PREFACE

We would like to offer the readers the scientific activity report of the Frank Laboratory of
Neutron Physics for 2015. 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 2015, the information
regarding the seminars and conferences organized in FLNP and a statistical view on the FLNP
personnel structure are presented as well.

In 2015 the main achievements of the Laboratory were:
1 successful fulfilment 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 2015 the IBR-2 reactor operated for physical experiments for 2646 hours, the IREN facility 237
hours and EG-5 accelerator - 510 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 450 employees in this about 150 less than 35 years
of age. The scientific staff includes 84 Ph.D. and 19 D.Sc. researchers and 74 researchers and
specialists from 14 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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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 nanosystems 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 2015, 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).

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 Kl, PNPI, SSC RF IPPE, 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:

Investigation of the structure and properties of novel functional materials;

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

Investigation of fundamental regularities of real-time processes in condensed matter;
Investigation of atomic dynamics of materials for nuclear power engineering;

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

Investigation of magnetic properties of layered nanostructures;

Investigation of structural characteristics of carbon- and silicon-containing nanomaterials;
Investigation of molecular dynamics of nanomaterials;

Investigation of magnetic colloidal systems in bulk and at interfaces;

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;

l nvestigation of texture and physical propertie
materials;

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

The magnetic, structural, and vibrational properties of YMn,Os multiferroic with a strong
magnetoelectric coupling have been studied by means of neutron, x-ray diffraction, and Raman
spectroscopy at pressures up to 30 GPa in a temperature range from 10 to 300 s [ Hig. 1). (The
application of high pressure (P >1GPa) resulted in a suppression of commensurate and
incommensurate antiferromagnetic (AFM) phases with a propagation vector q = (~1/2, 0, ~1/4) and
appearance of a new commensurate AFM phase with g, = (1/2, 0, 1/2). This observation is in sharp
contrast to a general trend towards the stabilization of the commensurate AFM phase with the
propagation vector g = (1/2, 0, 1/4) found in other RMn,Os compounds under pressure. At higher
pressures P > 16 GPa a structural phase transition accompanied by anomalies in the pressure
behavior of some unit cell parameters and vibrational modes was observed. The obtained data
allowed us to analyze the role of competing magnetic interactions in the formation of the magnetic
ground state of RMn,Os multiferroics.
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Fig. 1. Neutron diffraction spectra of YMn,Os obtained at different pressures and temperatures with the DN-12
diffractometer and treated with the Rietveld method (a). Temperature dependences of integrated intensity of
peaks (1-qy -1, -9.)/(1-0ax 1, -d2)/(°ax 1, °q,) of commensurate and incommensurate AFM phases with a
propagation vector q = (~1/2, 0, ~1/4) and a peak (-qy, 1, 1-q,) of commensurate AFM phase with a propagation
vector g, = (1/2 0 1/2) under various pressures (b).
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The structural characteristics of promising high-voltage cathode materials on the basis of
LiNiosMn; 504 - LiNigsxMny 5.,My:yO4 (M=Co, Cr, Ti, Al, Mg; x+y=0.05) synthesized in the Institute of
Solid State Chemistry and Mechanochemistry, SB RAS (Novosibirsk) have been studied in order to
improve their electrochemical properties [2]. Unsubstituted LiNigsMn;s0, is characterized by a high
potential (4.7 V) corresponding to a flat plateau in a charge-discharge characteristic at an average
capacity of 120 mAh/g, which significantly increases the specific stored energy of the battery
compared to other materials (LiCoO, ~3.8V, LiFePO, ~3.2 V at the same capacity). Depending on
the method of synthesis LiNipsMn; 50, may have either a primitive cubic P4332 symmetry with an
ordered arrangement of cations (in this case the synthesis temperature should not exceed 700 C) or
a face-centered cubic Fd-3m symmetry and disordered arrangement of cations (formed at
temperatures above 800 C). Due to the structural transformations during cycling the LiNigsMn; 50,4
compound with a P43;32 space group shows poorer electrochemical behavior than LiNigsMn; 50,4 with
a Fd-3m structure. Samples for the study were synthesized at T <800 C by means of a small
substitution of other transition metals for Ni and Mn cations and mechanical activation of the reagent
mixture in a planetary mill. As a result of the treatment of the neutron diffraction spectra using the
Rietveld method it has been revealed that all the samples under study have a two-phase structure,
with a phase having an Fd-3m space group being a dominant one and a secondary phase with a
P4,32 space group ranging from 1 to 20% depending on the substitution metal and the synthesis
temperature. It has been found that the dopants preferably substitute for Ni ions, which in turn results
in the appearance of a NiO impurity phase in a small amount (1-2%). The average crystal size was
70-80 nm for the samples synthesized at 700 C, and 100-150 nm for the samples synthesized at
800 C. As expected, large microstrains were found to be more frequent in the samples with lower
synthesis temperature.

A study of the evolution of the crystalline structure of the cathode material LiNiggCo0g1Alg105 in
the process of electrochemical cycling has been carried out using neutron diffraction (Fig. 2). The
experiments were performed on the RTD (Real-Time-Diffractometer) diffractometer. Compositions of
LiNixCo,Al;..,O, type are just starting to be introduced in mass production of lithium-ion batteries as a
positive electrode (cathode), gradually replacing the widespread lithium cobaltate. Earlier such
compounds were studied in real time during electrochemical cycling only in model cells by x-ray
diffraction. Neutron diffraction makes it possible to study structural changes in the electrode materials
both in specialized electrochemical cells and immediately in finished products. This study investigated
a Li-lon 18650 cylindrical rechargeable battery, where graphite is used as a negative electrode and
LiNi,Co,Al; O, with x & 0. 8y &n@d. 1 (the values were specified
obtained diffraction data) as a positive electrode. The crystal structure of LiNiyCoyAl;,.,O, in a
completely discharged battery corresponds to a space group R-3m with unit cell parameters
a=2.8453(1) and c=14.1878(2)i . On the basis of the analysis of
course of severalcharge-di scharge cycles performed at different
full capacity) it has been shown that the intercalation of lithium into graphite proceeds with the
successive formation of several LiC, phases. The formation of final LiCs phase during charging is
easily detected by a step-like appearance of a diffraction peak at d & 3.67 j .The phase separation in
the cathode material LiNiggC0g1Alp10,, which can be observed, for example, in LiNiggC0g 15Alp.0502,
has not been found. At the same time, the unit cell parameters of the two materials change during
charging in a similar manner, and the expansion and subsequent contraction of the unit cell proceed
anisotropically. When charging, at first the cell expands along the hexagonal ¢ axis and slightly
contracts in the basal plane (a and b axes). Towards the end of charging, there occur an abrupt
contraction along the ¢ axis and some expansion along the a and b axes.
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Fig. 2. The evolution of neutron diffraction spectra obtained in the real-time (operando) study of
LiNipgCo0q 1Aly 10, cathode material using high-intensity neutron diffraction. At the right: charge-discharge curve
of the power source during the experiment.

Methods for obtaining different compounds in the nanostructured state have been developing in
recent years. The VCyg7s compound was the first carbide in whose coarse-grained powder a
nanostructure was created as a result of the disorder-order transformation (VCpgss- VsCs). The
atomic-vacancy ordering makes it possible to create the nanostructure in the VCyg75 bulk carbide.
However, until recently it was unclear whether the superstructure VgC; remains after milling the
ordered vanadium carbide to a nanopowder with the average patrticle size of 400-500 j and less.

The crystal structure and microstructure of coarse- and nanocrystalline disperse ordered carbide
VgC-, which was prepared by milling the initial coarse-crystalline powder for 10 h in a planetary ball
mill, were studied with the HRFD diffractometer [3,4]. According to the scanning electron microscopy
data, the initial powder ~VgC- consists of large particles with a size of 3i 5 € mthe microstructure of
which is a set of curved lobes with diameters from 400 to 600 nm and thicknesses of about 15i 20 nm.
The nanopowder VgC; obtained by milling for 10 h consists of nanoparticles with sizes of 207 60 nm
united in friable agglomerates with the size from ~400 nmto ~1¢ m.

All obtained spectra of the coarse-grained powder ~VgC; include weak superstructure
reflections of the ordered phase VgC,. For the coarse-grained vanadium carbide ~VCgg75 (VsC7), the
dependence of the width of diffr acdi(d®pislinepreirdicaingon t
that there is no size effect. For the nanopowder the diffraction peaks are strongly broadened and the
dependedfdB® is gmrabolic, from which it follows that the average size of the nanopowder
particles is about 190 j .Also, the presence of the disordered phase VCyg75 With the structure B1, the

lattice period of which is ag; <ayc, /2, was found in the samples under study. The analysis revealed

that the disordered phase represents small-size inclusions (~500j ) in the matrix o
phase VsC-, and its content in the coarse-crystalline powder is (21 N3) wt %. The real structure of the

ordered phase is characterized by a lowered content of carbon as compared to the ideal one, which
corresponds to the chemical composition VgC-_4 where d @0.03.
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The vanadium carbide nanopowder also contains the ordered and disordered phases (Fig. 3)
but as a result of milling, the amount of the latter is (45 N10) wt %. The periods of cubic unit cells of
phases VgC; and VCyg75 in the nanopowder are slightly smaller than in the coarse-crystalline powder.
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Fig. 3. Refinement of the neutron diffraction patterns of vanadium carbide powders (measurements in a high-

resolution mode by detectors placed at the scattering angle 2 =1 5 2 (&))irtitial coarse-grained powder and
(b) nanopowder. The disordered phase is present in the samples along with the main ordered phase.
Contributions of the ordered (narrow peaks) and disordered (wide peaks) are shown for the nanopowder.

Vertical marks in the upper and lower rows indicate the positions of reflections of the ordered phase VgCr.»

(d @.03) and the disordered phase VCg g5, respectively.

Taking into account the limitations on the accuracy of determination of the filling of positions of C
atoms it is believed that the nanocrystalline ordered phase has the same composition VgC.4 d@0.0
as that in the coarse-grained powder. The displacements of carbon atoms C3 and C4 in the lattice of
the nanocrystalline ordered phase VgC-.,are small. At the same time, the displacements of the same
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atoms are larger in the coarse-grained ordered phase. This is due to the noticeable deformation
distortions of the lattice during milling of the powder.

The structural investigation of a solid solution of BaFe;,,Al,O:9 barium ferrites with a partial
replacement of iron by diamagnetic aluminum ions (x =0.1-1.2) has been performed using the
neutron diffraction method [5]. In the entire investigated range of aluminum concentrations barium
hexaferrite retains the structure of magnetoplumbite, and its magnetic structure can be described by
the Gor t er 6s model with the orientat i onTheotdtal magnete
moment per formula unit decreases with the replacement of iron ions with diamagnetic aluminum
ions. The increase in the unit cell volume with increasing x can be explained by the larger ionic radius
of Al ions replacing Fe ions. At low temperatures (10 1 150 K) the Invar effect has been observed, i.e.
the coefficient of thermal expansion is practically zero. With growing concentration of Al ions an
increase of microstrains in crystallites has been found, which is connected with the different ionic radii
of Fe and Al ions.

The crystal and magnetic structure of nanostructured manganites La;,Sr,MnO; (x = 0.28, 0.37)
has been studied in the pressure range of 0 - 4.5 GPa and temperature range of 5 - 300 K [6]. The
physical properties of these compounds in the nanostructured state differ significantly from those in
the bulk holding much promise for applications in biomedical technologies. In both compounds the
ferromagnetic ordering is formed at temperatures close to room temperature, and at low temperatures
(T <270 K) the appearance of an additional A-type AFM phase is observed (Fig. 4). At higher
pressures the volume fraction of AFM phase increases and that of FM phase decreases. The

obtained results were interprethed | 6n model f o& md vc

nanoparticles in which the core is ferromagnetic and the shell is antiferromagnetic. The observed
behavior of the volume of magnetic phases points to an increase in the thickness of the shell of
nanoparticles under pressure.
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Fig. 4. Neutron diffraction spectra of nanostructured manganite Lag 7,Sro2sMnO5 obtained at different pressures

.

and temperatures withthe DN-12 di f fract ometer and treated -sbehfot med

of nanoparticles and their structural evolution under pressure (b).

1.2. Investigations of magnetic fluids and nanoparticles

In the framework of the study of the adsorption of magnetic nanopatrticles on solid surfaces the
experiments on neutron reflectometry with a horizontal sample plane were continued for the interface
of magnetic fluids with crystalline silicon using different treatment of the surface of a solid support.
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Thus, when contacting a solid hydrophilic surface, aqueous magnetic fluids characterized by the
presence of a number of stable aggregates in solution form a single adsorption layer of non-
aggregated nanoparticles at the interface [7]. Moreover, in the experiments with different
configurations (6crystal on topbdé or Obcrystal
total reflection is observed pointing in the second case to an increase in the concentration of
nanoparticles of the magnetic fluid at the interface due to the gravitational effect (Fig. 5). One can
conclude that in contrast to magnetic fluids on weakly polar solvents, where the adsorption
mechanism is mainly determined by gravitational sedimentation, in the aqueous magnetic fluids
adsorption occurs mainly due to the electrostatic interaction between the nanoparticles with the
substrate surface. The study has been carried out in collaboration with the Institute of Experimental
Physics, Slovak Academy of Sciences (Kosice, Slovakia), Faculty of Physics of the Taras
Shevchenko National University of Kiev (Kiev, Ukraine), research Institutes of the Romanian
Academy of Sciences (Bucharest-Timisoara, Romania) and the Max Planck Institute for Solid State
Physics (Stuttgart, Germany).

Fig. 5. (a) 1D spectrum (GRAINS, IBR-2) of the reflected beam of unpolarized neutrons at the interface of the
aqueous magnetic fluid (magnetite/sodium oleate/D,O) wi t h silicon in the coof
time of flighto; (b) Reflectivity as a function of

measured in configuratdomyystoxlr yatt abotomomé pwi tamdcor
structural organization of nanoparticles of the magnetic fluid at the interface with silicon.

Using small-angle neutron scattering, changes in the structural organization of transformer-oil-
based magnetic fluids have been observed under the action of an external DC and AC electric field
(Fig. 6) [8]. The investigations have been carried out to clarify the effect of the voltage breakdown
enhancement in liquid transformers when adding nanoparticles, specifically magnetite nanoparticles
stabilized by oleic acid, to a liquid carrier. It has been shown that after the application of a DC electric
field along with a macroscopic phase separation the aggregation at the size level of 100 nm takes
place strongly dependening on the field strength. After the electric field is switched off, after a time (of
the order of a few hours) the system returns to its original structural state. In the case of an AC
electric field, the aggregates also appear at sufficiently low frequencies, and the process terminates
when the frequency exceeds a certain critical value. Thus, in addition to the effects of aggregation in
an external magnetic field, which is typical for magnetic fluids, a similar sensitivity to the electric field
for magnetic fluids based on dielectric carriers has been detected, which opens up new potential
possibilities for regulating the properties of these complex systems using external control parameters.
The study has been carried out in collaboration with the Institute of Experimental Physics, Slovak
Academy of Sciences (Kosice, Slovakia), Faculty of Physics of the Taras Shevchenko National
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Fig. 6. The effect of an external electric field on the structure of the magnetic fluid magnetite/oleic
acid/transformer oil for (a) nanoscale: small-angle neutron scattering (YuMO, IBR-2), magnetite concentration of
1%, and (b) macrolevel: visual observation of phase separation in a quartz cell (1 mm thick), magnetite
concentration of 0.05%. The inset in (a) shows the correlation functions reconstructed from the scattering curves

(in the form of pair distance

di stribution functions)

point to an increase in the characteristic size as a result of aggregate formation under the applied field, as well

as the presence of anisotropy in the aggregate shape.

Molecular dynamic (MD) simulations of the low-polarity organic solutions of saturated mono-
carboxylic acids with alkyl chain lengths C14 (myristic acid) and C18 (stearic acid) used in the
stabilization of magnetic fluids have been applied for the interpretation of the experimental curves of
small-angle neutron scattering (SANS) from these systems [9]. In particular, the comparison of the
acid structural parameters obtained in the analysis of the SANS curves from the solutions in
deuterated benzene and decaline has revealed that in the second solvent there is a significant (up to
15%) increase in the limiting partial volume of the acid molecules despite their close effective
conformational lengths. Thus, it has been found that the considered C14 and C18 acids due to the
rapid attenuation of the dispersive interaction with distance are characterized by a lower affinity
(Iyophilic properties) to decalin which exhibits a more complex structure as compared to benzene.
Also, the formation of a liquid crystalline phase in concentrated solutions (concentration ranges of 7 i
25 vol.% for C14 and 3 - 10 vol.% for C18) based on deuterated solvents has been considered. The
lower values observed in the experiments for the formation of the liquid crystal phase in the solutions
based on decalin as compared to benzene can be explained by the structural features of the solvate
shells around the acids obtained from the MD simulations. The study has been carried out in
collaboration with the Wigner Research Centre for Physics of the Hungarian Academy of Sciences
(Budapest, Hungary) and Faculty of Physics of the Taras Shevchenko National University of Kiev

(Kiev, Ukraine).
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1.3. Investigations of carbon nanomaterials

Small-angle neutron scattering has been applied to characterize the structure of commercial
aqueous dispersions of detonation nanodiamonds (DND) [10]. It has been found (Fig. 7) that the
fractal organization of clusters in the solutions repeats the results of the previous similar experiments
on the DNA dispersions of different types, which is indicative of a unigue mechanism of the cluster
formation during the dispersion synthesis. To explain this mechanism, a modified model of diffusion-
limited aggregation (DLA-model) extended for the first time to the case of clusters of polydisperse
structural units (DNA particles) has been proposed. It has been shown that along with the
polydispersity of DNA particles a sufficiently high polydispersity of the clusters is required to fit the
scattering curves by this model. The "light" and "heavy" cluster fractions separated by centrifugation
reveal the same kind of clusters at different size scales. The effect of the scattering structure-factor
characterizing the cluster-cluster interaction in concentrated suspensions of "light" and "heavy" cluster
fractions has been described. The study has been carried out in collaboration with the Department of
Chemistry of the Moscow State University (Moscow, Russia) and the Faculty of Physics of the Taras
Shevchenko National University of Kiev (Kiev, Ukraine).
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Fig. 7. (a) Experimental curves of small-angle neutron scattering (YuMO, IBR-2) from commercial aqueous
dispersions of detonation nanodiamonds, RUDDM (Real-Dzerzhinsk Ltd.) and SDND (PlasmaChem GmbH),
are compared with the model curves (solid lines) calculated in the exponential/power-law approximation for the
two structural levels (indicated in the graph). (b) Calculated curves of small-angle scattering for the model of
diffusion-limited aggregation with monodisperse/polydisperse structural units and monodisperse/polydisperse
clusters are compared with the curve calculated in the exponential/power-law approximation with the
parameters obtained from the analysis of experimental data.

Complex investigations (including UV-Vis spectrometry, atomic force microscopy, small-angle
neutron and X-ray scattering, dynamic light scattering) of mixtures of aqueous solutions of fullerene
C60 (obtained by the solvent substitution method) with antitumor antibiotics cisplatin [11] and
doxorubicin [12] have been carried out. The formation of complexes of C60 with antibiotics has been
revealed and confirmed by complementary quantum mechanical calculations. From the studies
performed in collaboration with the Faculty of Biology of the Taras Shevchenko National University of
Kiev (Kiev, Ukraine), it has been concluded that these complexes are responsible for the enhanced
anticancer effect of fullerene-antibiotic mixtures as compared to pure antibiotics. It has been assumed
that in this case the fullerene improves targeted delivery of antibiotics, promotes antibiotic
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accumulation in tumor tissues and increases the duration of drug exposure on tumors, thereby
reducing toxic effects of anticancer drugs on vital organs.

In the framework of the research of cluster formation in fullerene solutions the kinetics of
dissolution of C60 in a polar solvent, N-methyl-2-pyrrolidone (NMP), has been studied by varing
temperature and speed of the component stirring during the preparation of the solution [13]. This
system is characterized by a transition from a molecular solution to a colloidal solution, whose
detailed description is of great interest from both fundamental and practical viewpoints. Based on the
proposed model of the evolution of the C60/NMP solution, as a result of the competition between
dissolution and complex formation, a diagram of the corresponding rates depending on the conditions
of the solution preparation has been plotted (Fig. 8).

Speed

Fig. 8. Diagram of the rates of dissolution (k1) and complex formation (k2) in C60/NMP solution (concentration
0.3 mg/ml) depending on the stirring speed and temperature. The speed values have been obtained from the
analysis of the absorption peak intensity in UV-Vis spectra at a wavelength of 330 nm.

1.4. Investigations of layered nanostructures

Neutron studies on the modification of the magnetic state in the ferromagnetic layered
nanostructure Ta/VIFeq7Vos/VIFe,7Vo3/Nb/Si under the influence of superconductivity were continued

(Fig. 9).
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Fig. 9. Temperature dependences of neutron scattering from magnetic clusters in ferromagnetic layered
nanostructure Ta/VIFeq;Vq.a/VIFey7Vo3/Nb/Si in various magnetic fields (left) and a schematic representation
inllustrating the behavior of the magnetic moments of the clusters (right).
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In the temperature range of 1.5-8 K where niobium and vanadium layers are superconducting,
different temperature dependences of neutron scattering from the clusters in this magnetic
nanostructure have been detected for the cases of (i) structure in a weak magnetic field of 20 Oe, (ii)
structure with residual magnetization after magnetization in a field of 2 kOe, and (iii) structure in a
constant magnetic field of 1 kOe. This indicates that the influence of superconductivity on the state of
the magnetic clusters in the layered structure depends on the magnetic field strength. Using the real
time reflectometry the temperature dependences of neutron scattering have been measured. They
showed a characteristic relaxation time within several tens of minutes for the magnetic state of the
layered structure Ta/V/IFeq;VoslVIFe,7Vo3/Nb/Si. The dependences associated with the creep of the
magnetic flux in the magnetic non-superconducting structure and oppositely directed creep in the
superconducting structure have been observed.

1.5. Investigations of biological nanosystems, lipid membranes and complexes

An ability to separate cells from the environment is one of the most important functions of
biological membranes. The violation of the membrane integrity causes the cell death. However, local
and short-term changes in the membrane integrity leads to the creation of a new structure by cell
fusion/fission. Fusion is the basis of the most important physiological processes such as exocytosis,
secretion, formation of secondary lysosomes. In addition, in vitro targeting cell fusion by various
fusion agents is widely used to solve a number of problems in biomedicine and biotechnology.
Dimethyl sulfoxide (DMSQO) is one of the fusion agents. In the presence of DMSO, pores in
membranes appear, thereby increasing permeability and reducing stiffness of the membrane, which in
turn initiates the fusion process. DMSO is toxic to living cells. Diethyl sulfoxide (DESO) is less toxic
than, for example, DMSO and glycerol, to E. coli. Apparently, the mechanism of the interaction of
DESO and DMSO with biological membranes is identical. The SANS analysis of the influence of the
DMSO and DESO concentration on structural and phase transitions in phospholipid membranes has
been carried out. It has been shown that fusion occurs at a lower molar concentration for DESO than
for DMSO.DESO (| i ke DMSO) increases the t empe raHoweveg

in the presence of DMSO the phase t =80%Cand338.6C)occur

and in a narrower temperature range than in the presence of DESO at the same molar concentration
of sulfoxides.

The process of the spontaneous formation of phospholipid vesicles in the presence of calcium
ions has been studied by small-angle neutron scattering. For the first time, the behavior of the
intermembrane distance in a transitional region for membranes in both liquid and gel phases has
been investigated in detail. It has been shown that the transition of a system from the bound state to
the unbound state in both phases is of continuous character. If for the liquid phase this result
predicted in many theoretical works was expected, the data obtained for the gel phase contradict
most of the previously published works. The theoretical investigations concerning the gel phase
indicate that the addition of calcium ions to multilayered lipid membranes should cause for the
membranes a sharp transition from the bound state to the unbound state, since there are no
ondulations in the gel phase (membrane is "harder” than it is in the liquid phase). However, our
studies have shown that the influence of the ondulation forces on the membrane interaction shoud be
taken into account. Thus, our experimental results confirm the hypothesis of R. Lipowski (1986) about
a possible continious character of the transition. The critical concentrations of calcium ions (0.3 mM
for the gel phase and 0.4 mM for the liquid phase) when the analyzed transition takes place have
been obtained. In addition, the binding constants for calcium ions with lipid membranes (22 M-1 in the
gel phase and 24 M-1 in the liquid phase) have been determined.
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The visual pigment rhodopsin is a typical representative of the vast family of receptors coupled
to G-proteins (GPCR). GPCR in membranes function in dimeric or oligomeric states. However, for
rhodopsin and for the whole A class of rhodopsin-like GPCR the functional role of the dimeric state
has not yet been established. A supramolecular organization of rhodopsin in photoreceptor
membranes is currently much debated. The structural organization of the photoreceptor membranes
has been investigated by small-angle neutron scattering with the contrast variation (Fig. 10).
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Fig. 10. Small-angle neutron scattering curves from a photoreceptor membrane measured with the contrast

variation.

It has been found that rhodopsin has an unusually high packing density in the photoreceptor

membrane with the distance between protein molecules of about56j [ 14] . Wi th a hi gh
data obtained assume a monomeric character of rhodopsin molecules in the photoreceptor
membrane.

1.7. Atomic and molecular dynamics

In recent years, much interest has been shown in the study of hydrogen-bonded, donor-acceptor
type supramolecular co-crystals for their potential use as functional materials with semiconducting
and/or ferroelectric properties arising due to the electron- and proton-transfer phenomena. A
comprehensive study of the crystal structure and molecular dynamics of co-crystals of bromanilic acid
with 2,6-dimethylpyrazine (BrA: 2,6-DMP) 1:1 has been carried out using the methods of single-
crystal X-ray diffraction, neutron spectroscopy (NERA spectrometer) and complementary
spectroscopic methods, Fig. 11. [15]. To interpret the experimental results, theoretical calculations
have been performed as well.

The structural analysis has revealed that the system under study crystallizes in the monoclinic
P21/c space group, with four molecular units per unit cell. The crystal structure can be described as
an infinite net of antiparallelly oriented hydrogen bonded molecular chains (Fig. 11). The
intermolecular analysis has revealed the nonequivalency of the moderate strength hydrogen-bonding
interactions and the presence of multiple specific intermolecular forces. The theoretical calculations
using Hirschfeld surface approximation and reduced density gradient approaches have exposed the
role of stacking interactions and weak van der Waals forces in the stabilization of the crystal structure.

Annual Report



- - L] - ® =
. o ® -

® e

1. SCIENTIFIC RESEARCH o _6’

The analysis of vibrational properties was performed using the methods of neutron and optical
spectroscopy (mid-, far- and terahertz ranges).
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Fig. 11. Molecular structure, inelastic neutron scattering spectra (NERA 10K) and theoretical calculated
vibrational spectra (for 0 Y 1 transitions) of BrA:2,6-DMP (1:1) in the frequency range below 925 cm™t. The
theoretical spectra are given for both constrained (rPBE; PBE) and fully (PBE-TS; PBE-D) optimized crystal
structures. Also, calculated phonon dispersion curves along with the vibrational density of states decomposed
into partial density contributions of each molecular fragment are selectively presented. In addition, the
dispersion averaged spectrum is given along with the total O-point spectrum including the overtone
contributions.

The theoretical analysis of the vibrational spectra was made in the framework of DFT in the
semilocal approximation taking into account semiempirical van der Waals corrections. Despite the
quasiharmonic approximation, good agreement between the theoretical and experimental spectra was
achieved. In particluar, the significant influence of the long-range dipole coupling on the IR spectrum
and the effect of the structure on the vibrations with small wave numbers have been revealed.

1.8. Applied research

Among traditional applied investigations in the NICM Department are the experimental studies of
internal stresses and texture of rocks and minerals, determination of internal stresses in bulk
materials and products, including engineering materials and components of machines and devices.
For the most part, these investigations are carried out using neutron diffraction.
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On the FSD diffractometer the experiments have been continued on the investigations of
distributions of residual stresses in welds that are induced by various beam welding methods
(Fig. 12). The investigations have been carried out in cooperation with the Institute of Electronics,
BAS (Sofia, Bulgaria). Residual stresses in a toothed gear of a sports car transmission gearbox after
electron beam welding have been studied. It has been found that in the weld region and adjacent
heat-affected zone (HAZ) the residual stresses and microstrains have minimum values. In the region
remote from the weld the residual stresses are rather large, and their maximum levels reach values of
about 500 MPa, which may point to non-optimal parameters of the beam welding.
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Fig. 12. a) Photo of toothed gears welded by electron beam welding and scheme of the measurement of
residual stresses in the toothed gear. b) Distribution of residual stresses (top) and microstrains (bottom) in the
toothed gear welded by electron beam welding.

A detailed study of residual stresses has been performed for a plate of size 100x100x10 mm of
structural steel S355J2+N welded by laser beam welding (Fig. 13). The distribution of residual
stresses along the scan coordinate X is of an alternating character, and the maximume-largest is the
component of the stress tensor U, (~ 400-460 MPa) directed along the weld line and having mainly
stretching character in the heat-affected zone. The analysis of the behavior of the peak widths near
the weld has shown that the peak broadening depends on the direction [hKI] in the crystal, which is a
typical manifestation of the orientation factor of dislocations in respect to the scattering vector. In the
given sample the maximum level of microstrains in the material reaches 4 . 8 £, &4n@l the position of
the maximum in the microstrain distribution coincides with the location of the weld center. Using the
obtained data on microstrains the dislocation densities in the material have been calculated.
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Fig. 13. The sample under study (plate welded by LBW) during the experiment at FSD (a). The arrows indicate
the strain tensor components. Experimentally measured distribution of residual stress tensor components in the
plate (symbols) welded by LBW (b). For comparison, the results of numerical simulation using the finite element
method FEM (solid lines) are presented. Distribution of microstrains in the crystal lattice (c) and dislocation
densities (d) obtained from the diffraction data in the plate welded by LBW.

In addition to the neutron diffraction experiments and in the framework of the existing
cooperation numerical calculations have been performed by the finite element method - FEM (group
of Prof. V.Mikhailov, Brandenburg University of Technology, Germany). The comparison of the
neutron data and calculations using FEM shows a good agreement, which supports the validity of the
developed theoretical model of the laser welding process. This information can serve as a basis for
developing specific technical recommendations to achieve the desired level and profile of residual
stresses.

On the SKAT/EPSILON diffractometer in situ deformation experiments have been conducted
with a granite sample from the Forsmark region (Sweden) containing quartz, plagioclase and biotite. A
cylindrical sample (d = 30 mm, | = 60 m) was subjected to cyclic uniaxial loading in the range from 20
to 140 MPa. The measurements were conducted at 7 load levels, for each level the sample was
reloaded. Applied and internal stresses were determined from the shift of the diffraction lines in the
range of up to d =5.1 j .In addition, the acoustic emission measurements have been carried out, the
combination of which with neutron experiments is needed for better understanding of reasons for the
Kaiser effect. The quartz texture in the granite sample is well developed and characterized by one
maximum in the pole figure [0001] near the z-axis and 120A pol e density distribu
directions around the [0001] cluster (Fig.14). This gives grounds to suggest post-kinematic
crystallization. In contrast, the texture of other phases is very weak (Fig. 14).
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Fig. 14. Normalized TOF neutron diffraction spectra of granite sample obtained with the SKAT diffractometer.
The Figure shows the experimental points (blue) and calculated profiles (black) as well as the positions of the
diffraction peaks calculated by the MAUD program (a). Textures of quartz (top), oligoclase, microlin and biotite
(bottom) (b). Applied and internal stresses of quartz (12-31) and (11-20) (c, d).

The measured internal stresses were compared for the milled (< 62 mm) and annealed powder of the
sample without stresses. During the internal stress measurements the cylindrical sample under study
was rotated around the z axis with a step of 15 in the xy plane. The measured residual stresses were
in the range from -1 x 103 to 1.2 x 10°2,

On the EPSILON diffractometer the experiments have been conducted to determine the
magnitude and distribution of internal stresses caused by tensile embrittling destruction in the course
of phased "Brazilian" creep tests for a pure marble sample (>95% CaCO3). A comparison of internal
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stresses measured before and during phases of mechanical loading has been made. The obtained
data are important for studying the mechanisms of rock destruction.

The internal stresses occurring as a result of elasto-plastic deformation and residual stresses
after removing the mechanical load in metal-matrix composite alloys Al/SiC, have been studied by
neutron diffraction (EPSILON diffractometer) and synchrotron radiation techniques. The experimental
results were compared with the elasto-plastic deformation model to determine the parameters
responsible for the deformation of the Al matrix % critical allowable shear stress and hardening
parameter. The analysis of data has shown that during the tensile test the Al matrix undergoes plastic
deformation, and the SiC phase remains elastic. A self-consistent model allows one to correctly
predict stresses in the SiC phase, but it overestimates the calculated values of the lattice strains in the
Al matrix, which can be connected with the initial thermal stresses.

On the SKAT diffractometer the texture in a number of samples of high-strength vessel steels
has been studied by thermal neutron diffraction (Fig. 15).

{110} pole figure of the low-temperature bcc phase (bainite)

corresponding to a virtual {111} pole figure
of the high-temperarture fcc phase (austenite)
before the transformation

. _— =

min: max: min: max:
0.81 1.30 0.47 2.00

deformation of austenite: LESS MORE
— =

respective thickness of rolled metals: 30mm 10mm

Fig. 15. Pole figures of low-temperature bainite phase with a bcc structure.

The inhomogeneity of the texture across the thickness of a steel slab was investigated. Due to a
large thickness (300 mm) of the slab the crystallization proceeds under various temperature
conditions, therefore a strong morphological inhomogeneity can be observed across the thickness of
the material. A s et of 72) 8ifrstior{ spektfa was obtained from which complete direct pole
figures (PF) with a grid size of 5 &5 avere derived. For each sample three pole figures (200) (110)
( 2 11)-Fewere obtained. It was revealed that the crystallographic structure changes only slightly
across the thickness of the slab. From this it follows that the change in the morphological structure
across the thickness of the high-strength steel slab is not related to a change in the crystallographic
texture. In addition, the texture of rolled samples with different degrees of deformation has been
studied as well. It has been found that the intensity of texture increases with the degree of rolling.
Pole figures have been obtained for a low-temperature bainite phase with a bcc crystal lattice. The
pole figure (110) for this phase corresponds to the pole figure (111) for the virtual high-temperature
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austenitic phase with an fcc lattice (typical texture of rolled copper). The high-temperature phase
(austenite) is destroyed during quenching as a result of the phase transition. However, the revealed
relationships between the pole figures of low-temperature (bainite) and high-temperature (austenite)
phases provide an insight into the texture of the austenite destroyed during the phase transition.

Il. Instrument development

Work to develop the final configuration of the new DN-6 diffractometer was continued. In
cooperation with the SC Department a second ring detector consisting of 96 independent helium
counters has been manufactured. The first successful methodological and scientific experiments with
a new two-detector system have been carried out (Fig. 16).
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Fig. 16. Neutron diffraction spectra of LiMn,TeOg obtained at scattering angles 2g = 45 “(left) and 90 "(right).

In 2015, the user program has started to be implemented on the GRAINS reflectometer. In
accordance with the list of submitted proposals for the second half of 2015, more than ten
experiments on electrochemical interfaces, magnetic colloidal systems, polymer solutions and melts,
lipid solutions and others have been carried out at GRAINS. Among the interested organizations are
the research centers of Russia (MSU, PNPI, NRC KiI), Slovakia (IEP SAS), Ukraine (KNU), Hungary
(WRCP HAS), Tajikistan (IC ASRT). In particular, the possibilities of neutron reflectometry
experiments for electrochemical interfaces under potential have been considered in the framework of
comprehensive studies combining various complementary methods of synchrotron radiation and
thermal neutrons [16]. The main emphasis was placed on the optimization of experimental conditions
(substrate, electrode, solvent) to detect the formation of a transitional layer (so-called solid electrolyte
interphase, SEI) on the model electrode and to obtain its characteristics (thickness and density)
depending on the applied potential. To eliminate the influence of uncontrolled oxidation of metal
electrodes on the results of experiments, the regulated oxidation of titanium and nickel films deposited
on a glass substrate has been investidated (Fig. 17). The study has been carried out in collaboration
with the Department of Chemistry of Moscow State University (Moscow, Russia), Petersburg Nuclear
Physics Institute, NRC "Kurchatov Institute" (Gatchina, Russia) and the Faculty of Physics of the
Taras Shevchenko National University of Kiev (Kiev, Ukraine).
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Fig. 17. Experimental reflectivity curves (GRAINS, IBR-2) for model metal (Ti) films of different thicknesses on a
glass substrate oxidized using a special procedure (PNPI, NRC KIl). The solid lines show the simulation results
with the indication of the obtained thicknesses for the film and the oxide layer.

The realization of the project aimed at creating a basic configuration of the diffractometer on
beamline 6a for neutron diffraction studies of transition processes in real time (RTD diffractometer -
Real Time Diffractometer) has been completed. The diffractometer (Fig. 18) is designed to study
irreversible transition processes with characteristic times ranging from fractions of a second to tens of
minutes.
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Fig. 18. Basic components of the RTD refractometer at the IBR-2 reactor. Shown from left to right are: reactor
core and moderator, biological shielding, chopper to reduce the background between the reactor pulses, splitter"
to split the neutron beam into two beams, mirror neutron guide with a shutter to shut the beam, adjustable
diaphragm at the exit of the neutron guide, central platform with a sample position and detectors. Four detector
units are used: 2D PSD on a rotating platform, two ring detectors at small and large scattering angles and a
battery of *He-counters near 2d = 90 ~

In favorable cases, the time resolution of RTD will be fractions of a millisecond. The developed
detector system (small-angle detector, detectors at medium scattering angles of 30 -90 and a
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detector at large scattering angles in combination with the available wavelength range of 0.5-20 i )
makes it possible to obtain diffraction spectra over a wide range of interplanar spacings (dmin, dmax) =
(0.5-300); . A triaxial geoandinateTRSD with annactige ateavalf 225x225 mm and
spatial resolution of 222 mm are used for investigations with single crystals and multilayer structures.

On the HRFD diffractometer the available model cell and its assembling/filling procedure have
been improved. The work on the development of the cell (Fig. 19) based on silicon screens and multi-
layer pouch-cell-type arrangement of electrode materials has been completed and first successful
experiments have been conducted. The main components are: PTFE frame (white), material under
study, silicon plate for incoming and scattered neutron beams, boron nitride to reduce the scattering
from the cell components. The cell design allows easy assembling in an argon box, ensures good
sealing and low incoherent neutron scattering from the cell screens.

Fig. 19. Schematic diagram of a new electrochemical cell.

Also, on HRFD the operation of a specialized high-temperature furnace (ILL standard) designed
to heat samples up to 1100 C and for a short time up to 1300 C has started. The furnace has
vanadium heaters, vanadium and aluminum screens, water cooling, two K-type thermocouples,
various protection mechanisms for emergency cases. An example of diffraction spectra obtained
using the new furnace for Fe-27Ga alloys is shown in Fig. 20.
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Fig. 20. Evolution of diffraction spectra obtained during heating of Fe-27Ga alloy from room temperature to
980 Catarateof225C/ mi n. There can be observed a sequence of
D019 Y A2 (esignatiords afr nthin structural types). Shown are the Miller indices of the observed
diffraction peaks.

At FSD a uniaxial mechanical testing machine LM-20 has been installed, which significantly
expands the range of possible experiments with the diffractometer. This device is intended to study
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samples at an external uniaxial load directly in the neutron beam. In 2015, several test neutron
diffraction experiments with the application of tensile and compressive loads on austenitic and ferritic
steel samples were successfully performed at FSD (Fig. 21). In the autumn of 2015 first experiments
with a testing machine LM-20 began to be performed on the request of external users. In future, this
device is planned to be used at FSD on a regular basis.

Fig. 21. FSD Fourier diffractometer on IBR-2 beamline 11: a) sample position on the HUBER goniometer; b)
testing machine LM-20 with a steel sample.

On IBR-2 beamline 13 the work on the development of a Fourier diffractometer FSS is in
progress in cooperation with the SC Department (Fig. 22).

Fig. 22. Fourier-diffractometer FSS on IBR-2 beamline 13 (from top to bottom and from left to right): operational

control boxes of a shutter and beam stopper; entrance door to the bunker (beam exit location); glass mirror

neutron guide sections before installation in a housing; neutron guide installed in a steel housing and control
electronics of the Fourier chopper; ex per i menter 6s c o n orr thd biological iskmeldimyooli n t e d
beaml i it -

Annual Report



1. SCIENTIFIC RESEARCH

In 2015, operational control boxes of a shutter and beam stopper, light alarm system, power
supply and control system of the Fourier chopper were installed, a n e x p e r iconeohcabénrwass
mounted, and a mirror neutron guide in the steel casing was assembled with the participation of
specialists from PNPI. In November 2015, at FSS the first trial opening of the beam was held, during
which radiation conditions on the beamline were evaluated, neutron beam profiles were obtained and
first diffraction spectra were collected.

A spin neutron interferometer of a new type based on the splitting of neutron waves reflected
from a magnetic mirror has been studied. In the setup an initially unpolarized neutron beam passes
through a system of two mirrors placed in a perpendicular magnetic field. A precession of the neutron
magnetic moment as a periodic wavelength dependence for the intensity of neutrons passing through
the system of two magnetic mirrors has been observed (Fig. 23). With increasing magnetic field up to
200 Oe the precession of the neutron beam polarization decays because of magnetic field
inhomogeneities. The interferometer can be a part of a spin-echo spectrometer where the influence of
magnetic field inhomogeneities and neutron beam divergence are eliminated. In particular, it can be
used to study a static inhomogeneous state with a micron-size correlation length and the dynamics of
media with correlation times at a microsecond level, as well as to measure the width of neutron wave
packets.

’ |_PP_33_w05
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wavelength, A
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Fig. 23. Operating principle of the neutron spin interferometer of a new type (left) and spectrum of neutrons
passing through the interferometer under a magnetic field of 33 Oe (right).

A method to study weakly magnetic films using the polarized neutron channeling has been
developed (Fig. 24). The magnetic induction of a weakly magnetic layer has been measured. The
structure Ta(3 nm) / Nige7CUo 33(15 nm) / TbCos(150 nm) / Nig7Cug 33(50 nm) / Si(substrate), in which
the waveguide layer is made of a material (TbCos) with small saturation magnetization of about 200 G
has been investigated. Such materials containing rare earth elements are widely used for the
development of new methods for magnetic recording. However, because of the weak saturation
magnetization these materials cannot be studied by standard reflectometry of polarized neutrons,
which is used for materials with magnetization of more than 1000 G. In experiments, a polarized
neutron beam falls at some grazing angle on a three-layer waveguide structure where the resonance
amplification of the neutron wave in the average weakly magnetic layer occurs. The neutron wave
phase in the resonance depends on the neutron spin direction, channel width and magnetic induction
in a channel. Along with it, the grazing angles of the incident beam for spins (+) and (-) differ, and the
difference in the squared sines of these angles directly gives the magnetic induction in the layer at its
values of less than 100 mT. With increasing B, other factors start to determine the non-linear
dependence. The prospects of this method for neutron measurements in research of weakly magnetic
materials have been concluded to be good.
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Fig. 24. Optical potential profile for the nanostructure Ta(3 nm) / Nige7Cug33(15nm) / ThCos(150nm) /
Nig.67CUg 33(50nm) / Si(substrate) (a), scheme of the experiment (b ) parts of the spectrum of scattered neutrons
at different magnetic fields (c) and difference of squared sines of grazing angles as a function of magnetic field
induction (d).

The operating modes of the spin-echo small-angle (SESANS) spectrometer with linearly
increasing magnetic fields, which is under construction on the basis of the REFLEX reflectometer,
have been numerically studied. Monte Carlo simulations of these modes for a virtual spectrometer
have been performed in the VITESS software package. In particular, a program module simulating the
main element of the SESANS spectrometer (spin rotator) has been created. The parameters of the
model spectrometer have been chosen in accordance with the parameters of the prototype of the
SESANS spectrometer being constructed on IBR-2 beamline 9. The purpose of the work was to
determine the possible modes of the setup under constraction and its possibilities in the study of
nanostructures. Basing on the IBR-2 parameters and the geometry of the spectrometer with respect
to the location of its elements and their characteristics, it has been found that the measured
correlation dependence P(Z) of the scattered beam polarization on the so-called spin-echo length is
composed of separate intervals relating to specific spectral intervals of the neutron beam (Fig. 25).
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Fig. 25. (a) SESANS signal for particles with radii of 100 j andj 50BRoman numerals denote

modes of the instrument. The solid line and crosses designate the analytical calculations and the model
scattering curve, respectively, for the ideal case of the infinite time field pulse. The circles correspond to the
case of sawtooth pulses for the magnetic field realizing different modes of the spectrometer in different spectral
intervals. (b) Time diagram illustrating different operating modes: one pulse of the field per passage through four
(1), two (2), one (3) spin rotators; every n-th pulse per passage through one spin rotator (4).
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Each of these intervals is characterized by its own measured correlation dependence P(Z), thus,
the analysis of the total correlation dependence should consist of an independent analysis of its
individual parts.

On the YuMO spectrometer a new data acquisition concept with respect to the software upgrade
procedure has been developed. The fast task exchange option in the software has been implemented
together with the scheme of the SAS software update for experimental data treatment. This software
modification is a result of tight and successful collaboration with groups of A.Kirilov (SC Dpt., FLNP)
and A.Soloviev (LIT), which has made it possible to prevent losses in the experimental time. The
autonomous vacuum system for pumping out large (> 20 m?) air volume from the vacuum tube of the
detecting system has been implemented, which ensures reliable operation of the instrument and
prompt corrections of problems during the opening/closing of the vacuum valves in both
methodological experiments and experiments in the framework of the spectrometer modernization
program.

On the neutron radiography and tomography spectrometer simulation energy-selective
radiography experiments have been conducted [17]. In the experiments a CCD-camera-based
detector was used. The frequency of the camera was synchronized with the reactor pulse frequency.
Using the camera response delay relative to the start of reactor pulses and the exposure time
variation, neutron images of various metal materials (aluminum, steel, lead, copper) have been
obtained in the neutron wavelength ranges of 0.2-2, 2-3.7, 3.8-8 j (Fig. 26).

a [ d

Fig. 26. Photo of cylindrical samples (aluminum, steel, lead, copper) (a) and their neutron images obtained in
the wavelength ranges of 0.2-2 j (k37 2 c})8; F.dg .

A change was observed in the contrast of images of the materials in the ranges under study, which
offers good prospects for further development of energy-selective radiography and tomography at the
IBR-2 reactor.
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MULTIMODAL PLATFORM FOR RAMAN AND NONLINEAR OPTICAL MICROSCOPY AND
MICROSPECTROSCOPY FOR CONDENSED MATTER STUDIES

In 2015, the activities of the Sector of Raman Spectroscopy (Centre A Nanobi ophotonic
focused on the further development and enlarging of the spectral and microscopic possibilities of the
optical platform ACARSO microscope. This was don
optical options for highly spectrally selective imaging and high sensitivity enhanced Raman
spectroscopy:

- Polarized Coherent antiStokes Raman Scattering (P-CARS)
- Surface Enhanced Raman Scattering (SERS)
- Raman scattering using laser excitation at 532nm

All three of these options were successf ul ly el aborated and establi
Afterwards, the research activities were carried out on the following tasks: highly selective spectral
imaging of membrane proteins; first tests of SERS with various biomolecules; photo- and up-
conversion luminescence of oxyfluoride nano-glass-ceramics doped with Er®*, Eu**, Tm*, and Yb*'.

Some other research activities for JINR labs and Member States were implemented in the frame of

the Afriendly wuser facilityo as well

1. The upgraded i C A R &ixroscope

Figure 1 shows the upgraded schematic of the multimodal optical platform for performing Raman,
P-CARS, SERS spectroscopy and microscopy. We exploit parallel orientations of linear polarizations
of the input Stokes and pump beams. Both excitation picosecond pulse trains are made coincident in
time and in space utilizing an optical delay line and a series of dichroic mirrors. For CARS microscopy
a water-immersion objective lens with a high numerical aperture (NA=1.2, UPLANAPO-60x, Olympus)
was exploit to focus the beams tightly.

Diagram of the CARS microscope

Raman Laser —E3

SERS Laser =
Fig.1.Di agram of the wupgraded multimodal optical pl atform

Using this optical platform, a sample can be imaged by utilizing vibration frequencies in the spectral
range of ( 1 0 0 0 T 8n8'8vihich covers all most important 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. Along with the CARS
signals, the system allows detection of spontaneous Raman, luminescence, including up-conversion
luminescence, second and sum frequency generation signals and transmission mode as well.
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In 2015 we also incorporate into the our optical system a diode-pumped green laser at 532nm with an
adjustable output power of up to 20 mW and more than 50 meters coherence length (model SLM-417-
20).

2. Scientific results
2.1 P-CARS imaging of membrane protein crystals

During the reporting period in cooperation with the Institute for the Physics of Complex

Systems (Germany), the Institute of Structural Biology (France), Moscow Institute of Physics and
Technology, and Orbeli Institute of Physiology (Armenia), research activities on membrane protein
(MP) structural studies using nonlinear optical microscopy were initiated. For the first time CARS
images of MP crystals with submicron resolution and high contrast were obtained. As a first step in
this direction, we performed the studies with bacteriorhodopsin crystals. The C=C retinal
chromophore vibrational stretch at 1529 cm-1 is chosen from the Raman spectrum of BR crystals for
CARS microscopy imaging.
Figure 2 compares Raman and CARS images of a sizable BR crystal. An optical microscopy image
of this crystal is shown in the figure as well (Fig. 2a). A Raman intensity map of the C=C stretching
vibrations of the retinal chromophore in bacteriorhodopsin is shown in Fig.2b. Any of the small sized
features is not observed in the Raman image. The analytical capabilities of the spontaneous Raman
scattering microscopy are significantly limited by the difficulty in acquiring contrast image with low
signals.

a) Microphotograph b) RAMAN c) CARS

-

Fig. 2. @ Mi crophot ogr aph,h ,=78nim) d&a ma R-CARS ,=( 915 . 5rIOG4nm)p
images at vibration 1529 cm-1 of bacteriorhodopsin crystal. Scan area i 48x48m

The CARS image is much more stronger than the spontaneous Raman signal, allowing very fast
imaging acquisition of ~3s with good signal-to-noise ratio. The high spatial resolution of CARS permits
visualization of detailed structures in BR crystals. Also, there were obtained P-CARS images of small
crystals with submicron resolution.

A few of BR crystals consists of two roughly equal sized parts because of twinning. Twinning is one of the most
common crystal-growth defects in protein crystallography. Figure 3 demonstrated a high quality 3D-imaging of
twin BR crystals.

10.00 pm

Fig. 3. P-CARS 3D-image of twin BR crystal
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2.2 Surface Enhanced Raman Scattering (SERS): first experiments
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In cooperation with partners from the Republic of Belarus (BSUIR and Scientific-Practical Materials
Research Centre of NAS) the spectra of spontaneous Raman scattering and SERS for rhodamine 6G
dye (R6G) and protein lysozyme were obtained using a substrate based on porous crystalline silicon.
For excitation of the Raman scattering was used either He-Ne laser (632.8 nm) or diode-pump laser
with a wavelength of 532nm. The power of the exciting laser exposure is selected experimentally to
achieve maximal SERS - effect. The accumulation time of Raman spectrum is varied from 0.5 to 10
seconds.

In 2015 the main research directions goals on SERS were the following:
- definition of the concentration sensitivity limit on the SERS active substrates based on
silver/porous silicon (Ag / PS);
- definition of the maximum enhancement factor (EF) on the SERS active substrates based on
plasmonic structures Si/SiO,/(AQ).

2.2.1. SERS - active structures on the basis of silver / porous silicon (Ag/PS) compasition

Spontaneous Raman spectrum of lysozyme was obtained at a dilution of its concentration up to 10°M
(control). For obtaining SERS effect was used concentration for 10* and 10° less than the control: 107
and 10 M solution of lysozyme. The power of the exciting laser (632.8n m) was 250 & W.
Fig. 4 demonstrates enhance Raman signals from lysozyme in SERS option using substrates on the
basis of silver/porous silicon (Ag/PS).
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Fig.4. On the left: Raman spectrum of 10°M solution of lysozyme (control), on the right: SERS spectrum of 10
"M solution of lysozyme

SERS allows to identify molecules of lysozyme at the concentration of 10°M. It appears that the laser
power of 250 €W was enough for this

2.2.2. Plasmonic structures of Si/SiO2/(AQ)

The second type of substrates exploited in our SERS studies were so-called plasmonic structures of
Si/SiO,(Ag) composition, produced by ion-track technology. Monocrystalline silicon plates served as a
surface to develop Si/SiO, structures. Substrates of Si/SiO2 were exposed to the Au ions at the
energy of 350 MeV. Irradiation was carried out at the normal incidence angle, leading to a random
distribution of parallel oriented ion tracks in a layer of SiO,. Plasmonic structures of Si/SiO,(AQ)
differed from each other by the time of etching in hydrofluoric acid HF (10 - 35 min), which affects the
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pore diameter formed in silicon oxide. The pore diameter in turn causes the dendritic morphology of
silver nanoparticles when treated with a 0.02 M solution of AQNO3. The obtained results are shown in
Fig. 5.

-2
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Fig.5. On the left: Raman spectrum of 10-2M solution of R6G (control); on the right: SERS spectrum of 10-6 [
solution of R6G on plasmonic structures of Si/SiO2/(Ag), etching time 35 min

The results indicate that the best plasmon structures are the substrates with an etching time of 35
minutes, resulting in the SERS enhancement factor of as high as 10°-10® (Fig. 5, right). Wherein, the
opti mal |l aser power is of 5 g&W.

The results obtained in 2015 on SERS studies we consider as very optimistic, thus they can be serve
as a good basis for the further research activities in the Sector of Raman spectroscopy, LNP.

2.2 Photo- and up-conversion luminescence (UCL) of oxyfluoride nanoglassceramics
doped with rare earth elements (REE)

In 2015, an international collaboration was established with the Institute of Solid State Physics of
University of Latvia, Riga, with the Belarusian State Technological University, Minsk, and the Institute
of Solid State Physics and Semiconductors, Minsk. The structural and spectral characteristics of
oxyfluoride glasses co-doped by europium and ytterbium ions with different molar concentrations.

Structural studies.

The X-ray diffraction analysis (XRD) of precursors and heat-treated samples was done to identify the
nanocrystalline phase of lead fluoride. The presence of diffraction peaks in the heat-treated samples
indicates the formation of nanocrystalline phase, corresponding to the cubic crystal lattice of PbF,
nanocrystals. The average size of the nanocrystals ~6,5nm was calculated using the Debye-
Scherreros equation.

Al so, transmission el ectron mi croscope ( TEM)
nanocrystalline phase (Fig.6.).

As it is seen from the figure, the PbF, nanocrystals are spherical in shape and have relatively small
variations in diameter. However, the size dispersion is pronounced to be bimodal: there is a fraction of
~15nm size and a fraction of ~(2-5)nm.
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Fig. 6. TEM images of the heat-treated samples: © bright-field image, b) dark-field image, f) the enlarged
image of nanocrystals, d) electron diffraction pattern of nanocrystal.

Fig. 6(c, d) shows that nanocrystals have a face-centered cubic lattice crystal, typical for b-PbF,.

Luminescent characteristics

Photoluminescence spectra of precursor and heat-treated samples were measured under the laser
excitations of 325, 405, 456nm, and a xenon lamp at the wavelength of 440nm (Fig.7). At the all
excitation wavelengths a pronounced red photon emission was observed, typical for 4f-4f transition of
Eu’*.
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Fig.7. Photoluminescence spectra at different excitations: a) 325nm b) 405nm c) 440nm d) 457nm

The spectra of up-conversion luminescence of the precursor and heat-treatment samples were
detected at the ¢CARSé microscope us ingtg thd rasimat
value of absorption coefficient of ion Yb* (Fig.8).

As can be seen from Fig. 5, in addition to the luminescence bands typical for the europium ions,
additional bands are observed at 510, 525, and 550 nm, related, with a high probability, to the erbium
ions in the sample as an impurity. Subsequently conducted energy dispersive analysis (EDS)
confirmed this assumption. It should be also noted the increase of the erbium peaks in heat-treated
samples are due to the inter-ion interaction processes described in details in our previous studies.
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Fig.8. UCL spectra of precursor and heat-treated sample, excitation 976nm. On right T energy transition
diagram for Eu** ion.

Presently, the above mentioned results on photo- and UC luminescence are being in preparation for
publication in a peer-reviewed journal in this field.
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NEUTRON NUCLEAR PHYSICS

In 2015, 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 for 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 humber 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.

Of particular note is the accurate implementation of the planned activities on the modernization
of the IREN facility aimed to ensure that in 2016 two accelerating sections of the accelerator will
operate.

Experimental and methodological investigations
Investigations of prompt fission neutrons

In 2015, the first stage of works on the development of a facility for studying prompt neutrons
from fission induced by low-energy neutrons was completed, which resulted in the construction of a
setup consisting of a double ionization chamber (DIC) with Frisch grids (see Fig. 1). DIC is designed
to measure masses, kinetic energies of correlated fission fragments and angles between the fission
axis and the normal to the target plane.

Fig. 1. Double ionization chamber with Frisch grids with a target mounted on a common cathode.

A fast neutron detector (FND) on the basis of liquid scintillator BS-501A from Saint-Gobain is
located at a distance of ~0.7 m from the target along the normal to its center and allows one to
determine the angle between the direction of motion of prompt fission neutrons and fission fragments.
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The determination of energy of prompt fission neutrons is realized by measuring the time of flight
using a cathode signal as a "T-zero" signal and an FND signal as a "Stop" signal. A schematic of
electronic equipment and acquisition system is shown in Fig. 2.

FCl extention controller
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Fig. 2. Schematic of a setup for studying prompt fission neutrons.

It consists of current amplifiers with cathode and two anode circuits. Signals from the outputs of
amplifiers and fast neutron detector arrive to the inputs of digitizers from "SPECTRUM-
INSTRUMENTATION". The digitizers are mounted on an autonomous bus PCI-Express, which is
connected to a PC via a fiber-optic communication line SONET.

The detector signals are digitized simultaneously in six channels at a rate of 250 MHz and
amplitude resolution of 12 bits. The start of digitization is given during the registration of a fission
fragment using the signal from the DIC common cathode. The setup was tested on thermal neutron
beamline 11B of the IBR-2 reactor. Some preliminary results of the measurements are shown in

Figures 3, 4.
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Fig. 4. Two-dimensional distributions of fission fragments in the coordinates of amplitude-time of charge
collection on the anodes of DIC: for the anode from the side of the target layer (left) and for the anode from the
side of the substrate (right).

Monte-Carlo calculations of angles between directions of motion of two light charged particles
in "pseudo"-quaternary fission

A lot of experiments have been devoted to the study of charged particles from ternary and
quaternary fission, in which in addition to two heavy fragments, one or two lighter charged particles
are emitted. If the emitted particle is unstable, it may in turn decay during its travel. The use of
position-sensitive detectors makes it possible to identify such events by finding two particles detected
simultaneously in different parts of one or two detectors. Timepix detectors are convenient for
detecting such events. We have developed two DE-E telescopes to study light unstable charged
particles from the spontaneous decay of *°Cf. Of particular interest is the study of the emission of two
unstable particles: ®Be and Li. In the decay of ®Be two alpha-particles should be detected, and in the
decay of 'Li ¥ an alpha-particle and tritium nucleus. The decay of ®Be has three channels, which can
be separated. These channels are the decay of ®Be in the ground state, and two variants of decay
when ®Be is in the first excited state and the second excited state. In the case of 'Li it makes sense to
consider three variants of decay: when Li is in the first, second and third excitation levels. Decay
channels of particles under study are separated by the registration of the distance between two
charged particles simultaneously detected by position-sensitive detectors. Knowing the energy of
flying particles and the positions and sizes of telescopes, one can calculate the distances. Monte
Carlo calculations of three variants of ®Be decay and three variants of ’Li decay have been performed.
As a result of the calculations it has been found that in a real experiment in the case of ®Be the events
from two decay channels can be obtained: from decay of ®Be in the ground and first excited states. In
the case of ’Li it has been revealed that three decay channels cannot be separated using the
developed setup, and one can only study the total contribution of these channels.

Measurement of T-odd effects in U fission on a hot source of polarized neutrons

In the framework of the FLNP-ITEP collaboration a series of experiments have been conducted
to measure the ROT-effect for studying p r o mpays and neutrons in binary fission of ?°U and **U
induced by polarized cold neutrons. In 2015, at the facility POLI (FRM-2, Garching) beam time (11
days) was allocated to conduct an experiment to measure the effect of rotation of the fissioning
nucleus in the resonance region of ?°U at an energy of 0.3 eV on the beam of polarized resonance
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neutrons being constructed (hot source of neutrons). In July of 2015 the first experiment to measure

the ROT-effect in the resonance region was carried out. The experimental setup is shown in Fig. 5.
RA\\ . : i

g ® f

Fig. 5. A setup for measuring the ROT-effect on the POLI instrument (FRM-2, Garching). 1 i neutron polarizer,
21 analyzer, 31 fission chamber surrounded by detectors of gamma-rays and neutrons.

The neutron beam with an energy of 0.3 MeV was cut using 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 ~5R10° n/cm?/s. The polarization was controlled by a similar
analyzer and measured using the readings of neutron counters.

Since the neutron beam should be longitudinally polarized at the target and a *He polarizer
produces a vertically polarized beam, additional magnetic coils have been installed, thus providing an
adiabatic spin rotation by 90 in the target. The direction of the magnetic field in the coils changed
once per second, which created an analogue of a spin-flip and allowed us to measure the difference
effect.

A schematic of the fission chamber is shown in Fig. 6.

Lerexropsi ocxonkos

. . AeneHus («CTapT» U «cTONY)
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Fig. 6. Fission chamber with a ***U target.
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Fragments were detected using fast multiwire detectors and separated into light and heavy
ones by the time of flight. Gamma-rays and neutrons were detected by scintillation counters (plastic,
Nal(Tl)) positioned at specific angles to the direction of emission of the fragments. We measured the
so-called TRI-effect (up-down emission asymmetry) and the ROT-effect (rotation of the fissioning
system in or against the direction of the angular momentum transferred by a polarized neutron).

The search for the effect was conducted during 48 hours with a polarized beam and 12 hours
with a non-polarized beam (measurements of zero-effect). The statistical accuracy achieved was of
the order of 2-5210° (depending on the detector), which was not enough to observe the desired
effect. Nevertheless, the experiment has demonstrated a principal possibility to measure such an
effect with the POLI instrument with the required accuracy of better than 10 2. The adjustment of the
equipment, as well as the check of the background conditions and the rate of statistics collection have
been carried out. On the basis of the results of this experiment, a new proposal to the POLI
instrument for a longer beam time has been submitted and approved by the Program Committee. In
2016, 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.

Measur ement of t he an graylswith anenergyrof 448 MaV@rmoduoed indhe
inelastic scattering of neutrons with an energy of 14.1 MeV by carbon

One of the first experiments planned in t
Neutrons and Gamma RAys), is the measurement of angular correlations of o-rays and neutrons
produced in the reaction of inelastic scattering of neutrons with an energy of 14.1 MeV by carbon
nuclei:

2C(n,n)C - e

The result of this experiment will make it possible not only to make a correct comparison with
the experimental data obtained earlier in the experiments studying the characteristics of the reaction
and significantly differing among themselves, but also to obtain information on the mechanism of
inelastic scattering of fast neutrons by carbon nuclei. It should be noted that in the framework of the
project CTANGRAe it is planned to carry out
inelastic scattering of fast neutrons by *2C, N, 0, ?’Al, *Fe, ¥'Cl, **P and other nuclei using the
tagged neutron method (TNM).

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

A schematic of the experimental setup is presented in Fig. 7a, and its general view is given in
Fig. 7b.

As a source of neutrons with an energy of 14.1 MeV, we used a portable neutron generator
ING-27 developed and manufactured at the N.L.Dukhov All-Russia Research Institute of Automatics
(VNIIA). To form a tagged neutron flux, the generator comprises a built-in silicon double-sided strip
detector that consists of 8 mutually perpendicular strips on each side forming an 8-8 matrix of
474 mm? pixels. The total active area of the 64-element U-detector is 32732 mm?. The alpha-detector
is located 62 mm away from the tritium target of the neutron generator and intended to detect U-
particles with an energy of 3.5 MeV produced in the reaction d +t- &a(3.5f 1 J+n(@4.1f < )
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a) b)
Fig. 7. a). A schematic of the experimental setup; b) A general view of the setup.

Twenty two daayseantthe asis aof fNal(Dl) crystals shaped as hexahedrons
(distance between the crystal faces i 85 mm, the crystal height i 200 mm) were used as detectors of
charact er i sradiation with anleeesgy of 443Me V f r o m c a fray detectorsTwbre
arranged perpendicularly to the horizontal plane in a circle of radius of 370 mm with a carbon target
placed in its center. The angle between the axes of two adjacent Nal(Tl) crystals in the horizontal
plane was 150.

In the experimentfor each detectathe numberof detectedeventscorresponding to the total absorption
peaksfor gammarays with an energy of4.43MeV (detectedn coincidencewith the centralpixel of alpha
detector) was determined’hen, the obtained numbesf eventswas averagedor each pair ofo-detectors
located symmetricallat a specifiegbolar angle relative tahe axis of the centrahgged neutron beam

To describe quantitatively the awmaysgerenatedpirytheo f
inelastic scattering reaction, the anisotropy parameter W is used. It is defined as the ratio of the
number of events detected by the detector positioned at an angle g to the number of events detected
by the detector positioned at an angle of 900U:

W(g) =1+acos’q- bcos'q

Figure8s hows t he ani sot r-maysyengraed e the coarse offthe reaction of
inelastic neutron scattering from carbon as a function of the polar angle obtained from the
experimental data processing. The errors in the angle (angular resolution of the detector) were
obtained by the Monte Carlo simulations using the Geant4 package. The obtained angular
dependence can be described using the above formula with the parameters a=2.47° 0.10 and
b=2.04° 0.12. The Figure also shows a comparison with the experimental data obtained in other
studies and a theoretical curve from the ENDF/B-VII.1 library.
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Anderson etal: a=175+0.18, b = 1.20 + 0.31
Benveniste et al.: a = 3.01+ 0.35, b = 2.56 £ 0.38
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Fig. 8. Angular dependence obtained from the experimental data in comparison with the evaluated and other
experimental data.

Investigations of (n,p), (n,&) reactions

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 lon Physics of Peking
University. Data on the neutron reactions with the emission of charged particles 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.

In 2015, the data treatment for the measurements of the “°Ca(n,0)*’Ar and ***®*"Fe(n,U)
reactions was completed; the results were published [1,2]. Taking into account the results of the
previous study on *Fe, a full cycle of measurements for this element in the neutron energy range of
4-6.5 MeV has been completed.

Cross sections of the **Fe(n,0)**Cr and Fe54(n,U)Cr51 reactions were measured in several
experiments at E, =5.5d 6.5 MeV and E, = 4.0, 4.5, 5.5, d 6.5 MeV, respectively (Fig. 9 and 10). The
results are in agreement with the calculations using the TALYS-1.6 code.

o0l ENDFBVILT 2 SK.Saraf (1991)
— BROND-2.2 ® Present work
a CENDL-3.1
£ - FENDLE-2.1
e 15r  JeFF32
o) JENDL-4.0
A e ROSFOND-2010
@ 10r—TENDL-2012
n Talys1.6(default)y -~ - i
a — Talys1.6(vi=2) -~ .-~ 7 L
o 5t R l
o) .
(@]

0 I | I 1 1 1
45 50 55 60 65 7.0 75 80
Neutron energy (MeV)

Fig. 9. Cross sections of the *F e ( ﬁ3CrGeaction in comparison with those from the existing experiments and
estimations for neutron energies from 4.5 to 8.0 MeV.
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For the *°Fe(n,U)*Cr reaction, there are only two measurements with large uncertainties, which
are in significant disagreement with the estimates of the libraries. These experimental data are
supported by such libraries as JENDL-4.0, JEFF-3.2, FENDLE-2.1 and CENDL-3.1. The obtained
results are useful both for revision of nuclear data libraries and testing nuclear models and practical
applications. Measurements of these reactions are planned to be performed at neutron energies
above 7 MeV.

25
fffff ENDFB-VII.1 o S.R.Salisbury (1965)

r JEFF-3.2 o J.W.Meadows (1991)
3 20L CENDL-3.1 A APaulsen (1979) Ok
e e BROND-2.2 Y.M.Gledenov (1997),+
NP F ROSFOND-2010 e Present work E
c 151 JENDL-4.0 %
o 'Y Talys1.6 (default)
= | —— Talys1.6 (v1=1.2) K
O
2 10t
(7)) L
[72)
O 5¢
& (b)

0 i Pt I' . | | | |
35 40 45 50 55 6.0 65 7.0
Neutron energy (MeV)

Fig. 10. Cross sections of the >*Fe(n,U)*'Cr reaction in comparison with those from the existing experiments and
estimations for neutron energies from 3.5 to 7.0 MeV.

The measurements of the (n,U) reaction on *Nd and °'Zr isotopes at an energy of 5.0 -
6.5 MeV have been conducted, the data treatment is in progress.

The cross sections and angular distributions of the (n,U) reaction for the nuclei of medium
atomic weights have been analyzed. Calculations using the TALYS-1.6 computer code have been
done and compared with our data, other existing experimental data and estimates of various libraries
for 11 isotopes from *K to **Mo.

The development of a PIXIE-4-based electronic system of acquisition and storage of
multidimensional data from an alpha-spectrometer has been completed and tests have been carried
out on a fast neutron beam.

Investigations of nuclear structure

An experimental study of the dynamics of the superfluid state of nuclear matter in excited
nuclei requires the simultaneous determination of both the density levels and the partial widths of
the emission of nuclear reaction products [3] in the entire range of excitation energies. In practice,
this condition can be realized only in the measurement of the intensities of two-step cascades
between compound states and several low-lying levels. The data are represented as the

convolution of energy depeByandradiatos widins |(E)nE,islthe v e |

excitation energy, E; is the gamma-ray energy). In practice, } and T should be specified as
functional dependencies with a minimum number of free parameters.

The intensities I%El) of two-step cascades were measured for 43 nuclei of different parities:
even-odd nuclei “Ge, **°Te, **'Ba, **°Ba, Dy, **Dy, 8'Hf, 83w, W, ¥'W, *'0s, *°0s, even-even
nuclei 74(3e 114Cd 1188n 124Te 1388a 1508m 1SGGd 1586d 164Dy 168EI' 174Yb 184W 1BBOS 19003 196Pt
?®Hg and odd-odd nuclei ®Al, “K, *2Vv, ®°Co, **Cu, **®I, *°La, **Tb, **Ho, *°Tm, *°Lu, *""Lu, **Ta,
102 q 1987 ).
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Figure 11 shows the relationships U/gy (I = 2, 3) and B,/gqp. It can be seen that the points in the
mass region 150<A<190 (region of deformed nuclei) are significantly lower than the others. The
model parameters U, are determined with an accuracy allowing one to notice the difference for nuclei
with different parities of neutrons and protons. As can be seen from the figure, the threshold for the
breaking of the third Cooper pairs of nucleons outside the specified mass range approximately
corresponds to the neutron binding energy (for spherical nuclei it is the lower bound estimate of the
U; parameter), and for deformed nuclei the U; parameter is half as much. Thus, the main result of the
analysis is the statement that the thresholds for the breaking of Cooper pairs have larger values for
spherical nuclei than for deformed ones.

U/A B /A
10 n 0

6 |-
Fig. 11. The dependence of the threshold for the
breaking of the second (circles) and third (squares)
Cooper pairs U on the mass number A. Solid circles
are even-even compound nuclei, half-open circles
indicate even-odd ones and open circles represent
odd-odd compound nuclei. Triangles stand for the
mass dependence of the ratio B,/qy of the neutron
binding energy to the average value of the coupling
energy of the last neutron in the nucleus with the
same nucleon parity.

50 100 150 200
A

Calibration of the "DEMON" neutron detector on a beam of the Nuclotron accelerator

A large neutron detector "Demon" based on liquid scintillator NE-213 (diameter i 16 cm, length
I 20 cm) was used in the measurements of leakage neutron spectra on the "Quinta" setup in the
framework of the "Energy+Transmutation" collaboration. The main feature of this detector is its ability
to separate signals from neutrons (recoil protons produced as a result of the elastic scattering of
neutrons by protons) and o-rays by a pulse shape. In the experiments with "Quinta" instrumental
spectra of leakage neutrons have been obtained, but to obtain the energy spectra, the calibration of
the detector response function at different neutron energies is required. Experiments at the Nuclotron
allow one to determine the response function with reasonable accuracy using the time-of-flight
method to select neutrons of required energies. For this purpose it is necessary to have a start
detector in the direct beam of the Nuclotron capable of detecting single signals from the beam
particles, a neutron-producing target installed immediately after the start detector, "Demon" installed
on the flight path which is sufficient to determine the neutron energy with reasonable accuracy (5-
10 m) and a veto detector placed in front of it to eliminate charged particle events. Figure 12 presents
a schematic of the experimental setup.
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Fig. 12. A schematic of the experimental setup.

Plastic-1 served as the main start detector installed directly in front of the target (25-cm-thick
lead). Plastics-2,3 were included in the coincedence circuit and served to eliminate background
events in plastic-1. Plastic-4 was included in the anti-coincidence circuit as a veto detector. The
distance from the target to the front wall of the "Demon"detector was 520 cm.

The signals in the "Demon" detector were separated by the time of release into two groups: light
group containing mainly gamma-rays and light particles (electrons, muons) and heavy group
containing signals from neutrons (recoil protons), as well as heavy charged particles (protons,
deuterons) from the target. Figure 13 shows the TOF spectra for these two components, as well as
the second (neutron) component from the veto detector rejecting charged particles.

Time-of-flight spectra

—Toe;

Counts
T

— TCF-npd

— TOF-neutrons + veln

80

=

800 1000 1100

Fig. 13. TOF spectra of gamma-rays (red), neutrons and charged particles (green) and neutrons (blue). The
zero (start) time corresponds to channel 806 ns.

To obtain the response functions for neutrons of various energies, the TOF neutron spectrum
(blue curve in Fig. 14) was divided into intervals corresponding to specified average neutron energies
(see Fig. 14).
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Fig. 14. Partition of the TOF neutron spectrum into energy intervals. Horizontal spectra below show
the background level found to be at the level of random coincidences.

For these intervals the obtained instrumental spectra of the "Demon" detector approximate to a
certain degree the detector response functions for the neutrons of corresponding energies. A
correction for the background of random coincidences was made by subtracting a "random" detector
response function normalized to the contribution of the background of random coincidences in each
energy interval. The resulting response functions for the indicated medium-energy neutrons are given
in Fig. 15.

Response tunctions
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Fig. 15. Response functions of the "DEMON" detector for different neutron energies.

On the whole, the experiment has shown a principal possibility for this type of calibration to be
carried out on the Nuclotron beam. Despite the presence of overlaps in the start plastic detector they
could be eliminated with a sufficiently high degree of reliability by analyzing the digitized signals from
the plastic detector. The obtained response functions have poor statistical accuracy, yet they appear
to be sufficient for qualitative analysis of the data obtained by "Quinta".

Annual Report



- - L] - ® =
. - - @ @

® e

1. SCIENTIFIC RESEARCH L. e ,@

Measurementof P-odd asy mmetry i n tphriclesimthe redctoon °B(rf,U)'I0 with
cold polarized neutrons

An experiment to measure P-odd correlations of the (G,py) t y p e, , iswhie Beute®n spin, py
is the moment um -paficletnhte °B(ml)’Li reaction, Bas been started on a cold
polarized neutron beam of the PF1B instrument at the ILL reactor (Grenoble, France). The experiment
is carried out in the framework of the search for neutral currents in electroweak hadron interactions
conserving strangeness. A 48-section ionization chamber is used as a neutron detector (Fig. 16). The
events are detected using the current method with the compensation of reactor power fluctuations
and false effects [4]. According to the theoretical estimates [5] the expected effect does not exceed
several units of 10®. For 7.5 days of the experiment the value of Ag= (-4.0 N5.6)310® has been
obtained (Fig. 17) basing on the raw data treatment (without corrections for the background, degree
of polarization and the average value of the cosine of the detection solid angle). The experiment will
be continued in 2016.

Fig. 16. Multisection ionization chamber before final assembly
and installation on the beam (left).

700 -
A =(-4.0+~56)10"
'/ dof = 0.97

600

500

400 ;
300
200
100

Fig. 17. Histogram of experimental values and a
comparison with the normal distribution (right). 0

Investigations of UCN interaction with the surface of Fomblin oil

The interaction of UCN with the surface of hydrogen-free Fomblin oil has been experimentally
studied. The experiments have been carried out on the GRANIT spectrometer, which allows
simultaneous measurements of the UCN loss factor during the interaction with the surface of a
substance (h), and the probability of quasi-elastic scattering of UCN (Pyycn) at various temperatures.
Measurements were carried out for three types of Fomblin oil with different molecular weights of 6500,
3300, 2800 amu. The results of the measurements are presented in Fig. 18.
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Fig. 18. Results of the measurements of the UCN loss factor (/) during the interaction with the surface of the
substance, and the probability of quasi-elastic scattering of UCN (Pyycn)-

These measurements had two objectives. One was to study the process of quasi-elastic
scattering of UCN from the surface of hydrogen-free Fomblin oil. The results suggest that from the
two existing hypotheses about the nature of quasi-elastic scattering of UCN Y scattering from
nanoparticles (nanodroplets) on the surface and scattering from surface capillary waves % the
second hypothesis is apparently most reliable.

Another objective concerned the choice of material for the walls of the UCN storage volume in
the framework of the preparation for an experiment on measuring the neutron lifetime. The required
material should have the lowest h and Pyycn.

The measurements have shown that for all the samples under study the probability of quasi-
elastic scattering becomes less than the spectrometer sensitivity (10®) with decreasing temperature
below the freezing point of the oil. At the same time, when the temperature is lowered below 150 K,
there is a slight increase in Pyycn, Which is apparently due to the cracking of the hardened oil.
Therefore, the optimum temperature of the UCN storage volume with the walls covered with Fomblin
oil will be in the range of 150 - 200 K.

The smallest loss factor was obtained for the oil with a molecular weight of 3300 amu; therefore
this oil is the best candidate for covering walls of the UCN storage volume.

Calculations of a UCN source of a new type at an external beam of thermal neutrons

A detailed calculation of the parameters of a UCN source of a new type has been conducted,
which is based on a new method for production of ultracold neutrons in a helium source. The principal
idea of the method presented for the first time in [6] consists in installing a helium UCN source into a
thermal neutron beam and in surrounding it with a moderator/reflector, which is a source of cold
neutrons needed to produce UCN. At the same time, the flux of cold neutrons in the source could be
several times greater than the flux of incident neutrons due to their numerous reflections from the
moderator/reflector.

The source of this type should be installed close to the reactor biological shielding. Figure 19
presents the layout of the source on one of the beamlines of the PIK reactor.
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Fig. 19. A possible layout of the UCN source on one of the thermal neutron beamlines of the PIK reactor.

Calculations of the parameters of the source with a moderator/reflector of solid methane and
liquid deuterium have been performed.

These calculations have shown that the installation of such a UCN source with a methane
moderator on a thermal neutron beamline of the PIK reactor allows achieving the UCN density of
~140° cm™ in the source with the production rate of ~20" s™, which is, respectively, a factor of 1000
and 20 higher than those that can be provided by the most intensive UCN source available today. At
the same time the UCN density in the source with a deuterium moderator can be ~2A0° cm™ with the
production rate of the source of ~8(20" s™.

Calculations of the heat release in the UCN source have also been performed demonstrating
that with achieving the above parameters, the heat release power will be in the range of 1-2 W, which
makes it possible to realize the proposed concept of the source in practice.

Neutron diffraction from a moving grating

The results obtained in the experiment in 2014 (November-December) have been analyzed. In
that experiment time-of-flight spectra of UCN that passed through a rotating phase diffraction grating
were obtained using the Fourier spectroscopy method (Fig. 20). The method for the first time made it
possible to carry out measurements for a wide range ofthe r esul ti ng ne2b@ne\yn
which allowed us to simultaneously observe the lines corresponding to five diffraction orders. The
spectra were obtained for three velocities of the grating. The profile of the grating was analyzed using
an atomic force microscope (Fig. 21).
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Fig. 20. TOF Fourier spectrometer: general view (left) and its upper part (right): 1 T inlet neutron guide, 2 i inlet
chamber, 3 T annular corridor, 4 i filter-monochromator, 5 i grating, 6 i rotor of Fourier chopper 7 i vertical
glass neutron guide, 8 1 detector, 9 7 vacuum chamber.
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Fig. 21. 3D image of a fragment of the grating obtained using an atomic force microscope (top left), 2D image of
a fragment of the grating (top right) and its profile (bottom).
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Fig. 22. Experimental (red solid line) and theoretical (blue dotted line) spectra of neutrons resulting from the
diffraction by a moving grating for three rotation frequencies of the latter.

The theoretical calculation of the diffraction pattern for a specified initial neutron energy
distribution, velocity of the grating and its measured profile was performed by numerically solving the
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system of equations obtained in the framework of the multi-wave theory of dynamical diffraction in the
approximation of slowly varying amplitudes. The experimental TOF spectra were compared with the
theory after conversion to the energy scale taking into account the transformation of the spectrum due
to the Earth's gravity. The experimental and theoretical results are presented in Fig. 22. It can be
seen that the data are in good agreement with the theoretical predictions.

Improvement of the TOF Fourier spectrometer of UCN

To increase the luminosity of the Fourier spectrometer, a search for other possibilities of
forming the initial spectrum of UCN free of the very cold neutron background has been undertaken.
As an alternative to the flow-type UCN storage chamber used previously, a system of two total
reflection mirrors has been proposed. A preliminary study of the properties of this system was carried
out by the MC simulation using the Geant4-UCN package. On the basis of the results of the
calculation a full-scale prototype of a spectrum formation unit (Fig. 23) has been produced. Its
efficiency was checked in a test experiment on a UCN beam at ILL in October 2015.

Fig. 23. Sectional view of a spectrum formation unit of the spectrometer (left) and a frame with mirrors (right). 1
T vacuum chamber, 2 7 frame with mirrors, 317 mirrors 1 and 2.

Measurements were performed with silicon, glass, and sapphire mirrors. The best results were
obtained with glass mirrors. It has been shown that the use of the specified inlet chamber makes it
possible to achieve a gain in the counting rate by a factor of 6-7 with a satisfactory effect/background
ratio.

Preparation of an experiment on the observation of interaction of UCN with an oscillating
barrier at giant accelerations

The purpose of the planned experiment is the verification of the validity of the effective potential
model at giant accelerations of the sample. An important stage in the preparation of the experiment is
a quantum calculation of the interaction of a neutron wave packet with a potential structure oscillating

in the space for different values of the maximum acceleration of the object w, . = A(2 p‘))z, where A

and f are the amplitude and frequency of vibration, respectively. In the case of the oscillating potential
barrier, the calculations have shown that for the values of interest Wpax © 10® cm/s? the observed non-
stationary effects are rather small. In the case of the vibrating resonant structure defined as two
barriers and a well in between, the calculations have shown that there is a noticeable oscillation in the
count rate for a wide range of amplitudes and frequencies in the transmitted state. This geometry has
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been selected as the main one for further research. Possible approaches to carry out the experiment
to test the effective potential model at giant accelerations of a sample have been considered.

A new approach to the experiment to test the weak equivalence principle for the neutron

A new approach to the experiment testing the weak equivalence principle for the neutron has
been proposed. It is suggested that in an experiment on the observation of the neutron free fall a fall
time is measured for several lines of the spectrum obtained by diffraction from a moving grating. This
approach requires only the knowledge of the value for the quantum splitting of the spectrum

DE =2 hiV/d), where V and d are the velocity and period of the grating, respectively. The
knowledge of the absolute energy or geometric parameters of the setup is not necessary.

Theoretical investigations
Quantum mechanics

As a result of theoretical research in the field of quantum mechanics, it has been discovered
that a continuous spectrum of singular bound states of electrons can exist in atoms. In these states,
with a probability of ~ 10° the screening of the Coulomb field is possible at distances of the order of
the nuclear radius. In case of hydrogen or deuterium, such screening leads to the formation of a
neutral particle that can participate in nuclear fusion reactions with other nuclei at moderate
temperatures. In particular, this allows one to explain the star ignition mechanism with increasing
density due to the gravity. Another achievement is the formulation of a hew Bell inequality in the field
of the EPR paradox. New inequality makes it possible to check out the particle states in one
measurement. Namely, the question is, if a source radiates a pair of similar particles, then whether
individual particles are emitted or the particles are emitted in a mixed state, which transforms into
individual particles only after measurements. Previous approaches to answer this question required
minimum four measurements, and no indisputable result has yet been obtained.

Electroweak interactions

The effective lagrangian describing electroweak hadron transitions has been investigated [7].
On the basis of the general principles of global and local symmetries the effective pion-nucleon
lagrangian, essentially non-linear in a pion field, has been developed to describe the low-energy
electroweak hadron interactions with strangeness conservation. We encounter no divergence
summarizing properly all the infinite power series in a pion field which occur in the course of the
treatment. The used consistent approach can be applied to consider the pion-nucleon interactions
with the spatial parity violation.

3. Methodological and applied research
Methodological investigations at the IREN facility

Since one of the possibilities to increase the neutron yield at the IREN facility is the
replacement of a tungsten neutron production target with a target of natural uranium, measurements
with a uranium target prototype and comparison of yields have been performed. The comparison has
been made using the vyield of the (n,g) reaction in resonances of Ta in the energy range of ~ 4-
1200 eV. The events have been detected by a large 6-section liquid scintillation detector [8] at a 60-m
flight path. The detection mode for the multiplicity of grays in the neutron capture (simultaneous
response of the sections) was m?2 2. The sample was a Ta-foil (thickness 0.11 mm, size
12.2 x 15.4 cm and weight 34.06 g). The results of the measurements and analysis are shown in
Fig. 24. The spectra in the top figure are normalized to the acquisition time of 8 h 50 min (acquisition
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time for the tungsten target). The accelerator parameters were about the same for both
measurements: electron current in a pulse 1T 1.2-1.5A; repetition frequency i 20 Hz. The
experimental data have also been normalized to the average values of the electron current. The
bottom figure demonstrates the yield ratios in the resonances compared with the yields calculated
using the GEANT and FLUKA programs. The experimental and calculated values are
Rexp =2.57 NO].Z, RGEANT = 305, RFLUKA =1.39.
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Fig. 24. At the top - TOF spectra of the Ta(n,9 reaction normalized to the same acquisition time for tungsten

(black line) and uranium (red line) targets. At the bottom 1 yield ratios: points T experimental data; red line i the
average over the experimental data; blue line i calculations by GEANT; green line 1 calculations by FLUKA.

Analytical investigations on charged particle beams of the EG-5 accelerator

Experiments with the beams of charged particles employing analytical techniques of the
Rutherford back scattering and recoil detection analysis were regularly carried out throughout the
year. The elemental depth profiles in the samples used to study structural characteristics of epitaxial
films have been measured. The effect of neutron and Xe-ion irradiation on the properties of SiC films
synthesized by different technologies of the plasma-chemical vapor deposition has been investigated.
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Also, the temperature-induced growth of oxide films on a steel surface and the effect of annealing on
the structure and optical properties of TiO, films deposited on silicon substrates have been studied.

Using the recoil detection method the accumulation/redistribution of hydrogen and deuterium in
an assembly of two (Ni, Ti and Zr) high-purity foils after exposure to pulsed fluxes of high-temperature
deuterium plasma at the "Plasma Focus" (PF-4) setup has been studied. It has been found that when
exposed to pulsed fluxes of high-temperature plasma the assemblies of the studied foils show the
redistribution of the implanted deuterium and gas impurities of hydrogen to great depths far exceeding
deuterium ion flight paths.

As a result of the studies of the effect of proton irradiation (energy 2.5 MeV) on the critical
current and critical temperature of 2-G composite HTSC tapes, the radiation resistance values:
2n10% rad/cm? for YBCO (123) and 6x10* rad/cm? for GdBCO (123) have been obtained. These
values have been determined from the analysis of the critical current degradation, which is
accompanied only by slight decrease in the critical temperature. A strong influence of proton
irradiation on the critical current at a temperature of 770 K in its own field has been revealed for
conductive tapes of these two compositions.

In 2015, the EG-5 accelerator was in operation for experiments for 510 h.

Analytical investigations at the IBR-2 reactor

In 2015, at the REGATA facility a multielement instrumental neutron activation analysis of
~ 2600 ecological samples (vegetation, soil, air filters), as well as a number of technological,
biological and archaeological specimens and samples of extraterrestrial origin has been performed in
the framework of the programs and grants of JINR Member States and Protocols of Cooperation with
JINR Non-Member States. Investigations of test samples have been conducted for an interlaboratory
comparison of the results under the IAEA program.

Development of the NAA&AR Sector experimental base

In the reporting period in the NAA&AR Sector the development of a software package for
complex automation of multielement neutron activation analysis (NAA) at the IBR-2 reactor [9] was
continued; three automatic sample changers (SC) were installed and successfully operated to
automate mass measurements of spectra of irradiated samples on three detectors. Two HPGe
detectors (new and upgraded) have been put into operation. Work has started on the automation of
sample irradiation procedure (replacement of sensors, electronics and software development). The
activities on automation of NAA were conducted in the framework of the IAEA Coordinated Research

Project ¢cDevel opment of an I ntegrated Approach

Analysiso (F1.20.25/1e%®®».1888, Contract No.

A radiation monitoring system has been installed and put into service in the rooms of the
REGATA facility.

The specialists from Intertech Corporation have completed the start-up and commissioning
work on the iICE3500 atomic absorption spectrometer by Thermo Scientific and conducted personnel
training.

Biomonitoring of air pollution

In 2015, the summing-up of the activities conducted in 2010-2011 in the framework of the
international program "Heavy metal atmospheric deposition in Europe i estimations based on moss
analysis” was done [10]. The long-term cooperation with the Slovak specialists in the field of
biomonitoring atmospheric deposition of trace elements has found its reflection in the chapter of a
book "Air Pollution” [11] as well as in the ISINN Proceedings [12, 13]. The analysis of moss-
biomonitors from Belarus collected in 2014 on the territory of Minsk, Mogilev, Gomel and Vitebsk
regions has been completed [14]. In the reporting period, two studies on data analysis of atmospheric
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deposition of heavy metals and other elements in Albania have been performed [15, 16]. In the
framework of the Serbia-JINR Cooperation Program a comparative analysis of air pollution in the so-
called "street canyons" in Moscow and Belgrade has been performed. The paper was submitted to
t he | omEnvironméntalgMonitoring and Assessmenté . The dNiFeén used to study the
samples of mosses collected by teachers and pupils in the national parks of Poland in the framework
of the Poland-JINR Cooperation Program. The preparation of a joint publication is in progress.

The study on the determination of concentrations of elements in mosses-biomonitors and soils
collected in the area of the lead-zinc plant in Kardzhali (one of the most environmentally contaminated
places in Bulgaria) has been completed [17, 18].

Biotechnologies

In 2014-2015, in collaboration with the biophysicists from the E.Andronikashvili Institute of
Physics, l.Javakhishvili Thbilisi State University and |.Chavchavadze State University (Thilisi,
Georgia) the studies were conducted on the development of methods for synthesis of silver and gold
nanoparticles by new species of microorganisms i Archaea. The strain of thermo-acidophilic
crenarchaeon Sulfolobus islandicus LAL14/1 provided by the Pasteur Institute (Paris, France) was
used to obtain silver and gold nanoparticles at high temperatures (75 C). In combination with a
number of optical and analytical methods the neutron activation analysis at the IBR-2 reactor was
used to characterize the processes of synthesis of gold and silver nanoparticles by the Archaea strain
[19]. The interest in the ongoing studies is connected with both unique technological application
possibilities of Archaea and almost complete lack of studies in this research area.

In collaboration with the A.N.Frumkin Institute of Physical Chemistry and Electrochemistry of
RAS in the framework of the projects supported by RFBR (15-05-08919 and 15-33-20069) work has
started to study the processes of accumulation and biosorption of metals (vanadium, chromium,
uranium, lanthanum) from mono- and multicomponent systems by microalgae Spirulina platensis and
bacteria Pseudomonas putida.

In cooperation with the University of Oulu, Finland, the application of NAA for analysis of pine
sawdust used in wastewater treatment as a sorbent of metals has been studied [20].

In cooperation with the Institute of Microbiology and Biotechnology of ASM studies of
biochemical changes in the main components of Spirulina biomass (proteins, carbohydrates, etc.)
during the synthesis of silver nanoparticles by microalgae were conducted [21]. Work has started on
the biosynthesis of selenium nanoparticles using Spirulina platensis and Nostoc linckia microalgae as
a matrix. To understand the mechanisms of synthesis of metal nanoparticles and to determine their
localization in the biomass, experiments have been performed to obtain silver nanoparticles on the
fractions of proteins and polysaccharides extracted from the biomass of microalgae.

In 2015, the joint investigation carried out in cooperation with the biochemists from the Institute
of Microbiology and Biotechnology of ASM was continued to study the process of removing toxic
metals (chromium, nickel) from wastewater using microalgae Spirulina platensis [22].

Environmental assessment

In 2015, the NAA analysis of soils and bottom sediments from various regions of the Nile delta,
along its riverbed and artificial canals performed in the framework of the joint JINR-Egypt project
CcAssessment of the environment al situation in
anal yti cal waseanpletad.qrbeeistained results have shown that the element composition
of these samples is determined mainly by geochemical features of the region under study and is not
affected by the anthropogenic load [23]. For the first time the NAA was applied to study the
composition of the soil and sediment samples from the Siwa oasis in the Western Sahara desert, the
obtained results have provided new information about this unique oasis [24].
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In collaboration with the University in Stellenbosch, South Africa, complex investigations of air
pollution using mosses and lichens were continued. In the framework of the project "Mollusks as
Biomonitors of Water Ecosystems in the Republic of South Africa" the stage of the work on the
analysis of soft tissues and shells of the Saldanha and Danger bays in the Atlantic Ocean, West
Coast of South Africa has been completed [25].

In order to assess the state of the Crimea coastal ecosystem, the analysis of the samples of
macroalgae-biomonitors (red, green and brown) collected in the coastal zone of the Black Sea has
been completed in collaboration with the A.O.Kovalevsky Institute of Marine Biological Research
(Sevastopol). The algae-concentrators of specific groups of elements including halogens were
revealed and the cleanest water areas of the coastal zone of the Crimea were found [26]. The study
of the seasonal variation of concentrations of 46 elements in the phytoplankton of the Black Sea has
been completed. The effect of the elemental composition on the biophysical parameters of the
functional activity of phytoplankton communities in the coastal areas has been assessed. The results
have shown that phytoplankton can be successfully used as a biomonitor of water ecosystems [27].

In 2015, in cooperation with Moscow State University (Faculty of Biology) the investigation on
the determination of the elemental composition of soil, bottom sediments, terrestrial and aquatic
vegetation to assess the transport of pollutants in the strategically important areas of the Black Sea
(coastal zone of Anapa, Novorossiysk and Tuapse) was completed [28] .

On the basis of the analysis of mosses-biomonitors and lichens, an important study has been
performed on the impacts of an oil refinery and oil pipeline on the natural environment of the Yamal
Peninsula. The assessment of the atmospheric deposition of toxic elements associated with the oil
industry has shown no excess of the maximum allowable concentration of these elements [29].

Analysis of food products

The studies have been completed and a joint paper (in cooperation with the analytical center of
the Geological Institute of RAS) on the application of nuclear-physical analytical methods for studying
the intake of Cl, Br, | and Se in the human body with food, has been published in the leading
American academic journal Food and Nutrition Sciences [30]. The results of a complex study using
NAA, ICP-MS, AAS on the assessment of mercury content in diagnostic biomaterials of different
population groups of urban areas in the Moscow region have been analyzed in cooperation with the
analytical center of the Geological Institute of RAS and |.M.Sechenov First Moscow State Medical
University [31].

Geology

The study performed in 2015 in the framework of the joint JINR-Romania project (University of
Bucharest) on the geochemistry of loess samples of the Quaternary Period collected in the Dobrogea
region (Romania) made it possible to obtain information about the climate of the Quaternary Period
[32].

In cooperation with the Western Cape University (South Africa) the NAA study of new samples
of coal fly ash from the Matla coal power station in the Mpumalanga province in South Africa was
conducted. The data treatment is in progress.

Analysis of materials of extraterrestrial origin

In 2015, a study aimed at searching for cosmic dust in peat columns collected in Siberia in the
area of the Tunguska meteorite fall was performed in cooperation with the Adam Mickiewicz
University in Poznan, Poland. The age determination of peat column layers was carried out in Poland.

Annual Report




1. SCIENTIFIC RESEARCH

The data treatment has been completed; a paper is being prepared for publication. Using scanning
electron microscopy and energy-dispersive X-ray spectroscopy (EDAX) moss samples collected in
the Arctic (Northern Norway) and Antarctic (King George Island) have been analyzed. The particles
detected by means of electron microscopy along with the results of the neutron activation analysis of
samples allow us to make a conclusion about their origin, which will contribute to the development of
criteria for identification of particles of extraterrestrial origin. A multielement analysis of meteorites of
unknown nature received from ltaly has been performed. The NAA results and the use of statistical
methods of multielement analysis for their processing have made it possible to determine the type of
the meteorite material: ferrous chondrites and carbonaceous chondrites. The results of the research
were presented and discussed at the International Conference organized by LRB JINR "Modern
Trends in Radiobiology and Astrobiology", October 28-30, 2015. Dubna [33].

Medicinal plants

In 2015, we continued investigations in a new promising line of research i determination of the
elemental composition of plants used in medicine. These studies are conducted in cooperation with
the specialists from Mongolia, Bulgaria, Poland [34] and starting from 2015 from China [35].

Materials science

In 2015, in the framework of the BRFBR-JINR joint grant and in cooperation with the Scientific
and Practical Materials Research Center of the National Academy of Sciences of Belarus, the
investigations of the crystallization processes and the characterization of artificial diamonds in the C-
Mn-Ni-Fe system were conducted. In the course of the experiment diamond crystals were obtained in
the Fe-Ni-C and Mn-Ni-C systems at a pressure of 5 GPa and a temperature of 1700 K. The use of
NAA allowed us to study the impurity composition of the diamonds. Using electron microscopy the
size and shape of the obtained crystals were determined. The results of the research were published
[36, 37]. In 2014, a part of the experimental material was senttot he Uni ver si ty ,dof Ga
perform X-ray diffraction and scanning electron microscopy analyses [38]. A joint project was
continued aimed at studying phase formation processes and physical characteristics of the
compounds in the Cu-Fe-S system at high pressures and temperatures. The NAA of 12 samples was
performed and the results were forwarded to Minsk.
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NOVEL DEVELOPMENT AND CONSTRUCTION OF EQUIPMENT FOR THE SPECTROMETER
COMPLEX OF THE IBR-2 FACILITY

Cryogenic moderators

In 2015, work and research continued on a special stand of a cryogenic pelletized moderator
with an inclined section at an angle of elevation of 40 in the direction of experimental beamlines
" 4,5,6. Hardware and software of the stand have demonstrated stable and trouble-free operation
during all experiments and in the future will be used in a real moderator CM201.

The trial operation of the CM202 moderator was conducted in February and March 2015. The
moderator operated during two reactor cycles for 9.5 days in each round; in 2014 its continuous
operation was 10.5 days. During its operation there were no accidents or emergency situations.

In the framework of the development of the CM202 moderator a device was proposed for
nitrogen-free charging of frozen pellets into a dosing machine; its computer model is shown in Fig. 1.

Charging device |

Dosing device

Pellets' transport
pipe

Fig. 1. A device for nitrogen-free charging of frozen pellets into a dosing machine of the pelletized moderator of
IBR-2.

The main advantage of this device is that in the process of loading of frozen pellets into the dosing
machine, liquid nitrogen will not leak into the pneumatic pipeline. This will make it possible to avoid
problems related with the freezing of liquid nitrogen in the pipeline, namely, in the heat exchanger of
the cold moderator.

The modernization of the system of sensors for monitoring the passage of mesitylene pellets in
moderators CM202 and CM201 has been carried out.

During the two cycles of operation of the cold moderator, experiments have been performed to
obtain a neutron microbeam using a waveguide and beam spatial splitting from a non-collinear
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magnetic system (reflectometer REMUR) as well as texture analysis of olivine (rock) has been done
(spectrometer SKAT). The results have shown a gain in the neutron flux by a factor of 3-10 when
using the cold moderator for these experiments.

The main problem with using a pelletized cold moderator on metaxylene and mesitylene is a
limited time of its continuous operation for physics experiments. At present, it amounts to 10.5 days,
which is actually equal to the duration of a standard reactor cycle with a warm-water moderator
(11 days). At the same time, after irradiation for 10.5 days the viscosity of a metaxylene and
mesitylene mixture is observed to increase (more than 20 times higher, see Fig. 2), which may
become an obstacle for safe and reliable operation of the moderator. This requires further study. In
the near future the development and improvement of the pelletized moderator will be focused, first of
all, on looking for opportunities to prolong its continuous operation.
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Fig. 2. Relative kinematic viscosity for different doses of irradiation of a mixture of mesitylene and metaxylene
(points - experimental viscosity values, dashed line - approximation).

There are several ways to prolong the non-stop operation of the cold moderator:

1) Creation of a system of continuous loading/unloading of pellets. This system makes it possible
to unload the frozen pellets with high radiation load, and to load new unexposed ones, thereby
providing an optimum viscosity of the mixture. The creation of this system at the IBR-2 reactor is a
challenging engineering task. At the present time the development of a full-scale prototype of a device
for loading/unloading pellets has started for conducting tests on the stand of the pelletized moderator.

2) Introduction of different additives to the initial working mixture. When using additives, two
mechanisms of viscosity reduction of a mixture under irradiation are possible. The first one is based
on the replacement of some of mesitylene molecules with more radiation-resistant aromatic
hydrocarbons. These may be naphthalene and anthracene molecules consisting of benzene rings. By
using these additives, radiation resistance of the mixture may increase up to 1.5 times with a slight
decrease in the cold neutron flux. The second mechanism is based on the addition of substances with
heavy nuclei by which a certain part of recoil protons occurring as a result of neutron moderation will
be slowed down. Thus, a small spatial replacement of mesitylene molecules with homogeneously
distributed microparticles will be inessential for neutron moderation. These additives may be neutron
nonabsorbing materials: nanopowders of diamond, zirconium, lead.

3) Prolongation of operation time of the pelletized moderator by replacing the working mixture of
mesitylene and metaxylene with another substance with better radiation resistance and equivalent
neutron-physical properties (yield of cold neutrons, etc.). This substance may be triphenylmethane.
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Using triphenylmethane as a potential pelletized cold moderator for IBR-2, an important point is the
possibility of manufacturing pellets of the right shape, required size, with good hardness and strength,
which is essential for ensuring their transportation to the cold moderator chamber. In 2015, we carried
out research work that proved the possibility of producing solid pellets of triphenylmethane with the
desired properties (photo of pellets is shown in Fig. 3).

Fig. 3. Pellets of triphenylmethane.

Radiation Research Facility

In 2015, the following research activities were performed on the facility:
 measurement of low neutron fluences (10 - 10*® n/cm?) using various neutron detectors in a curved
tube of the irradiation facility located on beamline 3 of the IBR-2 reactor;
1 test irradiation of specimens of silicon photomultipliers from Hamamatsu (in cooperation with ITEP,
MEPhI, VBLHEP and CERN);
1 studies of radiation resistance of promising detector materials (single crystals of diamond) for CERN
(ATLAS project) and Nanjing University (China);
1 investigation of radiation resistance of magnetic sensors (3D-Hall sensors) in the framework of the
international project ITER (Fig. 4);
1 irradiation of Iridium-193 isotope for obtaining isotopes of promising materials for medicine (in
cooperation with FLNR).

Fig. 4. Magnetic sensors (3D-Hall sensors).

Technical specifications for modernization of the radiation research facility (installation of
biological shielding, modernization of facility motion control unit) have been prepared. The
implementation of these tasks is scheduled for 2016.
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Calculations and simulation of spectrometers

The development of new modules and improvement of old ones of the VITESS software
package for simulation of neutron instruments continued. Particular emphasis was placed on
VITESS modules that simulate spectrometers with polarized neutrons. In the first half of 2015
studies on the simulation of a spin-echo small-angle spectrometer (SESANS) were carried out
in cooperation with the NICM Department. The simulation was performed with a set of model
spheres with a fixed radius, thus bringing the simulation closer to a real experiment. For this
purpose we had to make laborious adjustment of the VITESS modules responsible for
simulation of spectrometer components including the module of a pulsed magnetic field
(t_dependent_magnetic_field) and the module for simulating a small-angle sample
(sample_sans). A general scheme of the spectrometer is shown in Fig. 5.

spin turner A spin turner B
t t

spin turner C spin turner D

z

1 ]
1 1
i 1
i i
! ! sample
1 1]

Fig. 5. General scheme of a spin-echo spectrometer with 4 flippers with pulsed gradient magnetic fields B(t).

To verify the correctness of the obtained results of the Monte Carlo simulation of a spin-echo
spectrometer, an analytical evaluation has been performed as well. It should be noted that an analytical
evaluation is possible only for a simple ideal spectrometer. As a rule, for a real instrument even with a
model sample the Monte Carlo simulation is the only tool to evaluate the parameters of a spectrometer.

For the simulation the following parameters were chosen: field frequency 7 100k Hz , ampl it u
5200 Gs , radius of the s phme Figurei6showshhe results mfptHe dMonte Cdrlo
simulation in comparison with the analytical evaluation. The obtained simulation results testify the
adequacy and correctness of the used Monte Carlo mathematical model.
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Fig. 6. The results of the Monte Carlo simulation (points) and analytical evaluation (solid line).

Annual Report




( }
q
.

e® "

@, 1. SCIENTIFIC RESEARCH

The development of special mathematical models and corresponding programs for the simulation
of neutron scattering (including magnetic scattering) from samples (including rough multilayer samples)
was continued. The studies were carried out with reflectometric multilayer samples with a regular
surface structure using the Parrattoés met hod an
programs we performed virtual GISANS experiments in the kinematic approximation with thin-film
samples and a regular surface structure to obtain diffraction. A provision was made for simulation of
surface roughness and interfaces. The developed programs have an input and output data format
which is compatible with DWBA BornAgain. Below (Fig. 7,8) are the results of GISANS simulation of
two virtual experiments in the kinematic approximation:

1. Diffraction from columns of *®Ni isotope on a silicon substrate (column height i 200 |, col un
widthT 50x50; , p eirl0xID8; thehorizontal plane).

2. Diffraction from columns on a rough surface of *®Ni isotope (column height i 200; , c ol un
width 7 50x50 j , peril®@@»s100 in the horizont al pl ane
roughness were chosen as follows: 4 =23 ,x=200i , which to a greater

to a real sample.
The simulation results show that the diffraction is detectable and this will allow us to determine
lattice parameters from a diffraction pattern in a real experiment.

Fig. 7. An example of a sample for a GISANS experiment.
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Fig. 8. Simulation of a GISANS experiment: diffraction from °°Ni isotope columns: a) on a smooth silicon
substrate, b) on a rough surface.
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FSS spectrometer

Work was continued on the construction of a new high-resolution Fourier diffractometer on IBR-
2 beamline 13 on the basis of the units of the FSS spectrometer from the GKSS research center
(Geesthacht, Germany). In cooperation with PNPI (Gatchina) and the NICM Department neutron
guide sections were assembled (Fig. 9), alignment of optical sections was done, vacuum equipment
was installed and vacuum sealing of the neutron guide was conducted.

Fig. 9. The exit section of the neutron guide on IBR-2 beamline 13.

At present, activities are carried out to measure beam characteristics at the exit of the neutron
guide and to improve the background conditions at the diffractometer. Figure 10 shows the
distribution of beam intensity along the x-axis at the exit of the neutron guide. The distribution width
corresponds to the geometric aperture of the neutron guide, which is 15 mm.

. Fig. 10. Distribution of beam intensity along the x-axis at the
N I exit of the neutron guide.
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Figure 11 illustrates a comparison between the output beam intensity distribution calculated by the
Monte Carlo method (reflection coefficient used in the calculations was R = 0.99) and the spectrum
obtained for a vanadium sample placed at the exit of the mirror neutron guide used in GKSS.
Positions of the maxima of the measured and calculated spectra coincide. The narrowing of the
measured spectrum can be explained by the low quality of the coating of the mirror neutron guide.
The measured maximum flux density across the beam is about 1.3 7 10° n/(s®m?).

Cryogenics

Major activities in the area were carried out in accordance with the project on the development
of a cryostat for temperature and magnetic investigations of condensed matter at the DN-12
spectrometer. The project is being implemented in cooperation with the National Institute of Research
and Development in Electrical Engineering ICPE-CA, Bucharest, Romania. In 2015, a detailed design
was developed and 3D-simulation was performed for a horizontal cryostat with a superconducting
magnet producing a magnetic field of 4 T, and a cryostat with a high-pressure cell for the magnet,
which are cooled by closed-cycle cryocoolers. The design documentation for the cryostats was
prepared. The drawings were forwarded to SPA "Atom" to manufacture all mechanical components of
the cryostats. Tests of the cryocoolers were conducted. It has been established that their
characteristics meet the specifications. Figures 12 and 13 present the computer models of the
cryostat and magnet.

Fig.12. A horizontal cryostat for the DN-12
spectrometer. A general view (left).

Fig. 13. The magnet of the cryostat and its horizontal
shaft for loading the cryostat with a high-pressure cell

(right).

The magnet is a Helmholtz pair of magnets made of a high-temperature superconducting tape of
the second generation YBCuO (manufactured by "SuperOx", Russia). The magnet is cooled by a
closed-cycle cryocooler to a temperature of (10 - 20) K. The cryostat with a high pressure cell, which
in its turn is cooled by another closed-cycle cryocooler, is inserted into the center of the magnet
through a horizontal shaft. The temperature of the cell is regulated by a controller in the range of (4 -
300) K.

The cryostat with a closed-cycle cryocooler was tested and prepared for installation on the DIN-
2Pl spectrometer. Figures 14, 15 present a photo showing a cold head of the cryocooler in the shaft
of the spectrometer and time dependences of the temperature of the sample chamber and the
cryocooler second stage in the process of temperature regulation.
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Fig. 14. Photo of a cryocooler cold head (1) in the shaft of the
DIN-2PI spectrometer (right).

- Lake Shore Cryotronics Chart Recorder - Model 336 Temperature Controller - 336/
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Fig. 15. Time dependence of the temperature of the
sample chamber in the process of temperature regulation:
, 1 - temperature of the sample chamber, 2 - temperature of
By the cryocooler second stage (left).

Detectors and electronics

A 2D gas position-sensitive detector (PSD) for the REMUR spectrometer has been
manufactured and tested with a neutron source. It has been designed to replace the available
outdated PSD of the spectrometer. Also, all scintillation counters and electronic components of the
fourth section of the ASTRA detector for the FSD diffractometer have been manufactured, adjusted
and tested. Both detector systems are ready to be put into operation in the coming IBR-2 cycles. In
the process of manufacturing of scintillation counters we have developed a new design and layout of
the counters in the ASTRA detector, making it possible to provide as high accuracy of positioning of
scintillation surfaces as need be, which is important for detectors using a space-time focusing
principle. In addition, the new design allows us to significantly reduce the material resources required
for manufacturing of the detector. A 3D-model (Fig. 16) and a technical design of the new detector
system, which is planned to be manufactured in 2016-2017 and installed in place of the existing
sections of the detector ASTRA at FSD, have been developed.

Fig. 16. New layout of the modules of the detector ASTRA.

A prototype of a ring small-angle detector has been developed for the DN-2 diffractometer
(Fig. 17). The prototype consists of one ring with the cathode divided into 16 independent sectors.
Signals can be picked up by both the anode wire and each individual sector of the cathodes, thereby
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determining the angles G and d. We have tested the prototype and obtained amplitude spectra from
the anode and individual cathodes.

Fig. 17. Prototype of a ring small-angle detector for the DN-2 diffractometer.

On the DN-6 diffractometer a new ring neutron detector for obtaining neutron spectra at a
scattering angle o f 90A has been put into operation. The
independent detector elements each (helium proportional counters) with background shielding and
collimation. Charge-sensitive preamplifiers (96 channels), three modules of 32-channel amplitude
discriminators and a 192-channel digital data acquisition and accumulation module (MPD) were
developed and manufactured specially for this detector. The electronics was adjusted and all the
equipment with the software of the diffractometer was tested. The available multi-section ring detector
relocated to the scattering angle of 45A and the
system (Fig. 18).

Available multi-section ring neutron New ring neutron detector
detector

96 independent detectors in common gas volume - 96 individual helium proportional counters
3 modules of  32-channel  amplitude -3 lules of 32-ch 1 amplitude discriminators
discriminators

‘_'//-‘7

Common 192-channel data acquisition and accumulation
module MPD

Fig. 18. New detector system of the DN-6 diffractometer.

For experimental studies with fast neutrons a new spectrometer based on a proton telescope
(PT), in which the measurement of energy distributions of neutron fluxes is performed by measuring
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the kinetic energy of recoil protons elastically scattered at small angles as a result of (n, p) interaction
in a gas hydrogen-containing medium, has been designed, manufactured and tested (detailed
description of PT can be found in the Annual Report 2012 and JINR Patent
http://www.freepatent.ru/images/patents/13/2445649/patent-2445649.pdf). New versions of PT,
electronics and soft ware have been d e s i44511& f
15.06.2015 between JINR and the National Fusion Research Institute (Daejeon, Republic of Korea),
where the spectrometer is planned to be used for the diagnostics of a nuclear fusion reactor (KSTAR).
In FLNP it will be used to obtain spectra of fast and resonance neutrons of neutron-producing targets
of IREN and EG-5. Figures 19, 20 show the electrode system of PT and beam spectrum from a
neutron generator ING-07.
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Fig. 20. Beam spectrum from a neutron
generator ING-07 obtained using PT
(neutron energy 2.5 MeV, gas mixture
composition: 500 mbar CHy, (right)).

Because of a large amount of unplanned work on electronics and software for the ring detector
of DN-6 and proton telescope, only a schematic circuit diagram was designed and hardware
components were selected for a USB-3.0 interface unit, and a part of the work (design of a printed
circuit board and manufacture of a prototype) had to be postponed until 2016.

Modernization of control systems and actuators of the IBR-2 spectrometers

On the YuMO spectrometer a control system for sample changing (Fig.21) was put into
operation. The number of samples in the cassette was increased from 14 to 25 and the time required
for automatic sample change was reduced.

Fig. 21. Device for horizontal positioning of samples at the YuMO
spectrometer (left).

Fig. 22. New control system for monitoring the
instrument operation on the basis of interface
converters (right).
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On the REMUR spectrometer the number of control channels has been increased from 34 to 36.
On two devices absolute linear displacement wire-type (0-2 m) sensors on the basis of absolute
angular multiturn sensors have been mounted. On the GRAINS spectrometer the control system of
actuators has also been expanded to 28 channels. On IBR-2 beamline 14 a control system of the
equipment of the spectrometer for neutron radiography and tomography has been put into operation.
The modernization of control systems of the experimental facilities on IBR-2 beamlines 5, 6 and 7a
has been carried out. They have become more technologically advanced and easy to operate.
Interface converters have been replaced as well. Figure 22 shows a new control system for
monitoring the instrument operation on the basis of interface converters AC4 (USB-RS485) and AC3-
M (RS485-RS232).

On the IBR-2 spectrometers the modernization of choppers and their control systems has been
continued. In particular, a new drum-type chopper on the basis of 2.2 kW asynchronous motor with a
standardized variable frequency drive VFAS1-4022 (Fig.23) has been put into service on the
REFLEX spectrometer. A chopper opening sensor on the basis of a magnet and reed switch MKA-
10110, which makes it possible to use it in the IBR-2 ring corridor, has been developed and installed.
The accuracy of chopper phasing is +/- 150 ns.

L. e

Fig. 23. New drum-type chopper on the REFLEX spectrometer.

The control system of the Fourier chopper on HRFD has been upgraded. The frequency drive of
the Fourier chopper has been connected to the host PC via a USB fiber optic extender, which has
significantly increased the noise immunity of the control system of the chopper.

On a number of spectrometers the modernization of temperature controllers LakeShore has
been carried out to connect a larger number of different types of sensors and for communication with
a computer via a USB-interface.

Software and computer infrastructure

In 2015, the development of the software package Sonix+ was continued, in which a number of
components were added at the request of users or further improved following the operating
experience. Among the most important activities were the following:

1 development of new components for controlling equipment of a number of spectrometers (RTD
HRFD, REMUR, GRAINS);
1 supplementation and improvement of programs of graphical user interface (GUI);

1 development of a new version of the command library for reflectometers, in which preliminary
data processing is conducted simultaneously with the continuation of exposure;
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9 continuation of development of software tools for testing and debugging of electronics of data
acquisition systems.

Eight spectrometers have been connected to the WebSonix service (YuMO, HRFD, FSD, SKAT,
NERA-PR, EPSILON, DIN-2PI, REFLEX) making it possible to remotely control the course of an
experiment.

In the FLNP local area network the number of WiFi access points in buildings 42 and 117 has
been increased. The creation of access points in the IBR-2 reactor premises is technically difficult and
has been temporarily postponed. The routers in the
(building 117) have been upgraded to provide a data rate of 10 Gbit/s.

Due to the change-over to the List-mode in the accumulation of raw data on a number of
spectrometers (for example, it is the main mode on Fourier-diffractometers HRFD and FSD) the
question arose of providing storage and preliminary processing of large amount of data.

Accumulation and storage of data

Until recently, physicists accumulated and stored experimental data on control computers of
spectrometers. Data transmission to the central server of the Laboratory was performed by each user
manually when required. At the same time there was always a risk of accidental erasure of data,
network failure, losses in case of disk drive failure, etc. To eliminate these problems, in 2014, a
centralized network storage was organized on the basis of a file-server Supermicro with two CPU Intel
Xeon, 16 GB RAM and 72 TB disk memory (characteristics and description of the software of the
server are given in the Annual Report 2014). This storage system provides an automatic transfer of
data from the control computer to the file-server during the experiment. The storage capacity is quite
sufficient for recording and storing data from all IBR-2 spectrometers.

Preliminary processing of raw data

If the accumulation is conducted in the List-mode, the amount of data can reach several
terabytes and their preliminary processing (for example, neutron time focusing, calculation of the
cross-correlation function between the intensity of neutrons recorded by a detector and the
sequence of delayed functions of modulation of the neutron flux from the pulsed reactor and
chopper and reconstruction of high-resolution spectra from initial diffraction data collected on
Fourier diffractometers) may take a long time (several hours).

To accelerate the process of data treatment, specialists of the NICM Department have
developed a fast algorithm for calculating the cross-correlation function and programs for parallelizing
calculations on several processors allowing a several-fold reduction of processing time. Another
method to speed up the computation is the application of computing nodes with graphics processors
(for example, graphics accelerator GPU NVIDIA can provide a 10-fold acceleration). Such parallel
data processing can be organized within individual physics groups or on the central computing
servers of FLNP, but we cannot provide their normal load, therefore it is reasonable to use the
available computing resources of LIT: heterogeneous cluster "HybriLIT" (http://hybrilit.jinr.ru/) and
cloud services (https://cloud.jinr.ru/).

Both of these resources can also be used for calculations and simulation, specifically using the
Monte Carlo method. The efficiency of their application will depend on whether it will be possible to
parallelize calculations.
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THE IBR-2 PULSED REACTOR
Information on the operation of the IBR-2 research nuclear facility
ThelBR-2 research nuclear facility is o@N034@Bed u
2614 of 27.04.2012 and GWEBUMBRIThoa3IDDHH2014.1 i cense )

Since January 2015 regular IBR-2 cycles of scientific experiments have been carried out at a
power of 2 MW with the CM-202 moderator operating either in the water or cryogenic mode in
accordance with the schedule of the physical start-up of the cold moderator.

Table 1 presents data on the IBR-2 operation for physics experiments.

- Period Reactor operation Reactor oper_ation for Moderator type
cycle at power, hr physics experiments, hr

1 19.01-02.02 331 326 water

2 11.02-21.02 237 230 cryogenic
3 11.03-21.03 264 240 cryogenic
4 30.03-16.04 350 330 water

5 13.05-27.05 342 336 water

6 28.09-09.10 271 264 water

7 19.10-02.11 275 267 water

8 09.11-23.11 331 326 water

9 07.12-21.12 333 327 water

TOTAL 2734 2646

I nformation on the activities under the proj-2ct 0
reactoro

1. The cryogenic moderator CM-202 operated at power during the 2" and 3™ cycle (February
and March). In the 2" cycle i for 9.4 days (470 MW/h), in the 3" cycle i for 10.4 days (510 MW/h),
after which the operation of CM was suspended for carrying out construction and assembly work on
the preparation of the premises for installation of the cryogenic facility "Linde". The cryogenic facilities
KGU-500 and KGU-600 manufactured in 1972 and 1986, respectively, and being well beyond their
expected service life were dismantled.

2. In October 2014 an agreement on the installation of KGU-1200/10 "Linde" in bldg 117 of the
IBR-2 reactor was concluded with GSPI. Works on the preparation of the premises for the assembly
of the facility units are in progress in accordance with the GSPI project.

3. A contract was signed with NIKIET on the development of a detailed design of an inclined
channel moderator CM201 (neutron beamlines 4-8). The completion of the project is scheduled for
the middle of 2016, after which the moderator will be manufactured at a specialized plant (SPA
"Atom" or NIKIET) until the middle of 2017.

4. On November 3, 2015 the equipment of the facility "Linde" was delivered. The assembly,
installation and commissioning of the facility will be started immediately after the completion of
construction works and scheduled to be completed by July 2016.

5. Upon completion of the adjustment of the facility it is planned to carry out tests: a) on the
stand; b) simultaneously on the stand and with the moderator to determine the cooling capacity of the
facility "Linde" and the working temperature range.

6. In the 2™ half of 2016 it is planned to continue bench testing of promising versions of
cryogenic moderators, such as a moderator with triphenylmethane, moderator with replaceable
substance, etc.
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7. In accordance with the plans for 2016 it is projected to finalize the design of CM-203
(beamline 2).

IREN FACILITY
In 2015, the IREN facility operated for experiments for 237 hours. In April-May 2015, at the IREN
facility a group of staff members of VBLHEP and FLNP together with the specialists from
¢cDawonsyse (Republic of Korea) carried out the fin
of new modulators to power pulsed klystrons 8 SHF sources of power of the LUE-200 accelerating
system, which is a driver of the pulsed source of resonance neutrons. Commissioning of the
modulators capable of generating electrical load pulses with a pulse power of up to 180 MW and
an average power of 180 kW will allow doubling the average energy of accelerated electrons
and providing operation of the accelerating system with a cycle frequency of up to 120 Hz,
which will increase the power of the accelerated beam by more than one order and correspondingly
the neutron yield from the irradiated target of the IREN source.

Fig. 1. Assembling of modulators and klystrons; the modulator during tests.

Experiments have been conducted to compare the neutron yield from tungsten and uranium
nonmultiplying targets. The accelerator operated with one accelerating section, DAWONSYS
modulator and TH2129 Thomson klystron of 17 MW. At the same operating modes of the accelerator
the gain in the case of the uranium-238 target was 2.6.

At present, the second section of the accelerator has been installed; the work on its connection
is in progress.

EG-5 ACCELERATOR

In 2015, the EG-5 accelerator operated for experiments for 510 hours. Experimental studies
on charged particle beams using nuclear analytical methods of Rutherford backscattering (RBS) and
elastic recoil detection (ERD) were conducted in cooperation with representatives of various institutes
of the JINR Member States (Institute of Applied Physics of NAS, Sumy, Ukraine; Institute of Electrical
Engineering of SAS, Bratislava, Slovakia; Maria Curie-S k § o d oUniveksiy, Lublin, Poland),
Russian institutes (A.M.Prokhorov General Physics Institute of RAS, Moscow; B.P.Konstantinov
Petersburg Nuclear Physics Institute, Gatchina; Voronezh State University), as well as of the JINR
laboratories (DLNP, FLNR). Samples of different elemental composition and various preparation
technologies were analyzed. The structure and properties of silicon and oxide films, the processes of
accumulation and distribution of hydrogen and deuterium in the samples, the effect of proton
irradiation on the characteristics of composite HTSC materials were investigated.
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