + 3Н ( 4He(3.5MeV) + n(14.1MeV) to form neutrons with an energy of 14 MeV. The stand is a radiation-hazardous object and is equipped with interlocking and radiation monitoring systems in accordance with current safety regulations.
	[image: image27.emf]

	Fig. 5.1. View of Martian soil model with the neutron generator and detectors


The first series of experiments was carried out on the experimental bench with substances analogues to planetary ones with a chemical composition close to the Martian and lunar soil. As a result, time profiles of neutron flux decay were obtained, for the neutrons leaving the ground after its irradiation by a pulsed neutron generator, which allow to evaluate the depth of the thin layer of water or ice (~ 5cm) in dry soil in the depth range up to 50 cm. These data (Fig. 5.2) can be used for ground-based calibration of already functioning detector DAN (dynamic albedo neutrons) on board of the Mars rover "Curiosity", as well as instruments that are intended to be installed on Russian and foreign space vehicles of the moon and Martian landing missions in 2018-2020.
[image: image28.emf][image: image29.emf]
Fig. 5.2. Measured time profiles of the damping of the thermal (left) and epithermal (right) neutron flux for various configurations of the Martian soil model.
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