PREFACE N .6’

We would like to offer the readers the scientific activity report of the Frank Laboratory of
Neutron Physics for 2016. The first part of the report presents a brief review of the experimental
and theoretical results achieved in the main scientific directions i condensed matter physics,
neutron nuclear physics, applied research and development and creation of elements of neutron
spectrometers for condensed matter investigations. The second part includes the reports on the
operation of the modernized IBR-2 pulsed reactor, the development of the IREN neutron source
and researches carried out on EG-5 facility. A list of publications for 2016, the information
regarding the seminars and conferences organized in FLNP and a statistical view on the FLNP
personnel structure are presented as well.

In 2016 the main achievements of the Laboratory were:
9 successful fulfillment of the user program at the IBR-2 spectrometers;
1 development of spectrometer complex at the IBR-2 reactor;
1 development of IREN facility.

In 2016 the IBR-2 reactor operated for physical experiments for 2477 hours, the IREN facility 265
hours and EG - 620 hours.

FLNP has cooperation agreements in the field of neutron investigations with almost 200
scientific institutes and universities from more than 40 countries from all over the world. A
significant contribution to this cooperation is made by the JINR Member States.

The FLNP staff consists of more than 500 employees in this about 170 less than 35 years
of age. The scientific staff includes 93 Ph.D. and 19 D.Sc. researchers and 90 researchers and
specialists from 16 of the JINR Member States (besides the Russian Federation) and associated
members.

The organization of annual conferences and schools covering all FLNP research fields
helps to recruit young specialists 8 one of the top priority tasks of the FLNP Directorate.

All these facts confirm that the Laboratory continues to develop successfully and
dynamically, carrying out investigations in the interests of the JINR Member States.
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l. CONDENSED MATTER PHYSICS

The main objectives of research in the framework of the theme involved the application of
neutron scattering techniques and complementary methods to investigate the structure, dynamics
and microscopic properties of hanosystems and novel materials, which are of great importance for
the development of nanotechnologies in the fields of electronics, pharmacology, medicine,
chemistry, modern condensed matter physics and interdisciplinary sciences.

In 2016, the greater part of experimental research was carried out on the spectrometers of
the modernized IBR-2 reactor in accordance with the Topical Plan for JINR Research and
International Cooperation and FLNP User Program. A number of scientific experiments were
performed in neutron and synchrotron centers in Russia and abroad under the existing cooperation
agreements and accepted beam time application proposals. Also, the activities on the
modernization of the available spectrometers and the development of new instruments were
carried out in accordance with the development program plan for the IBR-2 spectrometers. Most
attention was given to the realization of the top-priority projects (creation of the final configuration
of a new DN-6 diffractometer for studying microsamples and a multipurpose GRAINS
reflectometer, neutron radiography and tomography facility, upgrade of the HRFD diffractometer
and REFLEX reflectometer).

Within the framework of investigations under the theme the employees of the FLNP
Department of Neutron Investigations of Condensed Matter (NICM) maintained broad cooperation
with many scientific organizations in Russia and abroad. The cooperation, as a rule, was
documented by joint protocols or agreements. In Russia, especially active collaboration was with
the thematically-close organizations, such as RRC KI, PNPI, MSU, IMP UB RAS, IC RAS, INR
RAS and others.

A list of the main scientific topics studied by the employees of the NICM Department includes:

1 Investigation of the structure and properties of novel functional materials;

1 Investigation of the structure and properties of materials under extreme conditions;

| Investigation of fundamental regularities of real-time processes in condensed matter;

1 Investigation of atomic dynamics of materials for nuclear power engineering;

1 Computer simulation of physical and chemical properties of novel crystalline and
nanostructured materials;

1 Investigation of magnetic properties of layered nanostructures;

1 Investigation of structural characteristics of carbon- and silicon-containing nanomaterials;

1 Investigation of molecular dynamics of nanomaterials;

1 Investigation of magnetic colloidal systems in bulk and at interfaces;

1 Structural analysis of polymer nanodispersed materials;

| Investigation of supramolecular structure and functional characteristics of biological materials;

| Investigation of structure and properties of lipid membranes and lipid complexes;

| I nvestigation of texture and physical propert.i
materials;

1 Non-destructive control of internal stresses in industrial products and engineering materials;

| Introscopy of internal structure and processes in industrial products, rocks and natural

heritage objects.
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1. Scientific results
1.1.  Structure investigations of novel oxide, intermetallic and nanostructured materials

Iron oxides play an important role in the formation of magnetic and other physical properties
of the Earth, and find a wide range of technological applications. Recently, a new iron oxide,
Fe4Os, which can presumably exist in the layers of the Earth's upper mantle, has been synthesized
under the combined effect of high pressures and temperatures. A comprehensive study of its
physical properties, as well as atomic and magnetic structure using neutron diffraction techniques
at the IBR-2 reactor, has revealed a new type of the charge-ordering state with the formation of
dimeric and trimeric electronic states in this compound. The phase transition into this state is
accompanied by a sharp increase in the electrical resistance and a subsequent change in the
symmetry of the magnetic order, namely from a collinear antiferromagnetic (AFM) order to a
canting AFM order with a ferromagnetic (FM) component, as well as by a change in the nature of
the modulation of the atomic structure, Fig. 1-I-1 [1].
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Fig. 1-1-1. Crystal structure of Fe,Os (@), neutron diffraction spectra obtained at different temperatures and
treated by the Rietveld method (b), the magnetic structure at T = 150 K (c¢) and T = 10 K (d).

The search for new multiferroics and magnetoelectrics is of current interest in modern
condensed matter physics and materials science. A promising system is BaMn,,Ti,O; whose end
members are a classical ferroelectric BaTiOs; with a high Curie temperature (Tc = 395 K) and
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BaMnO; - a compound exhibiting a giant magnetoelectric effect and having a relatively high
temperature of magnetic ordering (Ty = 230 K). The studies of BaMny,TiO3s over the entire
concentration range 0 < x <1 have revealed a very rich structural polymorphism. An increase in
the titanium concentration was followed by a sequence of phase transitions between different
rhombohedral and hexagonal phases differing by the ratio of oxygen octahedra connected through
the corners and edges, 15R - 8H - 9R - 10H - 12R, Fig. 1-I-2. [2,3]. It has been found that the
formation of a long-range magnetic order is possible only in structures: 9R, 8H, 15R and at
concentrations of Tix<0.25, and the Neel temperature has a very sharp concentration
dependence and drops from 230 to 100 K in the given x-range.

il

9
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g) 10H-BaMnO,,,

Fig. 1-1-2. Structure of polymorphic phases in the system BaMn,,Ti,Os.

Using high-resolution neutron diffraction the structural (from the cubic phase to the
rhombohedral phase) and magnetic (from the paramagnetic phase to the antiferromagnetic phase)
phase transitions in NiO and MnO have been studied, Fig. 1-I-3, [4]. Despite the already long
history of the study of phase transitions in simple antiferromagnets of NiO type by various
experimental methods, the literature data about them are quite contradictory. It has been shown
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that in MnO the structural and magnetic transitions occur simultaneously, their temperatures are
the same within the experimental error: Tgy 8 Trag & (1 1 &. FOF NiD Xhe measurements were
performed on powders with different mean crystallite sizes (~ 1500 nm and ~ 138 nm ), and in both
cases it has been found that the transition temperatures differ by ~50 K: Tg = (471 N3) s,

Tmag = (523 N2) s.
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Fig. 1-1-3. Neutron diffraction spectra of high resolution at T =5 K for MnO (a) and NiO (b) obtained at
HRFD. Dashes indicate the positions of crystal (top row) and magnetic (bottom row) diffraction peaks. Miller
indices (for a large R-lattice) are shown for several magnetic and first crystalline diffraction peaks. The inset
shows the splitting of the peaks (200) and (222) due to the rhombohedral distortion. The dependence of the

angle of rhombohedral distortion (left scale, red points) and magnetic moment (right scale, blue points) on
temperature for MnO (c) and NiO-2 sample with the mean crystallite size of 138 nm (d).

Lay; XSrFe,sMoy505 (0, O x. O 1) perovskites allow exceptionally wide variation of the Mo
charge state from +3 (x= 0) to +6 (x= 1) while the charge state of Fe* remains virtually
unchanged. The end members of this series show antiferromagnetic ordering in LaFe,3;Mo4,303 at
Tn =520 K and ferrimagnetic ordering in SrFe,;3Mo01303 at Tc = 420 K. In both cases, the magnetic
structure is dictated by antiferromagnetic superexchange between localized magnetic moments. At
intermediate compositions, an interplay of antiferromagnetic-superexchange and double-exchange
interactions results in nonmonotonous variations of both the magnetic-ordering temperature and
saturation magnetization. To determine the magnetic phase diagram (Fig. 1-1-4) and the cation
charge states, neutron diffraction spectra were measured, and XANES data and data on magnetic

2016
Annual Report




-

L

D

susceptibility and magnetization were obtained. Also, the magnetic moment per formula unit was
determined (Fig. 1-1-4). On the basis of all experimental data, a detailed analysis of the emerging
interactions was carried out [5].
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Fig. 1-1-4. Neutron diffraction spectrum from Lag 5SrosFe,3Mo04,303 treated by the Rietveld method (a).
Experimental points, calculated function and difference curve are shown. Dashes show the calculated
positions of the nuclear (top row) and magnetic (bottom row) diffraction peaks. The magnetic phase diagram
(top) and the magnetic moment value measured at 2 K in a field of 9 T for the La,,SrFe,3M04,30; series (b).
Vertical lines separate the regions with different charge states of molybdenum.

Neutron diffraction studies of the Feg73sAloss compound were carried out in a wide

temperature range (20-900 C) to determine its structural states and atomic ordering mechanism
[6], Fig. 1-I-5.
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Fig. 1-1-5. 2D representation of structural transitions in Fe-27Al under heating (a) and cooling (b). The initial
(before heating) and final (after cooling) conditions - DO3; phase characterized by the presence of peaks
(111) and (200). In the B2 phase the peak (111) is absent, while the peak (200) remains. In the A2 phase
both of these peaksar e absent. The rates of
one spectrum - 1 min, i.e. each picture contains about 400 spectra.
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The combination of high-resolution diffraction and real-time diffraction made it possible to establish

that, in contrast to traditional approaches, the structure of this compound at room temperature is a

phase with only partially ordered arrangement (B2) of Fe and Al in a unit cell. A completely ordered

phase (FesAl - DOs; type) is present as clusters of mesoscopic size (~200; ) coherent
incorporated into the matrix of the main phase. After the transition to a disordered state
(T>740 &) and slow cooling to room temperature, the dimensions of the structurally ordered

clusters increased to ~ 900 j

A high contrast between the coherent neutron scattering lengths of iron and aluminum made it
possible to determine with a good accuracy the temperature dependence of the occupancy factors
of sites by Fe and Al atoms up to a phase transition to the disordered state. The obtained results
call for further analysis of the equilibrium phase diagram for the Fe-Al system.

1.2. Investigations of magnetic fluids and nanoparticles

A number of experiments on small-angle neutron scattering (SANS) and neutron
reflectometry with a horizontal sample plane for the interface of magnetic fluids with silicon
(GRAINS) have been carried out in the framework of investigations of the structure and stability of
magnetic nanoparticles in bulk and at interfaces, Fig. 1-1-6 [7]. It has been found that in the bulk of
aqueous ferrofluids stabilized by sodium oleate there are comparatively small (size ~ 30 nm) and
compact aggregates of magnetic particles. When magnetic fluids are modified by biocompatible
polymer polyethylene glycol (PEG), cluster reorganization in the bulk of magnetic fluids is
observed, namely large and branched clusters (size > 130 nm, fractal dimension of 2.7) appear.
The observed in-bulk reorganization of the magnetic fluids is correlated with the neutron
reflectometry data, which is indicative of the formation of a single adsorption layer of magnetic
particles on the surface of oxidized silicon in the initial magnetic fluid and the absence of any layer
at the ferrofluid/silicon interface after the polymer modification. The study has been performed in
collaboration with the Institute of Experimental Physics, Slovak Academy of Sciences (Kosice,
Slovakia); the Faculty of Physics of the Taras Shevchenko Kyiv National University (Kiev, Ukraine);
the National Institute of Physics and Nuclear Engineering (Bucharest, Romania); Timisoara Branch
of the Romanian Academy of Sciences (Timisoara, Romania) and the Max-Planck Institute for
Solid State Physics (Stuttgart, Germany).
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Fig. 1-1-6. (a) Experimental reflectivity curves for heavy water and magnetic fluids; (b) resulting scattering
length density profiles.

In order to improve the synthesis procedure for biocompatible magnetic fluids, SANS
(YuMO) and SAXS experiments have been carried out for magnetic fluids prepared using three
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different methods (Fig. 1-1-7). An important feature of the ferrofluids under study was the addition
of a specific component (polysaccharide agarose) to the water-based carrier, which complemented
the stabilization effect and also provided biocompatibility of the initial fluids. It has been
demonstrated that all investigated magnetic fluids have a complicated and highly aggregated
structure, but nevertheless are stable in time. The structures of the magnetic fluids obtained by two
methods of synthesis are similar to each other and different from that synthesized using the third
method. In the last case two power-law type scattering levels corresponding to mass and surface
fractals were observed along with an increase in the characteristic size of magnetic particles. The
study [8] has been performed in collaboration with the V.l.Vernadsky Institute of General and
Inorganic Chemistry (Kiev, Ukraine) and the Department of Physics of the Taras Shevchenko Kyiv
National University (Kiev, Ukraine).
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Fig. 1-1-7. SANS curves for magnetic fluids with agarose synthesized by three different methods. The
concentration of magnetite is ~8.8. %, agarose - 0.1 vol. %.

As a part of a comprehensive study of the interaction of magnetic nanoparticles with
amyloid protein formations, the experiments on small-angle scattering of synchrotron radiation,
transmission electron microscopy, atomic force microscopy and magneto-optical methods have
been carried out for the mixtures of fibril amyloid aggregates of protein lysozyme (egg white) with
magnetite nanoparticles in the concentration range of 0.01-0.1 vol. % [9, 10]. The analysis of the
complementary data has revealed that the magnetic nanoparticles are adsorbed onto the surface
of amyloids, and the adsorption mode depends on the concentration ratio between the magnetic
particles and the protein in solution. Thus, with increasing concentration of magnetic nanoparticles
in solution there appear particle aggregates repeating a cylindrical shape of the amyloids. The
observed effect has been considered in connection with the formation of an amyloid liquid crystal
phase under an external magnetic field which can be used in practice. The study has been
performed in collaboration with the Institute of Experimental Physics, Slovak Academy of Sciences
(Kosice, Slovakia), Department of Physics, Taras Shevchenko National University of Kyiv (Kiev,
Ukraine) and Helmholtz Centre Geesthacht (Geesthacht, Germany).

In the framework of the investigation of factors affecting the stability of magnetic fluids,
studies of the effect of the surfactant excess on the stability of ferrofluids have been continued [11].
In particular, using SANS the structure of magnetic fluids based on non-polar solvent decalin and
stabilized by saturated monocarboxylic acids of different alkyl chain lengths (C16, palmitic acid,;
C12, lauric acid), with an excess of acid molecules has been studied. It has been shown that the
addition of the acid to the initial stable system with an optimum composition results in structural
changes associated with the more significant aggregation than that previously observed for this
class of magnetic fluids. By comparing the impact of mono-carboxylic acids on the stability of non-
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polar ferrofluids, one can conclude that the aggregation growth is substantially more evident in
excess of palmitic acid. This confirms the findings of the previous studies that an increase in the
length of saturated acids reduces their stabilization efficiency in respect to magnetic fluids. The
study has been carried out in collaboration with the Department of Physics, Taras Shevchenko
National University of Kyiv (Kiev, Ukraine) and the Wigner Research Centre of the Hungarian
Academy of Sciences (Budapest, Hungary).

1.3. Investigations of carbon nanomaterials

The biophysical research of fullerene solutions, in particular aqueous solutions of C60 and
C70, has been continued. They included the analysis of the cluster structure when placing
fullerenes in physiological environment and the study of the interaction of C60 fullerene with
antitumor antibiotics, Fig. 1-1-8 [12, 13]. Using SANS and tests on mutagenic activity of
Doxorubicin and C60 admixture with Doxorubicin on Salmonella Typhimurium TA98 cells it has
been shown that fullerene C60 can act as an interceptor of the antitumor antibiotic Doxorubicin and
form hetero-complexes with this drug.

NaCl crystals AT

allocation of Cis
and Cg fullerene

lLem’

() (b)

Fig. 1-1-8. SEM data for C60/Cisplatin solution (a). SANS for aqueous C60 solution (blue triangles) and
mixture of C60 with Landomycin A (red circles). The green line corresponds to the model curve obtained
from the inverse Fourier transform. Insert: estimated structure of C60 + Landomycin A complex (b).

The research on the interaction of C60 with Doxorubicin, including SANS, scanning electron
(SEM) and atomic force (AFM) microscopy, calorimetry, dynamic light scattering (DLS) and UV-Vis
spectroscopy, has been extended to include other aromatic drugs with a similar to Doxorubicin
spatial structure such as Landomycin and Cisplatin. New effects of the biological interaction of
fullerene C60 in combination with various anticancer drugs have been discovered and described.
The work was carried out in collaboration with the Departments of Biology and Physics, Taras
Shevchenko National University of Kyiv (Kiev, Ukraine).

The investigations related to the structural characterization of aqueous dispersions of
detonation nanodiamonds (DND) have been continued [14]. In particular, the structures of DND
hydrogels with a positive g-potential have been studied. The results of the SANS contrast variation
have been compared with the data of the previous similar experiments for DND suspensions with a
negative e-potential. No principal differences from a structural viewpoint between ¢+ and &-
stabilizations of aqueous DND suspensions have been found. The identity of the structure on the
size scale up to 100 nm has been proved with respect to the developed clusters characterized by
similar values of fractal dimensions, as well as to the DND patrticles characterized by polydispersity
(above 30%) and diffuse surface. This demonstrates the existence of a common mechanism for
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DND cluster formation and growth in suspensions, regardless of the method of stabilization. It has
been assumed that nanosystems are stabilized by the formation of a charged interface around the
whole clusters rather than around individual particles in them. The study has been carried out in
collaboration with the loffe Physical-Technical Institute RAS (Saint-Petersburg, Russia) and the
Department of Physics, Taras Shevchenko National University of Kyiv (Kiev, Ukraine).

1.4. Investigation of layered nanostructures

In the framework of the studies on improving the performance of lithium batteries, a series
of experiments on neutron reflectometry (GRAINS reflectometer) to study electrochemical
interfaces of liquid electrolyte/solid electrode have been carried out (Fig. 1-1-9). From the specular
reflectivity analysis, the formation of a solid-electrolyte interphase (SEI) on the surface of the
electrode (Cu) has been concluded, as well as the lithium electrodeposition and growth of parasitic
dendritic structures during the operation of an electrochemical cell have been tracked.
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Fig. 1-1-9. (a) Experimental neutron specular reflectivity curves (points) for a copper electrode at the interface
with the electrolyte at different current and voltage supply modes. (b) Resulting scattering length density
profiles for different modes presented in (a) with indicated characteristic thicknesses of deposited lithium.

The obtained profiles of the scattering length density perpendicular to the electrode surface have
made it possible to analyze different modes of SEI formation, as well as the formation and growth
of nanometer lithium layers of different roughness on the initially formed SEI. It has been shown
that neutron reflectometry can be effectively used for in situ characterization of lithium plating on
metal electrodes [15]. The study has been performed in collaboration with the Department of
Chemistry, Moscow State University (Moscow, Russia).

In layered structures S1/FM/S2 consisting of ferromagnetic and superconducting layers, the
effect of superconductivity on ferromagnetism has been studied by using reflectivity and scattering
of polarized neutrons. It has been shown experimentally that at low temperatures magnetic
structures with linear dimensions in the range from 5 nm to 30 nm are formed. At temperatures
below the superconducting transition, the magnetization of the magnetic structures in the vanadium
and niobium layers is suppressed by superconductivity. Figure 1-1-10 demonstrates for different
structures that the neutron scattering diminishes as the temperature decreases from 8 to 1.5 K.

Also, Fig. 1-1-10 shows how the structure of the cluster system at 8K is transformed into the
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Fig. 1-1-10. Dependence of the neutron scattering coefficient S(T) for the structure

V(150nm)/(FM(7%)+V(50%)+Nb(43%)(25 nm))/Nb(150 nm) at H = 17 Oe and 9.5 kOe (a). The dependence
of the neutron scattering coefficient S(T) for the structure
V(150nm)/(FM(7%)+V(43%)+Nb(43%)+Cr(7%))(25 nm)/Nb(150 nm) at H = 17 Oe (b). The contours of the
neutron scattering intensity on the plane of transfer wave vectors Qy-Qx at H =25 Oe and T = 10.04 s (c)
and 1.35 K (d). The structure of the cluster system at 8 s (1) and 1.5 s (2) (e).

Using the in situ reflectometry of polarized neutrons the magnetic state of a
superconducting-ferromagnetic layered structure Ta/V/FM/Nb/Si has been studied. The relaxation
of a non-uniform magnetic state of the structure with a characteristic time of a few hours was
observed at temperatures both above and below the superconducting transition points in the
structure layers. The character of the time dependence of the neutron scattering depends on the
magnitude of the magnetic field H, temperature and neutron polarization. Figure 1-1-11 shows the
time dependence for the coefficient of neutron scattering. The dependence on polarization due to
the scattering from magnetic clusters can be seen. The moments of the clusters are reoriented
from the initial direction along the field to the direction against the field. There is also a scattering
contribution which is independent of polarization and caused by the formation of a domain
structure with time.
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Fig. 1-1-11. Dependence S(t) in magnetic field of 1 kOe at temperature of 2s for/ =6 a nod +1P-1 and
0 (a). Time dependences for coefficients of transmission T, reflection R and scattering S (b). Dependence
S(t)atus =3 s: Pp=+1 at| -values: 17 Oe (1), 1 kOe (2), 2 kOe (3), 4 kOe (4), 6 kOe (6), 7 kOe (7) and
8 kOe (8); Po=-1and1 =4 kOe (5) (c).

At a large field of 4 kOe (curves 4 and 5, Fig. 1-1-11(c)), in early stages there is a depinning
of superconducting vortices in the mixed state of superconducting layers of vanadium and niobium,
which is changed to the motion of cluster moments.

Thus, apparently it was for the first time when neutron reflectometry (coherent propagation -
reflection and transmission, as well as GISANS) was used to study the relaxation of the magnetic
state and observe relaxation in a hybrid structure consisting of ferromagnetic and superconducting
layers. In this case, the characteristic time of the change in the magnetic state of the systems of
clusters, domains and vortices was a few hours with a several percent accuracy in the time
dependence measurement. The measurement of the time dependences for the coefficients of
scattering, reflection and transmission occurring under changes in the average and local potentials
of the interaction of neutrons with the medium, was an effective method for identifying types of
magnetic systems in the layered structures. In principle, a potential increase in the intensity of the
neutron beam at the REMUR spectrometer used in the present study could allow one to achieve
time resolution of a few minutes in studies of irreversible processes.

1.5. Investigation of biological nanosystems, lipid membranes and lipid complexes

It is well known that fermentative systems of oxidative phosphorylation in mitochondria can
operate in two states - in a state of supercomplex and in a dissociated state. The comprehensive
studies have shown that heart mitochondria operate in the state of supercomplex in a wide range
of tonicities of incubation media. This result has been obtained by the polarographic method using
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the double inhibitor technique by Baum. The investigation of mitochondrial ultrastructure by the
methods of electron microscopy (EM) and small-angle neutron scattering (SANS) under conditions
of normal tonicity (300 mOsm - isotonia) and low-amplitude swelling (120 mOsm - hypotonia) has
proved the existence of two types of mitochondrial ultrastructure. Using EM, it has been found that
the mitochondrial cristae in hypotonic and isotonic conditions have different shape and thickness.
The tomography method has demonstrated a folded configuration of the cristae. The studies of the
ultrastructure of heart mitochondria by methods of EM and inhibition analysis have been carried
out on intact functioning mitochondria in the presence of respiratory substrates. Using the SANS
method it has been shown that in hypotonic and isotonic media highly-organized lipid-protein
lamellar structures are formed in mitochondria. The formation of lipid structures has been
demonstrated by using the contrast variation technique (variation of the fraction of heavy water in a
solution). Also, it has been shown that the thickness of the mitochondrial cristae depends on the
medium tonicity. Thus, the data obtained from the investigation of the functioning and structure of
mitochondria suggest the existence of two states for the system of oxidative phosphorylation,
which forms cristae with different structural parameters [16].

The passive transport of particles through lipid membranes in different lipid phase states
has been investigated by inelastic X-ray scattering. It is known that the passive transport of
molecules through a cell membrane depends on thermal motions of lipids. However, the nature of
transmembrane transport and its precise mechanism are not fully understood. The phonon
excitations in a lipid bilayer of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine above and below the
main phase transition temperature have been measured. In the gel phase, for the first time the
presence of transverse high-frequency modes has been shown. The modes are terminated when
the lipids change into the liquid phase. This termination is apparently due to the formation of short-
lived nanometer lipid clusters and transient pores which facilitate the passive molecular transport
through the lipid bilayer. The obtained data suggest that the phononic motion of the lipid
hydrocarbon tails provides an effective mechanism of passive transport [17].

The investigations (diffraction and small-angle scattering of neutrons and synchrotron
radiation) of lipid membranes and nanoparticles on their basis have been continued in
collaboration with the University of Messina, Italy, and NRC "Kurchatov Institute". The structural
organization of vesicular drug carriers, including a vesicular transport system Phospholipovit, has
been studied (Fig. 1-1-12) [18].

A Charge and Polymer B b .
Stabilised Liposome . PRospRoligovE 5%, T=20°C
’ 100 1 =

Intens ity

@ (0)

Fig. 1-1-12. Schematic representation of vesicular transport systems of various types for drug delivery (a).
Experimental and calculated curves of small-angle neutron scattering (YuMO) for vesicular transport system
Phospholipovit (b).

Particular attention has been given to the processes of interaction and aggregation of vesicles. The
general principles of the organization of vesicular drug carriers have been formulated.
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In the framework of the study of the structure and properties of membranes the experiments
on molecular dynamics simulation (MD) and SANS for Ca2+ and Zn2+ cations with the gel phase
of a model lipid membrane of dipalmitoylphosphatidylcholine (DPPC) have been carried out. As a
result, the formation of oriented multilamellar membranes has been studied. An increase in the
bilayer thickness has been revealed for both considered cations at a molar ratio of divalent metal
ion to lipid (Me2+:DPPC) of ~1:7. The MD simulations have made it possible to reveal a slight
difference in the effect of the cations on the gel-phase of membranes. The study [19] has been
performed in collaboration with the Comenius University (Bratislava, Slovakia), a number of
research laboratories in the USA and LRB JINR.

Comprehensive studies of the phase transitions, morphology and internal structure of an
organogel of 4-heptyloxyphenylolithocholic acid (7OPhOLCA) i a derivative of lithocholic acid
(LCA) have been carried out. The obtaining of stable organogels with specified chemical and
physical properties is a challenging direction regarding the potential applications in optoelectronics,
drug delivery in medicine, regeneration of damaged tissues, etc. The samples of 7OPhOLCA in
DMSO-d6 with various concentrations have been studied by the SANS method, as well as
temperature ranges for the sol-gel transition have been determined, Fig. 1-1-13 [20].

0025

Concentration, g/ml
Concentration, giml

(a) (b)

0,1

0,01

(©) (d)

~ 001 01 1
0,01 0.1 q, A 1 L

Fig. 1-1-13. Sol-gel transition for heating (a) and cooling (b). SANS curves (symbols) with fits (lines) for
70PhOLCA in DMSO-d6 at concentration C = 0,005, 0,010, 0,015, 0,020, and 0.025 g/mlat T = 10 C after a
single heating-cooling cycle (c). Dashed vertical lines divide the ranges of small and large g-values; g; and
g» correspond to the maximum intensity of Bragg peaks. Optical microscopy images were obtained for
samples stabilized for 12 hours in quartz cells at T = 10 C. Insert: change in the correlation length, L, and the
exponent, m, as a function of concentration of 7OPhOLCA. Changes in the SANS curves with increasing
temperature for 7OPhOLCA in DMSO-d6 at C = 0.015g/ml (d). Insert: SANS curves (circles) at T =20 C
during cooling.
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It has been shown that the transition temperature decreases with increasing concentration of
organogel when heated. The reason for the changes in the internal structure around the sol-gel
transition is the destruction of hydrogen bonds, as shown by IR spectroscopy. Furthermore, the
analysis of small-angle scattering curves has revealed morphological changes of the studied
samples in the gel phase, which had not been initially detected by DSC because of low enthalpy
(compared to the phase transitions). In particular, at temperatures above 25 C the lamellar
organization of dimers is destroyed.

At the same time, no reorganization of hydroxyl groups is observed (IR spectroscopy). In the
analysis of the SANS data three models have been proposed. The time stability of organogels has
also been studied. It has been found that all the phases observed are reversible and the structure
of the studied samples exhibits a memory effect.

1.6. Polymeric materials

Small-angle neutron scattering has been used to study the structural peculiarities of
perfluorinated proton conducting polymer samples containing sulfonic groups of Aquivion. A fine
structure of polymeric membranes based on a system of proton conducting channels in a
perfluorinated polymer matrix has been revealed. The way this fine structure changes has been
determined as a function of the equivalent weight of the membrane, and the relation of these
changes with the proton conductivity value has also been established. The contrast variation
technique has made it possible to study the effect of orientational stretching on the fine structure. It
has been found that the stretching is accompanied by an increase in the proton conductivity due to
changes in the fine structure of the channel system. Our investigations confirm that a reduction of
the side chain length affects the fine structure of the perfluorinated proton conducting membranes.
This is accompanied by an improvement in their performance in hydrogen fuel cells [21].

Silver sols synthesized in polymer matrices have been investigated by small-angle X-ray
scattering (SAXS) in combination with ultraviolet-visible (UV-VIS) spectroscopy and quasielastic
light scattering (QELS). The characteristics of the particle size distribution obtained by each of the
methods are in good agreement. It has also been found that there are deviations of the
experimentally measured characteristics from the existing theoretical models. The most likely
reason for this is that the nanopatrticle clusters have a non-spherical shape [22].

The modeling of the glass transition kinetics for polystyrene has been continued. Using
different theoretical methods currently applied to polymer systems, a single measurement of the
temperature dependence for the heat capacity under heating and cooling has been modeled. It has
been shown that for single curves good agreement is achieved, however the resulting model
parameters do not allow one to describe correctly the dependence of the glass transition
temperature on the cooling rate. In the opposite case, if the dependence T4(q) is fitted the
agreement with a single measurement is of poor quality. Thus, it has been clearly shown that the
modeling of glass transition in terms of the general parameters depending on the cooling rate
simultaneously with the transition kinetics is impossible within the framework of the existing models
[23]. The study has been performed in collaboration with the University of Rostock (Rostock,
Germany).

1.7. Atomic and molecular dynamics

Inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase are among the
most effective and widely used drugs for lowering the cholesterol level, known as statins. Statin
monotherapy is generally well tolerated and has minimal side effects. The first HMG-CoA inhibitor
approved by FDA (Food and Drug Administration, USA)- | ovast atin ( MEVACORE; A

2016
Annual Report




o . . . L (] =) -

® e

L

1. SCIENTIFIC RESEARCH L. e @@

ALTOPREVE), below referred to as LOV was Fwal-nly
-14).

In the LOV molecule three main parts can be distinguished i lactone ring (Ict), naphthalene
fragment (nph) and methylbutanoate chain (mbt). The molecules are linked by hydrogen bonds
O@pIO (Fig. 1-1-14). Hydrogen bonds bind lactone rings (methyl group) with methylbutanoate
chains (carbonyl group). The second carbonyl group of lactone rings is unbound.

€Y (b)
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DFPT
r PBE-TS (0K)
=
g e =R ) s s kvl .II |
» . : : TRt 1@
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THz-TDS (298K)
(Nowak et al.)
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Fig.1-1-14. Molecular formula of lovastatin (LOV; (1S,3R,7S,8S,8aR)-8-{2-[(2R,4R)-4-Hydroxy-6-oxooxan-2-
yllethyl}-3,7-dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-1-yl (2S)-2-methylbutanoate) with marked methyl
groups (I-1V) (a). Crystal structure of lovastatin (space group P2,2,2;) optimized using PW - DFT (PBE-TS)
(b). Comparison of theoretically calculated (harmonic approximation DFPT PBE-TS) and experimental
vibrational spectra of lovastatin according to the data of neutron (IINS) and optical terahertz spectroscopy
(data by Nowak et al. Acta Poloniae Pharmaceutica in Drug Research, Vol. 72 No. 5 (2015) pp. 851-866) (c).
The most important vibrational modes of lovastatin contributing to the INS and THz-TDS spectra. The
eigenvectors obtained from the harmonic PBE-TS calculations are shown in the projection of one

molecule(d).
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In collaboration with the Adam Mickiewicz University (Poznan, Poland), atomic and molecular

dynamics of lovastatin has been studied by 'H NMR and inelastic neutron scattering
complemented by theoretical ab-initio calculations using the PW-DFT method. A consistent
molecular dynamics model has been obtained, which can be later used to describe the dynamics
of other alternative drug forms and tendencies to amorphization. It has been found that the
molecular dynamics of lovastatin is determined by the motions of methyl groups and the
conformational disorder in the methylbutanoate fragment. The vibrational dynamics of lovastatin
was analyzed focusing on the energy transfer range with low wave numbers, which was
experimentally studied by neutron (INS) and terahertz (THz-TDS) spectroscopy. The theoretical
calculations made it possible for the first time to describe with a high accuracy the phonon
spectrum of lovastatin in this region (Fig. 1-1-14).
It should be noted that the main contribution to the inelastic neutron scattering spectra is from
vibrations of hydrogen-containing molecular groups, which are the most mobile ones for the
movable mbt fragment contributing to the most intense vibrational mode. At the same time, the
primary contribution to the terahertz spectra is from the most polar molecular groups containing
oxygen and included in the Ict fragment. The corresponding normal vibrational modes are shown in
Fig. 1-1-14. The most intensive spectral features for THz-TDS are due to the modes related to the
vibrations of hydrogen bridges O@D in a range of above 65 cm™, while the modes in a range of
below 65 cm™ are determined by the vibrations of the whole Ict fragment. This set of modes is of a
general nature without intending to be bound to a particular LOV compound and can be used in
further studies of statins.

The experimental and theoretical investigations of the dynamics of a nitrated derivative of
ortho-hydroxy acetophenone have been carried out. To estimate the barriers of the conformational
changes and folding, the potential barriers for the nitro group rotation and hydroxyl group
isomerization were calculated. Two polymorphic forms of this compound were obtained by slow
and rapid evaporation of the polar and nonpolar solutions, respectively. Both polymorphs were
investigated by means of infrared, Raman and neutron spectroscopy (Fig.I-15), nuclear
guadrupole resonance, differential scanning calorimetry, and theoretical calculations using the DFT
method were performed as well. In one of the polymorphs phase transitions were detected.

12000 - g(OH) - 3000
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8000 ~ < 2000
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Fig. 1-1-15. Spectra of inelastic scattering (NERA, IBR-2, JINR) from polymorphic forms of o-hydroxy-
acetophenone (red line) and its mono-deuterated analogue. The left and right Y-scales correspond to the
spectral ranges of 0-250 cm™ and 250-1250 cm .

The position of the nitro group and its influence on the crystal structure were analyzed by X-ray
diffraction. A full spectrum analysis of the vibrational spectra for the interpretation of the two
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conformations was performed. On the basis of the obtained data the nature of the phase transition
has been explained [24].

1.8. Applied research

On FSD, the experiments to study the distribution of residual stresses in welds after using
various welding methods have been continued. The work has been carried out in collaboration with
the Institute of Electronics, BAS (Sofia, Bulgaria) and the Brandenburg University of Technology
(Germany). In 2016, residual stresses were measured in a massive (thickness ~ 20 mm) sample
from structural steel S355J2+N welded with combined multipass welding: 1st pass - metal welding
in shielding gases (MSG-welding), 2nd and 3rd passes - submerged arc welding (SAW-welding),
Fig. 1-I-16.
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Fig.1-1-16. Sample cut from a thick (~ 20 mm) plate welded with multi-pass submerged arc welding
(SAW-welding). "S" is a scan-line in neutron measurements. Arrows indicate the strain tensor components
(X, Y, 2) (a). Full map of distribution of the longitudinal component (sy) in the tensor of residual stresses
calculated by the finite element method (FEM) and the comparison of the experimentally measured sx-
values along the scan-line "S" with the results of numerical modeling by FEM (solid line) (b) . Full map of
distribution of the transverse component (sy) in the tensor of residual stresses calculated by FEM and the
comparison of the experimentally measured sy-values along the scan-line "S" with the results of the
numerical modeling by FEM (solid line) (c).

In neutron experiments with new radial collimators in the middle part of the sample the
residual stress tensor components were measured in a wide X-range across the weld, which were
further used to determine the residual stress values (Fig. 1-I-16). The maximum component is the
longitudinal stress tensor component U, (~ 550 MPa) directed along the weld which is of the
stretching character in the center of the weld. The level of the transverse component of the stress
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tensor U, is significantly lower (~350 MPa), and the level of the normal component {, does not
exceed 180 MPa.

In addition to the experiments on neutron diffraction, numerical calculations by the STAAZ
method have been performed in the framework of the existing cooperation with the research group
of Prof. V. Mikhailov (Brandenburg University of Technology, Germany). The comparison of the
neutron data and FEM calculations has shown good agreement, indicating the reliability of the
developed theoretical model for the multi-pass welding process. This information can serve as a
basis for the development of specific technical recommendations to achieve the desired level and
profile of residual stresses.

On FSD, a series of TRIP-composites with austenitic matrix and different content of

reinforcing ceramic phase of zirconium dioxide ZrO, partially stabilized by magnesium (Mg-PSZ)
have been investigated at various degrees of plastic deformation (uniaxial compressive load),

Fig. 1-1-17.
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Fig. 1-1-17. The change in the diffraction spectra of the TRIP-composites as a function of plastic
deformation (a). The change in the phase mass content in the TRIP composites depending on the degree of
plastic deformation (b).

The study has been done in collaboration with the Freiberg University of Mining and
Technology (Freiberg, Germany). At the load values above 650 MPa, the formation of two phases
in the austenitic matrix was observed: cubic U-martensite and hexagonal Omartensite. The content
of Umartensite reached ~15% for all samples under deformation up to & = 1100 MPa and then
remained almost unchanged until the maximum load values of & = 1580 MPa. In contrast, the U-
martensite phase exhibited a monotonic increase in the load range from 950 to 1580 MPa. In the
ceramic sample of pure zirconium dioxide (100% ZrO,) two phases were observed: cubic (f & 55%)
and tetragonal (f & 45%). The residual deformation of the crystal lattice of the austenitic matrix is of
compressive character and increases up to ~10°2. In this case, the crystal lattice deformation in U-
and Umartensites is more complex and reflects the redistribution of the load between the phases.
Furthermore, under the deformation in the range from 650 to 1580 MPa a noticeable broadening of
the diffraction peaks with increasing plastic deformation was observed, which was caused by the
variation in the contrast factor of dislocations. For the austenitic matrix the dislocation densities
were evaluated from the peak broadening. They reached the values in the range of 1 2 6 2 6*ImT? 0
depending on the content of zirconium dioxide in the composite.
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The texture and microstructure of the pristine and retrogressed samples of eclogite and
surrounding metasediments have been investigated to gain insights into the deformation processes
in the palaeo-subduction channel of the Tauern region (Austria), Fig. 1-1-18 [25]. The texture
features and deformation processes in omphacite and glaucophane have been analyzed. The
presence of a plastic deformation cycle in the metamorphism of eclogite and blueschist facies
associated with the subduction and exhumation of rocks has been established.

Fig. 1-1-18. Pole figures for eclogite rocks obtained with the SKAT diffractometer.

A new approach has been developed for a quantitative comparison of pole figures with the
same crystallographic indexes, but measured for different samples. The approach is based on the
consideration of the measured pole figures as specific implementations of a certain orientation
distribution, i.e., as samples from a general ensemble of orientations. Thus, for the first time in the
texture analysis a statistically valid measure for the quantitative comparison of pole figures has
been introduced. This measure is the probability that the samples belong to the same orientation
distribution and follows the statistics calculated within the Kolmogorov-Smirnov statistical test. The
application of the introduced measure has been demonstrated on numerical examples for materials
with cubic and hexagonal symmetry, as well as for real experimental data (pole figures of wheel
steel). Also, using numerical examples, the peculiarities of the new approach have been
demonstrated in comparison with the traditional calculation of the RP value when comparing pole
figures [26].

The work has been done on the development of the methodology for evaluating the amount
of residual austenite in high strength steels using the neutron diffraction method. The neutron
diffraction spectra were measured on the texture instrument SKAT at FLNP JINR in order to
eliminate the influence of the texture on the results. The measurements of calibration samples with
the known austenite content were made. Using the results from the measurements of these
samples, the calibration lines were obtained and applied to determine the fraction of residual
austenite in the samples of medium-carbon steels (0.3 to 0.4%) with a tensile strength of
1500 MPa and 1700MPa at di fferent annealing temper at ur e
hardening treatment [27].

On the EPSILON diffractometer, in-situ experiments to study the dependence of
deformation on the load on a cylindrical sample of sandstone have been carried out (Fig. 1-1-19). A
load of up to 56.33 MPa was applied during 9 stages to determine the Young's modulus for the
crystallographic planes of quartz (01-11), (10-11), (11-20), (01-12)/(10-12). These results are
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consistent with the Hooke's law [28]. Instead of traditional fitting of diffraction data using the
Rietveld method, an elastomechanical model has been developed to describe the stress-strain
behavior, taking into account the changes in the pore space as a result of compaction of sediments
associated with the change in the shape of quartz grains. This model was used to calculate the
displacement of the diffraction peaks in the Voigt or Reuss approximations and their combinations.
It has been established that the developed model can simulate with a high accuracy the diffraction
data under load using the data measured without load including both the displacement of peaks
and their half-width changes [29].
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Fig. 1-1-19. Neutron diffraction spectra of sandstone measured on the EPSILON diffractometer (a).
Dependence of microstresses on the load at various deformation types (b).

In collaboration with the Institute of archaeology, RAS, the internal organization of a series
of objects of cultural heritage (antique coins, bracelets, crosses, etc.) has been studied at the
facility of neutron radiography and tomography. As an example, Fig. 1-1-20 illustrates the results of
the study of an ancient bracelet, XIV century AD, from a recently discovered treasure in the city of
Tver. A corrosion-coated part of the bracelet was investigated. Neutron tomography revealed the
bracelet decor items made by gold-on-copper plating. The differences in the interaction of neutrons
with gold and copper made it possible to reveal a decorative pattern on the bracelet hidden under
corrosion.

(@) (b)

Fig. 1-1-20. Photo of a fragment of the ancient bracelet from the treasure found in the city of Tver (a) and its
3D image reconstruction from neutron tomography data (b).
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2. Methodological results

A new mirror neutron guide (designed and manufactured by SwissNeutronics, Switzerland)
has been installed on the HRFD diffractometer. New mirror sections have been mounted in the
available vacuum housing with the entrance (behind Fourier chopper) and exit (in front of sample
position) points remaining unchanged (total length of 18.8 m). The neutron guide has been
designed to be plane-parallel in the horizontal plane (window width 15 mm) and have a parabolic
convergence in the vertical plane (heights of the entrance and exit windows are 200 mm and
100 mm, respectively). The Ni/Ti supermirror glass coating has a critical index m =1.75. The
qualitative comparison of the effective scattering spectra from vanadium for the old and new
neutron guides has shown that the overall spectrum shape has changed insignificantly, but a
considerabl e shift t owar dsj shhaosr t ceaFiguirblgedihe (gaint h s
factor for the neutron flux was determined from the ratio of the intensities of the diffraction peaks
from a standard sample of Al,O3 (Fig. 1-1-21). It can be seen that in the wavelength range from 2 to
7 its wvalue varies from 2. the new netron/guideAives everwe r
greater increase in the flux.
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Fig. 1-1-21. Qualitative comparison of effective spectra for old (V-14-10) and new (V-16-10) neutron guides
using scattering from vanadium (a). Gain factor for the flux for the new neutron guide determined by
comparing intensities of diffraction peaks from a standard Al,O3; sample as a function of wavelength (b).
Points measured from spectra of high (HR) and low (LR) resolution, i.e. using correlation analysis and
without it, respectively.

On HRFD, the operation of a new Fourier chopper (Fig. 1-1-22) installed in August of 2016
to replace the old chopper has been started.

Fig. 1-1-22. New Fourier chopper in the working position.
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The Fourier chopper has been mounted on a movable platform to move/remove the chopper
into/from the beam. This option is required in in-situ experiments performed on the HRFD
diffractometer and provides an additional double increase in the flux for the high intensity mode.

A series of in-situ and in-operando neutron diffraction experiments using specially designed
electrochemical cells have been carried out to determine optimal (from the viewpoint of neutron
scattering) auxiliary materials for model current sources. Basic requirements to the materials are
minimum incoherent scattering, minimum neutron absorption, ease of use in the assembly of the
cell, in-store availability. An optimal separator, electrolyte and anode material have been selected
(Fig. 1-1-23). The paper on the results of the work is under preparation. The demand for this work
is testified by an increasing number of applications for experiments at the RTD and HRFD
instruments with the use of the developed electrochemical cells.
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Fig. 1-1-23. Comparison of neutron scattering from electrochemical cells with PVDF Immobilon and usual
polypropylene separators (a). Immobilon (despite partial replacement of hydrogen with fluorine) is worse
than normal separator because of a larger amount of absorbed electrolyte and resulting incoherent
scattering. The evolution of the diffraction spectra obtained with the electrochemical cell with conventional
electrolyte and separator during the first "forming" cycle (b). As a cathode, Li(Ni,Co,Al)O2 was used, as an
anode - lithium-7 isotope. The marked region of diffraction peak 003 from the cathode clearly illustrates the
cathode activation process over the entire electrode volume: intensity of gradually disappearing peak (top
down) is directly proportional to the amount of inactive cathode material. After cell (battery) charging the
entire volume of the cathode material is electrochemically active.

In 2016, special cells for in-operando reflectometry experiments with electrochemical
interfaces and a thermostatic cell with a temperature of up to 150 C were designed and
successfully tested on the GRAINS instrument (Fig. 1-1-24).

(a) (b)
Fig. 1-1-24. Special three-electrode electrochemical cell (a) and thermostatic (up to 150 C) cell (b) for
neutron reflectometry; automatic mobile platform with polarizer (c).

2016
Annual Report




" ® - - L - ® !, '@

1. SCIENTIFIC RESEARCH
..« o @

An automatic mobile platform for the polarizer has been successfully put into operation at the
GRAINS instrument for experiments with polarized neutrons.

Two new wide-aperture radial collimators (by JJ X-Ray, Denmark) have been installed at
the FSD diffractometer, Fig. 1-1-25. To position the collimatiors, special tables that allow one to
adjust the collimators in the scattered beam and to move/remove them into/from the beam if
necessary, have been designed. The new radial collimators cover the entire angle range of °20 in
the scattering plane, thus allowing the use of all available elements of ASTRA detectors, which
makes it possible to significantly increase the luminosity of experiments and perform
measurements with thick samples.

(a) (b)
Fig. 1-1-25. New wide-aperture radial collimators for the FSD Fourier diffractometer, beamline 11A of the

IBR-2 reactor (a). Bulk sample under study on the HUBER goniometer at FSD. Small scattering volume
(gauge volume) within a sample is cut by the radial collimators mounted on special adjusting frames (b).

On FSD, work to improve algorithms on obtaining diffraction spectra from "raw" data has
been continued. In the list mode, a program has been developed to filter detection events and
provide the same method of pulse duration discrimination as that implemented in the electronics of
the ASTRA detectors at FSD. In addition, two new experimental operation modes of the Fourier
chopper at FSD (Dirichlet and Blackman frequency windows) have been introduced, which will
allow one to explore different dynamic aspects in the operation of the Fourier chopper and improve
its control system.

On beamline 13 of IBR-2, the activities on the creation of the FSS Fourier diffractometer have
been continued in collaboration with the SC department (Fig. 1-1-26). In 2016, the components of the
Ost and West detectors were delivered to the beamline. Modules of a Huber goniometer were mounted
and adapted to the table of FSS. A Fourier-chopper was installed on a platform and underwent idle
testing. Crates with the detector and acquisition electronics were put in place. The state of the mirror
coating in a section of the FSS neutron guide was studied with the GRAINS reflectometer, which
revealed a significant damage of the mirror coating and the necessety to replace the sections of the
neutron guide in the immediate future. The calculations of the new geometry for the Ost detector, as
well as the detector assembly and connection were performed. First test measurements with the Ost
detector in the TOF-mode have been carried out and demonstrated the performance capability of all
detector elements and the need for its further adjustment (selection of operating voltage, detection
thresholds, etc.).
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Fig. 1-1-26. Neutron intensity distribution at the exit of the FSS mirror neutron guide measured by PSD
detector (a). Detector Ost (without shielding) after installation and alignment of 12 PMTs with glued oL
glasses. At the sample position, modules of the HUBER goniometer are installed and adapted to the FSS
table (b).

On the REMUR reflectometer, a spectral width of the microbeam emitted from the end of a
flat waveguide has been investigated as a function of the angular divergence of the incident beam,
Fig. 1-1-27 [30].
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Fig. 1-1-27. Scheme of experiment (a). Neutron optical potential of sample depending on z-coordinate
perpendicular to sample layers (b). 2D-dimensional neutron counting map depending on wavelength and
scattering angle at fixed grazing angle of incident beam of 3.69 mrad. Ellipses show the maxima of
transmitted microbeams for resonances of orders n =0, 1, 2 (one, two and three maxima over scattering
angle, respectively) (c). Microbeam wavelength resolution for resonance order n = 0 and its dependence on
angular divergence of incident beam (points - experiment, vertical dashes - experimental errors). Solid line
shows linear fit (d). Integral microbeam intensity around sample horizon depending on neutron wavelength at
different angular divergence of incident beam: 0.60, 0.40, 0.20 and 0.10 mrad. Marked peaks correspond to

resonance ordersn =0, 1, 2, 3 (e).
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It has been shown that the spectral width of the microbeam decreases with diminishing
angular divergence of the incident beam. By extrapolating the linear dependence in the zero
divergence point of the initial beam and subtracting the reactor pulse duration, the spectral width of
the resonance has been experimentally evaluated. The agreement of this value with the theoretical
estimate testifies that the description of the resonance properties of the waveguide system is
correct. The knowledge of the spectral width of the microbeam makes it possible to evaluate the
wavelength resolution limit by probe microscopy. This method uses the Larmor precession of the
spin of neutrons in the microbeam passing through the sample and scanning it with a high spatial
resolution.

The study of the operating modes of the spin-echo small-angle (SESANS) spectrometer
with linearly increasing magnetic fields which is under construction at beamline 9 of IBR-2, has
been continued using Monte Carlo simulations (VITESS software package) with the parameters:
distance between spin rotators in each arm i 60 cm, thickness of spin rotators a = 2 cm, period of
sawtooth pulses T =1 ms, pulse amplitude B =500 Oe, inclination of spin rotators relative to the
instrument axis a =60 . The TOF spectrum had the wavelength range of 1-15i , and the
polarization of the beam before entering the first arm of the setup was directed along the Z-axis
and was 100% in the entire wavelength range. The scattering object was a set of homogeneous
monodisperse spheres. To determine the working intervals in the spectrum D/ meeting the

necessary criteria, the simulation of the polarization as a function of neutron wavelength PZ(/ ) was

carried out in the absence of the sample. The working plateaus with the length D/ covering about
10 time-of-flight channels with 64 ms width are narrow but sufficient for measurements. To
simulate the scattering curves, neutrons with wavelengths from the plateaus were used. Neutrons
from different working intervals form different scattering curves corresponding to different operation
modes of the instrument n (Fig. 1-1-28). The results of the simulation of the SESANS experiment in
the VITESS package fully coincide with the analytical calculations, which confirms the correctness
of the virtual instrument. This result means that the obtaining of data on the object under study in
the considered method is related to the necessity to separately consider different parts of the
scattering curves obtained in one measurement. Further technical development of the technique
based on the possibility of the broadening of the field pulses under a constant time gradient can
reduce the number of modes to two or even one. It is clear that this development will require more

powerful power supplies and perfect cooling systems for the coils of spin rotators.
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Fig. 1-1-28. Time diagram for neutrons of different velocities: one sawtooth field pulse covers neutron time of flight
through all four spin rotators (1); only two spin rotators (2); only one spin rotator (3); only one spin rotator and few
pulses for time of flight between rotators (4); neutron hits a jump in magnetic field as it passes through at least one
spin rotator (a). SESANS signal obtained for scattering from spheres with radius of 100j . Scatteri ng cu
clearly show formation of three different dependences corresponding to different modes of setup operation. Solid

lines i analytical calculations (b).
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On the neutron radiography facility, a new two-mirror optical system of the detector has been
designed to increase its radiation resistance (Fig.1-1-29). It has made it possible to reduce by several
times the rate of radiation damages of the matrix in the CCD detector camera.

Fig. 1-1-29. Scheme of two-mirror optical system of the detector at the neutron radiography and tomography
facility.

On the YuMO instrument, a new unit for thermostating samples has been installed and tested.
It has been shown that the use of the new unit increased the sample temperature range up to 120 C. It
has been found that the temperature gradients are lower than expected. The number of simultaneously
loaded samples has been extended to 25 samples.
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I MULTIMODAL PLATFORM FOR RAMAN AND NONLINEAR OPTICAL
MICROSCOPY AND MICROSPECTROSCOPY FOR CONDENSED MATTER
STUDIES

In 2016, the research activities of the Raman Spectroscopy Sector were focused mainly on
accomplishing the following objectives:

- highly sensitive, contrast, and, most notably, noninvasive imaging of biological samples
using Raman scattering microscopy and nonlinear optics methods (CARS, SHG);

- further increase in the concentration sensitivity limit of sample measurements by the SERS
method at a level no worse than 10™°J :

- acquisition of new data on photo- and upconversion luminescence in glass-ceramics based
on nanosized ZnO crystals doped with rare-earth elements.

In addition, methodological studies aimed at further upgrading and modification of the CARS
microscope were carried out during the period under review.

The Sector was also very active within the JINR Educational Programme in engaging
students, postgraduates, and young scientists from the JINR Member States in its research for
different periods of time.

1. Further modi fied ACARSO microscope

Figure 1-1I-1 shows an optical diagram of the CARS microscope modified in 2016. To allow
complementary imaging of the samples under investigation using not only nonlinear CARS
microscopy but also the second harmonic generation (SHG), the corresponding narrow-band filters
(532 nm Maxline) were added to the optical train, and sample excitation for generation of the
second harmonic in it was performed with the Stokes frequency of a picosecond cw laser.

Polarizer
m P-CARS

lenser| U SONICC
SHG

532 nm MaxLine® | PMT

CARS Tunable Laser

690-990mm
/o |
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\ |
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Fig.1-ll-1.Di agram of the modi fi ed dptlodsRr8idtroduéed.r oscope: t w

In addition, an option was developed and installed, which allows the Raman scattering to be
measured on samples excited at a wavelength of 785 nm, which is very important when working
with samples with high autofluorescence background.
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Using this optical platform, samples can be imaged by utilizing vibrational frequencies in the
spectral r ang e cm'f whichlcovers all3rms® nportant vibrational modes of bio-
molecules. Five detection channels allow two forward- and three backward- propagated signals to
be recorded. The polarization control is adjustable with a half-wave plate in the Stokes beam.

2. Scientific results
2.1. Highly Sensitive Coherent anti-Stokes Raman Scattering Imaging of Protein Crystals

In the reporting period, the work (started in 2015) on highly sensitive and high-speed
visualization of protein crystals using the polarized coherent anti-Stokes Raman scattering (P-
CARS) and the second harmonic generation (SHG) was completed.

It is well known that serial crystallography at last generation X-ray synchrotron sources and
free electron lasers have enabled data collection with micrometer and even sub-micrometer size
crystals resulting in amazing progress in structural biology. However, imaging of small crystals
which although is highly demanded remains a challenge, especially in the case of membrane
protein crystals.

CARS microscopy provides an advanced nondestructive and label-free technique with high
sensitivity and high lateral spatial resolution capable of selective chemical imaging of major types
of macromolecules: proteins, lipids, nucleic acids, etc.

Along with the P-CARS modality, in 2016 we developed a nonlinear imaging technique
based on SONICC (Second Order Nonlinear Imaging of Chiral Crystals) technology for identifying
chiral crystals, which relies on SHG (Second Harmonic Generation) and UV-TPEF (Ultraviolet Two
Photon Excited Fluorescence) techniques. SONICC makes it easy to visualize microcrystals,
including also optically-obscured crystals buried in meso matrix. Nevertheless, the technique fails
when there are salt crystals in the probe and/or protein crystals with high symmetry classes. In the
latter case the crystals will generate poorly detectable SHG signal scattering. In addition, at the
moment there is no sufficiently cheap option of an SHG device for crystal imaging, therefore a
search for new compl ementary approaches t o

important.
The obtained main results are illustrated in Fig. 1-11-2.

\

somce

various modes: (a) panoramic picture of a crystallization probe, (b, c) big crystals, (d) intermediate size crystals, (e
and f) very small crystals.
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Also, we observed that in the case of some crystals (Fig. 1-11-3) the shape and/or size of
the same crystals imaged by CARS and SHG are different. We suggest that it happens when some
parts of the crystals are not well ordered. It is known that an SHG signal is strong only when the
crystal is well ordered. It is of interest because a complementary use of both methods can provide
information about the level of order in crystal packing and help to select crystals preliminarily for X-
ray crystallography. It can be very useful because quite often the crystals may have a perfect
shape but do not diffract at all.

Amazing sensitivity of the P-CARS imaging is further demonstrated by the detection and
imaging of merohedrally twinned bR crystals (Fig. 1-1I-3). Merohedral twinning is one of the most
common crystal-growth defects. There is neither a fast approach to the detection of twinned
crystals nor an efficient method to determine the twinning ratio. Twinned crystals cannot be
optically distinguished. The only reliable method to detect crystal twinning is X-ray crystallography,
which requires time-consuming X-ray data collection. In our work, we studied the potential of
CARS for the detection of such crystals.

SHG P-CARS

10.00 ym 10.00 pm

Fig. 1-11-3. 3D SHG and 3D P-CARS images of a twinned bR crystal.
Box size: 48148124 em. | mages were obtained

Figure 1-1I-3 demonstrates that the twinning of bR can be easily detected even in the case
of small crystals with a micrometer size thickness, whereas an SHG signal with 6-ps excitation
hardly discriminates the morphology of the twinned crystal if it partly consists of low-ordered
segments. In contrast to X-ray crystallography, CARS makes the characterization of their
morphology possible and demonstrates that the crystal consists of two nearly equal domains with a
thickness of about 2.5¢& m.

Thus, CARS, especially P-CARS, can be successfully applied for fast, high-resolution, high-
contrast and very informative imaging of protein crystals. The CARS and SHG images are
composed of 500 I 500 pixels taken by raster scanning the sample. Signal integration time was
3es/ pi xel

The research was performed in close cooperation with Russian, French, and Belarusian
scientists. All the experimental work on Raman imaging of the samples was done using the CARS
microscope.

2.2. Detection of biomolecules by SERS spectroscopy

During the period under review considerable advances have been made in SERS research.
In particular, the concentration sensitivity limit at a level of 10*°M has been obtained for DNA
molecules. It is 2i 3 orders of magnitude better than in 2015.

The research was carried out with SERS-active substrates developed in Belarus on the
basis of porous silicon and silver nanoparticles. Porous silicon was fabricated by electrochemical
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anodic etching of a highly doped n-type silicon wafer. It has been found that silvered porous silicon
is SERS active in relation to herring sperm DNA under the excitation at 473, 633 and 785 nm
(Fig. 1-11-4). Laser powers were 1.45, 0.68, and 0.86 mW, respectively.

1 2 3

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

800 1000 1200 1400 1600 800 1000 1200 1400 1600 800 1000 1200 1400 1600
Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)

Fig.1-1I-4. Raman (a) and SERS (b) spectra of 10-8-M herring sperm DNA collected at excitation wavelengths of
473 (1), 633 (2) and 785 (3) nm.

The peaks observed in the Raman spectra around 730 cm™ (adenine), 787 cm™ (thymine,
cytosine), 1104 cm™ (v(C-O), deoxyribose-phosphate), 1242 cm™ (cytosine, adenine), 1381 cm™
(thymine, guanine, & iz O ¢zddémine), 1490 cm™ (guanine, adenine) and 1581 cm™ (guanine,
adenine) are the characteristic Raman bands of the herring sperm DNA molecules. SERS spectra
were collected in 10 random points of the silvered porous silicon substrate. Remarkably the
silvered PS demonstrates SERS activity for all three lasers.

The following SERS mapping of the substrates allowed us to detect identifiable SERS
spectra of the herring sperm DNA collected under each laser excitation (Fig. 1-11-5A).
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Fig. 1-1I-5. (A) SERS spectra of the 10-8M herring sperm DNA adsorbed on the surface of the silvered PS
collected at excitation wavelengths of 473, 633 and 785 nm. (B) SERS spectra of the 10-8M (a) and 10-10M (b)
herring sperm DNA adsorbed on the surface of the silvered PS. The spectra were collected at an excitation
wavelength of 473 nm.

Finally, the SERS mapping was used to detect the herring sperm DNA at an extremely low
concentration of 10" M. In Fig. 1-1-5B the comparison of two SERS spectra of the DNA
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molecules at different concentrations is presented. The SERS spectra were recorded at an
excitation wavelength of 473 nm since both red and near-IR lasers showed no results for the
lowest concentration.

The results of these studies suggest that the classical spectra of DNA molecules can be
found by the SERS substrate mapping. Moreover, the prospects for the DNA detection by the
SERS spectroscopy with lasers of 473, 633, and 785 nm wavelengths are very encouraging. To
our knowledge, the detection of such a small amount of DNA has not been reported previously.

2.3.  Photo- and upconversion luminescence of transparent glass-ceramics based on ZnO
nanocrystals activated with rare earth elements.

In 2016, new impressive results were obtained in the sphere of photo- and upconversion
luminescence activities. As phosphor we employed transparent zincite (ZnO) glass-ceramics
obtained from the initial glass matrices by secondary heat treatment at 680-860 C. The average
crystal size obtained from the X-ray diffraction data was found to be in the range between 14 and
35 nm (Fig. 1-11-6).
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Fig. 1-11-6. XRD patterns of the initial glass co-doped with 1 mol% Eu,Ozand 1.5 mol% Yb,03 (1), initial glass co-
doped with 1 mol% Eu,0O3 and 1 mol% Yb,0O; (2) and GC doped with 1 mol% Eu,O3 and 1 mol% Yb,0; and heat-
treated at 680 C for 12 h (3) and at 860 C for 2 h (4).

The luminescence properties of the glass and glass-ceramics were studied by measuring
their excitation and emission spectra at 300, 78, and 4.2 K. The results are presented in Fig. 1-lI-
7 (1,2,3). Strong red emission of Eu®" ions dominated by the °Doi 'F, (612 nm) electric dipole
transition was detected. Changes in the luminescence properties of the Eu**-related excitation and
emission bands were observed after heat treatment at 680 C and 860 C. The ZnO nanocrystals
showed both broad luminescence (400-850 nm) and free-exciton emission near 3.3 eV at room
temperature.
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The upconversion luminescence spectrum of the initial glass was obtained under excitation
of a 976-nm laser source. A simplified energy level diagram for Eu®*"/Yb® ions and corresponding
UCL spectrum are demonstrated in Fig. 1-11-8 (a,b), respectively. The CIE color coordinates
corresponding to the UCL of the sample under investigation are estimated to be (x=0.59, y=0.34).
They are located in the orange-reddish region (Fig. 1-11-8 (c)).
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Fig. 1-11-8. Schematic energy level diagram of Eu*/Yb>* ions (a) and UCL spectrum of sample 1 recorded at room
temperature under 976 nm laser excitation (b), CIE diagram of Eu®*, Yb*" co-doped initial glass (c).

Thus, in transparent glass-ceramics from the potassium-zinc-aluminum-silicate system co-
doped with rare-earth ions (europium, ytterbium) and containing ZnO nanocrystals, strong red
(~612 nm) luminescence in the visible region from intracenter transitions on Eu®*" ions and
ultraviolet exciton luminescence (~380 nm) from ZnO crystals have been simultaneously observed
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for the first time. Luminescence from triply charged europium ions has never been studied for this
type of glass-ceramics.

3.0. Guest seminar

On October 16, 2016 a head of FLNP sector of Raman spectroscopy G.M.Arzumanyan
gave a guest seminar at the A.M.Prokhorov General Physics Institute of the Russian Academy of
Sciences (GPI RAS) in Moscow. The aim of his report was to familiarize the participants with a
multimodal optical platform at JINR allowing one to conduct investigations in the field of
spontaneous and stimulated Raman scattering, as well as with the first joint unique results on
coherent surface-enhanced Raman scattering. A monolayer of molecules of 3,3'-dithiobis (6-
nitrobenzoic acid, DTNB) adsorbed onto the surface of a dielectric metamaterial with gold
nanoparticles immobilized on a nanostructured faceted surface of cerium dioxide film was used as
a model sample. The Raman shift at 1344 cm™* which is characteristic of the sample was used for
surface-enhanced coherent mapping of the signal intensity with high contrast and high spatial
resolution. The unique technique of registration of such signals has been developed at JINR
(Dubna) in close cooperation with GPI RAS, ITAE RAS, MSU and IBCP RAS.

In the final discussion it was noted that the optical platform based on the "CARS" microscope
at JINR can be considered as one of the best instruments in Russia for high-contrast and high-
sensitive research in the field of Raman spectroscopy and microscopy.
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M. NEUTRON NUCLEAR PHYSICS

In 2016, in FLNP the scientific activity in the field of neutron nuclear physics was carried out
in the following traditional directions: investigations of time and space parity violation processes in
neutron-nuclear interactions; studies of the fission process; experimental and theoretical
investigations of fundamental properties of the neutron; gamma-spectroscopy of neutron-nuclear
interactions; atomic nuclear structure, obtaining of new data for reactor applications and nuclear
astrophysics; experiments with ultracold neutrons, applied research using NAA. The scientific
program to study the inelastic scattering of fast neutrons made into a separate project "TANGRA"
was successfully implemented. A number of investigations in the field of fundamental physics and
ultracold neutron physics were performed on the neutron beams of nuclear research centers in
Germany, China, USA, France, Switzerland.

1. Experimental and methodological investigations

1.1. Investigation of the mechanism of fragment excitation and prompt neutron emission
and gamma-ray cascades by simultaneous spectroscopy of fission fragments, neutrons
and gamma-rays.

Spontaneous fission and fission induced by thermal and resonance neutrons are classical
examples of low-energy fission, which occurs either at zero excitation energy of the fissioning
nucleus or at excitation energies close to the fission barrier. Nuclear fission is a consequence of
the collective motion of nucleons, which can be considered as a deformation of the surface of a
nuclear liquid drop consisting of nucleons interacting via Coulomb and nuclear forces. The
Strutinsky shell correction to the classical nuclear fission liquid-drop model has made it possible to
create an effective calculation model of the multimodal (MM) fission. One of the most popular
versions of these models parameterizes the changing (with increasing deformation) shape of a
fissioning nucleus by quasi-spheroids connected by a rather thick neck at the prescission stage.
The trajectories in the multidimensional deformation space are selected by minimizing the
deformation energy of the fissioning system calculated by the specified method. Moreover, the
shape symmetry of the fissioning system can change in the so-called trajectory bifurcation points. It
should be noted that during the evolution, the fissioning nucleus overcomes the first barrier having
a shape of a symmetrical "dumbbell", but to overcome the second barrier the configuration can be
both symmetrical and asymmetrical. Along with it, energetically favorable configurations are those
from a particular set of prescission shapes that determine the properties of fission modes (FM). A
random neck rupture (RNR) leads to the separation of fission fragments because of the Coulomb
repulsion. The primary fission fragments formed after the neck rupture are relatively "cold" and
highly deformed. After the deformation energy is transformed to the core heating, prompt fission
neutrons (PFN) are emitted.

The number of PFN, n(A,TKE)’ emitted by FF with the mass number A and the total
kinetic energy TKE is directly related to the FF excitation spectrum. The measurement of the

function (A TKE) allows one to obtain the characteristics of PFN averaged over A or TKE by
integrating over the corresponding variable if the mass-energy distribution (MED) of FF - Y(A,TKE)
is known. The examples of these averages together with the MED calibration are given below:

()= i 7 (ATKE)Y(ATKE)dTKE
® Y(ATKE)dTKE

=iy T(ATKE)Y(ATKE)dTKEdA 200=i Y(ATKE)dTKEdA (1).
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Thus, the experimentally measured multiplicity of PFN is a superposition of distributions

m(A) of various FM with a realization probability p;:

A BY (AT (A)
A =gy @).
a PiYi (A)

The experimental data analysis on the measurement of PFN allows one to obtain the
following formula:

_ -y - (
A(ATKE) =] HTKE(A)[TKEmaX- TKE(A)], i TKE<TKEmaX>L; 3).

During 2013-2016 the data obtained in the experiments at the EC-JRC-IRMM Institute
(Belgium) on the PNF emission in spontaneous fissions of **Cf were analyzed. As a result, the
errors in the data analysis were identified and eliminated, which made it possible to explain the
discrepancies in the results of the experiments with high and low neutron detection efficiency. In
addition, a setup has been designed to study the prompt neutron emission and gamma-ray
cascades for the fragments with defined masses in coincidence with PFN in the resonance neutron
induced fission of **U. It consists of a double ionization chamber with Frisch grids, an NE-213-
scintillator-based fast neutron detector, a pair of gamma-ray Nal-based scintillation detectors (Fig.

1-111-1).
<
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Fig. 1-1l-1. Schematic of the experimental setup. Gamma-detectors are not shown.

The data acquisition system was implemented on the basis of an eight-channel system of
synchronized pulse digitizers with a sampling rate of 250 MHz and amplitude resolution of 12 bits.
The calibration experiments were carried out in the period from December 2015 to March 2016 on
the IBR-2 thermal neutron beamline. At present, the data analysis and the setup upgrade involving
the replacement of two Nal detectors with high-purity germanium detectors are in progress. Some
results are presented in Fig. 1-11I-2, 1-11I-3, 1-111-4.
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Fig. 1-111-2. Demonstration of the measuring accuracy for FF angular distributions.
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Fig. 1-11l-3. Fission modes for the mass distribution of thermal neutron-induced fission fragments of
to the calculations within the MM-RNR model.

#%*U according

It also follows from the analysis of the experiment that for a fixed mass number A,
71(A TKE) becomes a linear function of TKE, so in practice it is sufficient to measure two functions

1(A) and TKE(A) to obtain/7(ATKE).
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Fig. 1-1l-4. The average number of PFN as a function of mass (left) and TKE FF (right) measured in the
experiment *°U(n,f).

The interest to the measurements of PFN multiplicity is primarily due to the fact that PFN
carry information about the excitation energy of FF. In this regard, the information about the
variations in the excitation energy depending on the FF mass is fundamental from the viewpoint of
the fission process in the last stage of the evolution for the fissioning system from the saddle point
on the potential energy surface to the point of rupture. In theoretical calculations of the fissioning
nucleus excitation energy and its distribution between FF it is necessary to take account of a
change in their excitation energy during the formation process. Recent experimental studies of the
#’Np(n,f) reaction in the range of incident neutron energy of 0.5 - 6.0 MeV have revealed that a
growth of the incident neutron energy results in an increase in PFN emission mainly from a heavier
fragment. This observation suggests that in the prescission configuration the excitation energy can
be pumped from one forming FF to another through the neck. This process should have a strong
impact on the PFN yield depending on the mass distribution between FF. The complete study of
this effect requires more precise information about the level density in the forming FF, which for
many years was calculated assuming that nucleons in the nucleus form a Fermi gas. This
assumption, however, is not confirmed experimentally for the systems with low excitation energy.
In this regard, it is necessary to conduct new experimental studies of the deexcitation process in
FF by means of simultaneous measurements of PFN and prompt gamma-rays. For this purpose, a
modern setup has been constructed, which provides simultaneous spectrometric measurements of
FF masses, PFN and cascades of prompt gamma-rays. First experiments were carried out on the
beam of thermal neutrons at IBR-2 at the end of 2015. At present, data processing and planning of
new experiments at IREN are in progress.

1.2. Research of the dynamics of interaction between superfluid and normal phases of
nuclear matter

The process of the phase transition of any nucleus under a change in its excitation energy
can be theoretically studied in detail by analyzing the density of excited levels and partial widths of
the nucleus transition between them. To obtain the reliable information, the accuracy in the
determination of these functions at the level of no worse than a few tens of percent is required.
Such an experimental level considering the possible existence of hidden (or undetermined so far)
parameters of the process of the cascade gamma-decay of any compound state can only be
achieved by using a modern mathematical model of the cascade decay of an arbitrary compound
state.
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The acquisition of coincidence statistics for the study of the process of cascade gamma-
decay of the *"*Yb compound state at the DDR reactor in Dalat, Vietham, has been completed. The
accumulated gamma-gamma coincidences were processed in Dubna, FLNP JINR. The Cooper
pair-breaking thresholds were determined up to the neutron binding energy. In Fig. 1-11I-5 the
experimental intensity of the two-quantum cascades is compared with the results of the
calculations in the framework of the existing representations of the nucleus as a statistical system
of a Fermi gas and the Dubna model, which takes account of the interaction of the normal and
superfluid phases of nuclear matter.

4L

172Yb

l,, % per decay
N

Fig. 1-11I-5. Dependence of the cascade intensity on the energy of primary transition. Histogram i
experiment with its errors. Broken lines 1 results of the best fits for 5 options for the variable ratio of the capture
cross-section in the resonances with spins J =0 and J = 1. Triangles i cascade intensity calculated according to
the conventional models of the level density and radiation strength functions of the statistical nucleus model.

1.3. Investigations of (n,p), (n,a) reactions

On beaml i ne-5 néutron-prodUEify targets based on D(d,n)*He (solid and gas
targets) and ‘Li(p,n)’Be reactions have been designed and tested during measurements. The
development of a PIXIE-4 based electronic system for acquisition and storage of multidimensional
data from an alpha-spectrometer at EG-5 has been completed and followed up by tests on a fast
neutron beam.

The experimental and theoretical investigations of the (neutron, charged particle) reactions
induced by fast neutrons have been conducted. The experiments were carried out at the Van de
Graaf accelerators EG-5 in FLNP JINR and EG-4.5 of the Institute of Heavy lorPhysics of Peking
University Data on the reactions with the emission of charged patrticles induced by fast neutrons
are of much interest for studying the mechanisms of nuclear reactions and atomic nuclear structure
as well as in choosing engineering materials and in performing calculations in the development of
new facilities for nuclear power engineering.

The analysis of the data from the measurements of the ***Sm(n,0)***Nd and ®°Zn(n,0)**Ni
reactions at E,= 4.0, 5.0 and 6.0 MeV has been completed. The data have been obtained for the
first time. For ®°Zn there have been no measurements in the neutron energy range of 0-20 MeV, for
“Sm there have been only two measurements at around 14 MeV. The experimental cross-
sections have been compared with the available libraries and calculations using the TALYS-1.6

code (Figs. 1-111-6).
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Fig. 1-11I-6 (a) 2D spectrum of the ***S m (' n**"Nd yeaction at E, = 4.0 MeV in the "forward" direction; (b)
Spectrum from anode of the ***S m( n*'Nd yeaction at E, = 4.0 MeV in the “forward" direction; (c) 2D spectrum
of the ®°Z n ( °Ni tjction at E, = 5.0 MeV in the "forward" direction (with the background subtracted); (d)
Spectrum from anode of the 7 n ( RN kbction at E,, = 5.0 MeV in the "forward" direction; (e) Cross-section of
the **'s m ( n*Nd Yeaction in comparison with the existing measurements and estimates for the neutron energy
range from 1.0 to 8.0 MeV; (f) Cross-section of the %7 n ( AN keqction in comparison with the existing
measurements and estimates for the neutron energy range from 2.0 to 8.0 MeV.

A systematic analysis of our experimental cross-sections of the (n,U) reaction in the energy
range from 4 to 6.5 MeV has been performed. The dependence of the cross-sections on the
parameter (N- Z+0.5)/A in this energy range has been observed and explained in the framework of
the statistical model. At the same time, formulas of the statistical model give overestimated values
for the absolute cross-sections of the (n,U) reaction. This difference between the theoretical
calculations and experiment can be eliminated by introducing a clustering factor for alpha particles
in the nucleus, Wp/U= 4.5. The results of the analysis can be used in astrophysical calculations,
e.g. for the s-process, helium burning, and also allow one to estimate the cross-sections of
unstable isotopes for which the measurements are difficult or impossible.
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1.4. Measurements of gamma-spectra and angular distributions of gamma-rays for
various nuclei using the tagged neutron method

In the framework of the "TANGRA" project, the angular correlations of o-rays and neutrons,
as well as gamma-spectra produced in the inelastic scattering of 14.1 MeV neutrons by various
nuclei have been measured. These measurements are aimed at determining the partial cross-
sections of the formation of nucleus excitation levels with the corresponding gamma-lines in
inelastic neutron scattering reactions, as well as spin characteristics of these levels in the given
reaction. This information is important for further development of the method of elemental analysis
using tagged neutrons, in particular, to create a local database of characteristic gamma-rays for a
broad set of elements, and for a detailed study of inelastic scattering reactions of fast neutrons by
these nuclei. Figure 1-11I-7 shows samples for measuring gamma-spectra at the TANGRA facility.

Fig.l-'|||-7. Samples for measuring gamma-spectra at the Tangra facility.

A scheme of the experiment is presented in Fig. 1-11-8. As a source of 14.1-MeV neutrons
we used a portable neutron generator ING-27 developed and manufactured at the N.L.Dukhov
Russian Institute of Automatics (VNIIA). To form a flux of tagged neutrons, the generator
comprises a built-in double-sided silicon strip detector with eight mutually perpendicular strips on
each side, which form an 8x8 matrix of 6x6 mm? pixels. The alpha-detector is located at a distance
of 100 mm from the tritium target of the neutron generator (NG) and intended to detect 3.5-MeV
alpha-particles produced in the reaction (d+t - a(3,5 MeV) (14,1 MeV .Characteristic
gamma-rays from the irradiated targets were detected by 22 detectors on Nal(Tl) crystals shaped
as hexagons (distance between crystal faces - 85 mm, crystal height - 200 mm) . TFraye
detectors were arranged perpendicularly to the horizontal plane in a circle of radius of 370 mm with
a target under study placed in its center. The angle between the axes of two adjacent Nal(TI)
crystals in the horizontal plane was 15 .

L 33mm

- 805 mm -

Sample size: 100x100x50 mm

(a) (b)

Fig. 1-11-8. A general view of the experiment (a) and the setup (b)
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As an example, Figure 1-llI-9 shows spectra of gamma-rays measured by the detector
positioned at an angle of 30 for different samples. A detailed analysis of the obtained
experimental data is scheduled for 2017.
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1.5. Measurement of T-odd effects in ?*°U fission on a hot source of polarized neutrons

In the framework of the FLNP-ITEP-FRM2 collaboration a series of experiments have been
continued to measure the ROT-effect in the emission of p r o madys and neutrons in the binary
fission of 2**U and ?*U induced by polarized cold neutrons. The experiments were carried out on
the POLI instrument at the FRM-2 reactor (Garching, Germany).

For these experiments a neutron spin control system based on rectangular coils in
magnetic screens was developed. The system to control the polarization vector of the neutron
beam with a high accuracy (10" %) was developed among other methods in Dubna in 1997-1999.
This method uses the neutron spin precession in a magnetic field. The developers of the method
had positive experience in using such systems (coils) to control the direction of neutron
polarization. In the early eighties, they used the coils in magnetic screens for epithermal and
resonance neutrons.

The main advantage of such coils is high magnetic field homogeneity in combination with
small dimensions. Soft magnetic screens of the coils made of an alloy with high permeability allow
one to use these devices as portable boxes with homogeneous magnetic fields (BHF). A simple
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construction of the coil is shown in Fig. 1-11l-10 it consists of a rectangular coil frame with grooves
to ensure high precision in winding aluminum wires.

a) b)

Fig. 1-11-10. Box with homogeneous magnetic field: a) box (BHF); b) rectangular coil frame (1) aluminum
coils (2), and c) external magnetic screen. A, B, C i coil dimensions. D 1 yoke thickness.

When a neutron enters the coil with a homogeneous magnetic field B, it starts to precess
around the direction of the field with a frequency f proportional to the external field. In particular, for
a neutron with energy E = 0.3 eV the spin rotates by 90 at|=52mm,B=4" Gand|=0.5A.

The schematic of the experiment with the location of all coils to control polarization is
presented in Fig. 1-111-11.

Fig. 1-1ll-11. Schematic of the experiment. 1) target; 2) multi-wire proportional chamber for the detection of fission
fragments; 3) polarizer; 4) analyzer; 5) rectangular coils in magnetic screens (arrows show the magnetic field
direction); 6) plastic scintillation detectors; 7) scintillation detectors of gamma-rays and neutrons.

Cells with polarized *He (length of approximately 13 cm and pressure of about 2.5 atm)
were used as a polarizer and analyzer. The cells were placed in rectangular coils with a magnetic
screen and homogeneous magnetic field providing *He relaxation time in the cells of about 40
hours. To control polarization, five similar coils of smaller dimensions allowing one to vary the
current magnitude and direction in each of them were used, which made it possible to provide any
neutron polarization direction in a given point along the neutron beam. One of the coils was used
as a spin-flipper with a spin-flip frequency of the order of 1.3 s.

The experimental setup at the POLI instrument of the FRM2 reactor is shown in Fig. 1-1ll-
12.
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Fig. 1-11-12.Setup for measuring the ROT-effect at the POLI instrument (FRM2, Garching). 1 7 neutron polarizer,
21 analyzer, 37 fission chamber surrounded by gamma-ray and neutron detectors, 4 i polarization control coils,
571 neutron counter for measuring polarization

A beam of 0.3-eV neutrons was monochromatized by a mosaic single crystal diffractometer
and focused on the target. A neutron polarizer on the basis of a polarized *He cell with an average
polarization of ~70% was placed between the diffractometer and the target. The polarized neutron
flux density at the target was ~ 57 10°n cm?s™t. The polarization was controlled by a similar
analyzer and measured by a neutron counter. Since the neutron beam should be harizontally
polarized at the target and the polarization of neutrons after *He cells was vertical, rectangular coils
in magnetic screens providing polarization control were installed on both sides of the chamber. The
direction of the magnetic field in the first coil changed every 1.3 s, which created an analogue of a
spin-flip and allowed us to measure the difference effect.

Fragments were detected by fast multi-wire detectors and could be separated into light and
heavy ones by the time of flight. Gamma-rays and neutrons were detected by scintillation counters
(plastic, Nal(Tl)) placed at specific angles to the direction of emission of the fragments. The so-
called ROT-effect (effect of rotation of the fissioning system in or against the direction of the
angular momentum transferred by a polarized neutron) for gamma-rays and neutrons was
measured. Neutrons were separated from gamma-rays by the time-of-flight method.

The effect was measured for 9 days. As a result, the effect values (averaged over all
detector position angles) were obtained:

A forgamma-rays: (-4.6° 2.7)3 10°>;
A for neutrons: (2.7° 2.9)3 10°°.

For gamma-rays, the value of the ROT effect differs from zero at the level of 2s, for
neutrons no statistically significant effect in the limits of errors was observed.

In 2017, a new experiment is planned, in which we expect to observe the effect or
determine its upper limit with the accuracy comparable to that obtained on the cold neutron beam.

1.6. Measurement of the coefficients of P-odd angular correlations in the reactions of
cold polarized neutrons with light nuclei.

The measurement of P-odd asymmetry in the emission of U-particles in the °B(n,U)'Li
reaction was carried out on the cold polarized neutron beam of the PF1B instrument at the ILL
reactor (Grenoble, France). A 24-section ionization chamber with insensitive gas gaps was used as

a detector of U-particles. The P-odd asymmetry value was found to be a::%jd =-(112°34)Q0°.
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The result has been obtained for the first time in the world. This is only the second nucleus after °Li
for which the P-odd effect was discovered.

1.7. Experiment to obtain a focused beam of very cold neutrons using a reflector of
diamond nanoparticles

Ultracold neutrons (UCN) and very cold neutrons (VCN) intensively interact with
nanoparticles due to the fact that the neutron wavelength and the particle size are of the same
order of magnitude i a few nanometers, therefore, the cross-section of elastic coherent neutron
scattering by particles is high. In [1] for the first time VCN with velocities of 40-160 m/s were
reported to be stored in a trap with walls composed of diamond nanoparticles and effectively
reflecting such neutrons.

One of the practical applications of nanoparticle reflectors can be a sharp increase in the
VCN vyield from the source, if we manage to form a narrow beam from the isotropic distribution and
direct it to a neutron guide. In order to determine the possibility of the formation of such beams, a
specialized experiment (scheme is shown in Fig. 1-111-13) was carried out.

vacuum chamber

velocity selector

Fig. 1-111-13. Scheme of the experiment.

A beam of very cold neutrons (velocities 40-90 m/s) with a diameter of 8 mm passes
through a velocity selector (with a resolution from 5% to 20%) and comes to the bottom of the trap
through the inlet opening (A 10 mm). The trap is a thick-walled tube with an inner diameter of
30 mm and length of 30 cm. The walls of the tube consist of nanodiamond powder. Neutrons
confined in a trap can be detected by a position-sensitive detector mounted on its exit end. By
changing the distance from the trap exit to the detector, it is possible to measure the number of
emitted neutrons and their angular distribution.

The preliminary results have shown that the number of escaping neutrons is ~1-2% of the
number of neutrons entering the trap, with the yield increasing as the neutron energy decreases.
The beam formed has an angular divergence of 10'%-10'® rad. These results indicate that the
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covering of a VCN source with a nanopatrticle reflector can result in a tenfold increase in the
number of VCN in the neutron guide.

1.8. Experiment to study quasi-specular reflection of cold neutrons from the surface of
nanopowder

The scattering of particles/rays at small angles in a medium (small-angle scattering) leads
to the fact that for a beam of particles/rays falling on the medium at a glancing angle the angular
distribution of reflected particles/rays has a pronounced maximum at an angle close to the angle of
incidence, i.e. the so-called quasi-specular reflection is observed. A similar situation exists for
neutrons when falling at a small angle on a medium with the effective small-angle scattering.
Nanoparticles with a size of a few nanometers can effectively scatter cold neutrons at small angles.
Therefore, for cold neutrons falling on the surface of a nanopowder a quasi-specular reflection (first
described in [2]) can also be observed.

We experimentally measured the parameters of this phenomenon using the reflection of
neutrons from a nanodiamond powder. For this purpose, we measured the dependence of the
angular distribution of reflected neutrons for different wavelengths of incident neutrons and
di fferent angles of incidence (1A, 2A, 3A and
measurements were performed for a powder of nanoparticles of different sizes. The preliminary
results of the measurements are presented in Figs. 1-1lI-14 (a) and (b).

1.0 ] T T . 0,30 o 2rlicle size ?=3U nm_ i : :
. +—30nm, 1 deg Incident angle « =1 deg —T
N, —+—30nm, 2 deg 027 : | 1 T aA]
0.8 : o -~ 30nm, 3 deg | . — s
’ . \ s 0.24 o -
\ 5nm, 1deg
) Direct beam 021
2 o6 o 0
© -
'§ % 0154
o )
T 044 012 4
°
= 0.00
0.06 -
0,03 4
0.00
(a 8 10 12 14 (b
) Wavelength, A ) Scattering angle

Fig. 1-ll-14. (a)Total probability of reflection from the surface of nanopowders as a function of neutron wavelength
for angl es of i nc iThkeatadoepowders df thq kinds Af nanaparticl8sAvith an average size of
30 nm and 5 nm are presented.(b) Angular distribution of neutrons reflected from the surface of a powder of
nanoparticles with an average size of 30 nm for different neutron wavelengths.

From the data presented in Fig. 1-111-14 it can be clearly seen that for neutrons with longer
wavelengths a more efficient reflector is that with large nanoparticles, for neutrons with shorter
wavelengths i with small nanopatrticles.

The findings can help in the construction of primary sections of mirror neutron guides for
VCN and CN placed near a reactor core, which can significantly increase the neutron emission of
the sources into the neutron guides.

1.9. Neutron diffraction by a moving grating

In the Institute of Laue-Langevin a new experiment to obtain UCN spectra for the diffraction
by a moving grating (DMG) was performed. Its main purpose was to verify a theoretical prediction
that at a certain height of the grating profile a significant suppression of the zero-order diffraction
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may occur with a corresponding increase in the intensity of the lines of other orders. If this
prediction is true, then by choosing a proper grating profile one can enhance the efficiency of the
neutron energy transfer during DMG. The measurements of the spectra were carried out using the
previously designed time-of-flight Fourier diffractometer of UCN (Fig. 1-111-15).

Fig. 1-11-15. Time-of-flight Fourier spectrometer: general view (left) and its upper part (right): 17 leading
neutron guide, 2 - inlet chamber, 3 - circular hall, 4 - filter-monochromator, 5 - grating 6 - rotor of Fourier chopper,
7 - vertical glass neutron guide, 8 - detector, 9 - vacuum chamber.

A new grating prepared as previously on the periphery of a silicon disc had 84000 radial
grooves with a profile depth of 0.22 nm. The grating profile was analyzed using atomic force
microscopy (Fig. 1-111-16). The spectra were obtained for four rotational speeds of the grating. It
was found that the teeth and grooves of the grating follow rather a trapezoidal profile than a
rectangular one.

ks — Pt |

LI I B I B B R B R B e

@) (b) A ) 3 st 5

x [urm]

Fig.1-11I-16. 3D image of a grating fragment obtained by atomic force microscopy (left) and its profile (right). The
scales on the two axes are substantially different.

The comparison with the spectrum obtained for the grating with a less deep profile (Fig. 1-1ll-
17, two bottom graphs) demonstrates the validity of the prediction about the possibility of a
significant suppression of zero-order intensities. This is the main result of this experiment.
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Fig. 1-11I-17. Neutron spectra of diffraction by a moving grating with deep profile for three rotational speeds of the

grating (2016). The bottom right figure shows the spectrum obtained in 2014 for the grating with a smaller profile
depth. It can be seen that zero-order intensities are significantly different.

At the same time, the experimental spectra are not in full agreement with the results of the
calculations. A reason for this discrepancy is not well understood for the moment, and its
clarification requires a more thorough theoretical analysis of the DMG phenomenon together with
the search for possible systematic effects inherent in the time-of-flight Fourier diffractometer of
UCN.

1.10. Analysis of the accuracy of UCN time-of-flight measurement by Fourier spectroscopy

We are currently considering the possibility of a new experiment to test the weak
equivalence principle. The experiment is based on the measurement of the time of flight of
neutrons belonging to several diffraction orders in DMG. In this experiment, it will be necessary to
ensure the accuracy of the time measurement at the level of 10 ns. A test experiment was carried
out to determine the possibility of using for this purpose a Fourier-diffractometer of UCN. The
analysis showed that in the existing diffractometer presented above in Fig. 1-lll-15 there are
sources of systematic effects leading to an absolute error in the measurement of time of flight,
which reaches in some cases several hundred microseconds. Along with it, when measuring the
time-of-flight difference there were no such problems.

In the considered experiment, the energy spectrum of UCN was formed by a five-layer
planar nanostructure ¥2 neutron Fabry-Perot interferometer %2 placed in a vertical neutron guide.
The interferometer transmitted UCN with a narrow energy spectrum with an average energy of
about 114 neV. The time of flight of neutrons when falling down was 114 ms. It was measured for
two positions of the interferometer differing in height by 5 mm. At the same time the neutron energy
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changed by about 5 neV due to the Earth's gravity and the change in the time of flight was about
280 ns. The aim of the experiment was to measure the difference in the time of flight at two
positions of the interferometer.

The procedure of accuracy evaluation was as follows. Two time-of-flight spectra were
obtained for two positions of the monochromator. By fitting single peaks in each of the two spectra
after the Fourier synthesis, a value of 290 ns was found for the difference in the time-of-flight
values with uncertain accuracy at this step. Then, each of the raw data sets was divided into 30
groups and each group of data was considered as a result of an independent measurement. For
each group its own spectrum with a single line was built using the Fourier synthesis and the line
positions on the time scale were determined. The difference between the two averaged time-of-
flight values was 300 ns. The experimental variances of these results were 80 and 90 ns. The fact
that the distribution of the resulting values was close to the normal one made it possible to
conclude about a purely statistical nature of the variance. This assumption leads to the total

accuracy estimation as dt % where Dt =85 g is the accuracy of one measurement and

N = 60, which gives the estimate of Dt °11 g.

1.11. Experiment on the observation of neutron diffraction by surface ultrasonic waves

In collaboration with IPMT RAS (Chernogolovka) and Max Planck Institute (Munich,
Germany) an experiment to observe neutron diffraction by surface ultrasonic waves was
performed. The measurements were made on the N-REX reflectometer at the FRM Il reactor,
neutron wavelength of 4.3 j .

A single crystal of lithium niobate (LiNiO3) was used as a sample. On its surface two
interdigital transducers with a base frequency f = 69 MHz were designed using photolithography.
They generated surface acoustic waves (SAW) in each of two directions. Under the application of
voltage to the two transducers, a standing ultrasonic wave was produced on the surface.

The area of wave propagation was a stripe with a width of 6 mm and length of 60 mm. The
SAW speed was 3590 m/s, about four times higher than the neutron velocity along the sample
surface. The experiment was performed with SAW travelling in and against the direction of neutron
wave propagation, as well as for the scattering by a standing ultrasonic wave. In all cases, an
energy transfer to the neutron took place. If in the case of a travelling wave the phenomenon can
be interpreted in terms of a quasi-classical Doppler frequency shift, then in the case of standing
waves one deals with a non-stationary quantum effect. Thus, the given study expands a relatively
short list of non-stationary quantum experiments with neutrons.

Figures 1-111-18 (a) and (b) shows a result of the measurement in the case of the opposite
propagation direction for SAW and neutrons. In the right figure, the stripes of the diffraction
scattering from SAW are clearly visible. Figure 1-111-18 (c) presents a similar picture for the case of
neutron scattering by a standing wave. The stripes of the first order corresponding to the energy
transfer DE =/ are seen together with a stripe of the second order with the change in the
neutron energy DE =21 , where W =2 fp. The value of the quantum of energy in the conditions

of this experiment was DE, % W3276 16’eVWe emphasize that here one deals with a non-

stationary energy transfer, and purely diffraction beam splitting on a surface structure periodic in
space is much smaller than the observed effect.
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Fig. 1-111-18. 2D map of neutron scattering from the surface of lithium niobate in the absence (a) and after
generaton (b) of surface ultrasonic waves. (c) 2D map of neutron scattering from the surface of lithium niobate in
the case of standing SAW.

1.12. Preparation of the experiment to observe the interaction of UCN with an oscillating
barrier at giant accelerations

The purpose of the upcoming experiment is to verify the validity of the model of the effective
potential at giant accelerations of the sample. An important step in the preparation of the
experiment is quantum calculations of the interaction of the neutron wave packet with a potential
structure oscillating in space at different magnitudes of the maximum acceleration of the object

W = A(2 [6)2, where A and f are the oscillation amplitude and frequency, respectively. The

calculations for the case of an oscillating potential barrier have shown that for the case of interest
Wmax® 10%cm/s® the observed non-stationary effects for the past state are very small. The
calculations for the case of an oscillating resonant structure representing two barriers and a hole
between them have revealed that in a wide range of amplitudes and frequencies in the past state,
there are visible oscillations in the count rate. As a result, this geometry is selected as a priority
geometry for further research. Possible approaches to the designing of the experiment to test the
validity of the model of the effective potential at giant accelerations of the sample, have been
considered.

The realization of the experiment requires samples whose surface can oscillate without
significant deformations in a frequency range from 100 kHz to several MHz. We solve this problem
in two ways. First, in collaboration with the Institute of Laue-Langevin the study of the topography
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of the sample surface oscillating in space is in progress. Second, the experimental study of
oscillating samples is under preparation. For this purpose, a special stand (vibrometer) for mapping
the surface of oscillating samples (Fig. 1-111-19) has been designed. It consists of a laser
interferometer and a two-coordinate table.

Fig. 1-11I-19. Two-coordinate laser vibrometer.

The setup will make it possible to measure the surface shape synchronously with the phase of the
sample movement. At present, the work to create and debug the mathematical software of the
stand is underway.

2. Theoretical investigations

The characteristics of a spin-wave neutron interferometer (which consists of a pair of
magnetic mirrors placed in a magnetic field non-collinear to the magnetization of the mirrors) in a
magnetic field, have been investigated. The setup can be used for studying the properties of the
neutron wave packet, as well as for measuring the scattering density correlations in thin films. On
the basis of experimental data, the spectrometer sensitivity and the coherent neutron length have
been estimated. The possibilities of using spin-echo spectroscopy to determine the coherent
neutron length have been considered.

Contrary to the common opinion that the bound states always have discrete spectra, it has
been shown that in the hydrogen atom there may be bound singular states with a continuous
spectrum. The role of these states in the possible nuclear reactions of cold fusion and processes of
star ignition has been discussed.

In the EPR paradox, a question on particle polarizations is under discussion: whether the
source emits pairs of flying particles in an entangled state or in the form of individual particles with
their own polarizations. To answer this question, a simple Bell's inequality for photons has been
proposed. It can be tested in one measurement. A result of the possible measurement is being
calculated taking into account the experimental constraints.

The concept of the coherence length of the neutron has been under consideration including
the generally accepted definition of a Gaussian wave packet based on the beam formation method
and a singular de Broglie wave packet of an individual neutron. Experiments to measure the
coherence length have been proposed.

An explanation of the experimentally found small heating of UCN during the storage in traps
has been proposed on the basis of the neutron wave packet properties. Due to the finite width of
the packet, the transmission and reflection probabilities are accompanied by an increase and
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decrease in the energy, respectively. The energy changes at the subcritical incidence of the de
Broglie wave packet has been analytically calculated.

3. Methodological and applied research

3.1. 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 in real-time 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 1-IlI-1 the rock composition determined by chemical analysis is given.

Table 1-1lI-1. Composition of the rock used in the study.

Results of analyses of ore elemental composition
Controlled compound Apatite concentrate, Tailings, weight %
weight %
P20s 38,98 0,9
Al,O5 0,99 20,88
CaO 50,58 4,9
SiO, 2,38 42,16
Fe,03 0,68 8,02
K,O 0,24 6,02
H,O 0,06 0,15
TiO, 0,33 2,92
Na,O 0,5 10,26

For the study, a PuBe neutron source with the intensity of ~5*10° n/s was used. Figures 1-
I11-20 (a) and (b) shows a schematics of the experimental setup.
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Fig. 1-111-20. ( GBP representation of the experimental setup; (b) Experimental setup for determining the
elemental composition of friable ores using an HPGe detector.

2016
Annual Report



@ L] . L @ ® =) @

® e

L

1. SCIENTIFIC RESEARCH |
..« o @

At the first stage, gamma-ray spectra of three irradiated ore samples with the content of P,Os
T 38, 98, 0,9% and their mixtures were measured using an HPGe detector. Figure 1-IlI-21 shows
the corresponding spectra for these samples.
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Fig. 1-111.21. 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
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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. 1-111-22.
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Fig. 1-111-22. Experimental setup for determining the elemental composition of friable ores using a BGO-detector.

In Fig. 1-111-23, the spectra of events recorded by HPGe and BGO detectors are given for

comparison.
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Fig. 1-111-23. Comparison of the amplitude distribution of events recorded by BGO- and HPGe-detectors.

As one can see in Fig. 1-111-23, 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.
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