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PREFACE N _6’

We would like to offer the readers the scientific activity report of the Frank Laboratory of
Neutron Physics for 2017. The first part of the report presents a brief review of the experimental and
theoretical results achieved in the main scientific directions i condensed matter physics, neutron
nuclear physics, applied research and development and creation of elements of neutron
spectrometers for condensed matter investigations. The second part includes the reports on the
operation of the modernized IBR-2 pulsed reactor, the development of the IREN neutron source and
researches carried out on EG-5 facility. A list of publications for 2016, the information regarding the
seminars and conferences organized in FLNP and a statistical view on the FLNP personnel structure
are presented as well.

In 2017 the main achievements of the Laboratory were:
9 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 2017 the IBR-2 reactor operated for physical experiments for 2471 hours, the IREN facility 1049
hours and EG - 515 hours.

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

The FLNP staff consists of more than 500 employees in this about 30 % younger than 35
years of age. The scientific staff includes 106 Ph.D. and 24 D.Sc. researchers and more then 100
researchers and specialists from 18 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.

In 2017 FLNP celebrated its 60th anniversary. Our history is full of outstanding
achievements, names of talented scientists, engineers and employees JINR is rightly proud of. The
establishment of the Laboratory is connected with such prominent physicists as D.l.Blokhintsev,
[.M.Frank, F.L.Shapiro. The constellation of pulsed neutron sources of IBR, IBR-30, IBR-2 developed
by FLNP researchers provided JINR with leading positions in the field of neutron research and gave
an opportunity to implement a series of contributions that went down to history forever.

V.N. Shvetsov

Director
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1. 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.

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.

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, MSU, IMP UB RAS, IC RAS,

INR RAS and others.

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

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

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

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

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

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

1 Investigation of magnetic properties of layered nanostructures;

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

bl Investigation of molecular dynamics of nanomaterials;

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

1 Structural analysis of polymer nanodispersed materials;

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

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

| I nvestigation of texture and physsiacdaehgingening per t i
materials;

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

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

objects.
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Structure investigations of novel oxide, intermetallic and nanostructured materials

Binary copper oxide CuO is one of the most structurally simple improper multiferroics in which
spontaneous ferroelectric polarization arises as a result of symmetry inversion violation by the
modulated antiferromagnetic (AFM) ordering formed in the intermediate phase in the temperature
range Tn1 - Tn 213-230 s. Theoretical calculations predicted the existence of such a phase at room
temperature at high pressures of 20-40 GPa and the extension of its temperature range up to 0 K.
To verify this assumption, the atomic and magnetic structures of CuO were studied by neutron and
X-ray diffraction, Fig. 1-1 [1]. It was revealed that the crystal lattice compressibility of the monoclinic
CuO structure exibits an anomalous behavior; it is accompanied first by an increase in the lattice
parameter a in the pressure range of up to 13 GPa, and then by its decrease (with a subsequent
growth in pressure up to 40 GPa) down to the value approximately equal to the value at normal
pressur e. No anomalies in the behavior of ot her
temperature in the pressure range of up to 11 GPa increases up to 250 K. The region of existence
of the incommensurate AFM phase with ferroelectric polarization at high pressures was determined
using temperature dependences of the monoclinic angle of the crystal lattice for which the anomalies
at the points of magnetic transitions, Ty and Tnz, are observed (Fig. 1). The temperature range of its
stability extends under pressure.
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Fig. 1-1. Pressure dependences of unit cell parameters of CuO (a). Experimental points, results of theoretical DFT
calculations using hybrid functionals HSE06, M06 and results of previous neutron studies are shown. Experimental and
calculated pressure dependences of N®e l t enoofing rargle wfrCaO
crystal lattice at a pressure of 0 and 11 GPa (b).

The estimates based on the experimental data showed that at a pressure range of up to 40 GPa the
N ® gdmperature increases up to about 265 K, which is much below room temperature. To explain
the observed anomalies in the structural behavior of CuO under pressure, theoretical first principles
calculations were carried out and successfully reproduced the pressure dependences for the
structural parameters.
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Another simple binary oxide, Cr.Os (escoilite), is one of the first known magnetoelectric
materials, in which the occurrence of spontaneous ferroelectric polarization under external magnetic
fields was found. In the previous high-pressure studies of Cr,Os; by second harmonic optical
spectroscopy, it was suggested that a magnetic phase transition occurs at P ~ 20 GPa, which can
result in the suppression of the magnetoelectric effect. The stability of the initial magnetic structure
and the absence of magnetic phase transitions at pressures up to 35 GPa were established in the
neutron diffraction studies of Cr.O3 [2] performed in the temperature range of 4-300 K at the DN-6
diffractometer, Fig. 1-2. Atthe same t i me, t he N®ed307tKanPp=d)rigets undex ( T
compression with the positive pressure coefficient dTn/dP = 2.8 K/GPa.
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Fig. 1-2. Rhombohedral crystal structure with Roc symmetry and AFM structure of Cr203 (a). Neutron diffraction spectra
of Cr203 at various temperatures and pressures in the range of up to 35 GPa refined by the Rietveld method (b).

An anomalous structural phase separation observed in layered electrode materials of lithium-
ion batteries at first charging and disappearing during their subsequent operation, was investigated.
The study was carried out for LixNio.sC00.15Al0.0s02 (NCA) prepared at different calendering levels
(high-temperature rolling to reduce electrode bulk density). A specialized electrochemical cell with a
new design was used in the neutron experiment. The in operando/in situ studies were performed at
the HRFD diffractometer. The presented illustrations (Fig. 1-3) clearly show a splitting of the
diffraction peak (003) because of the formation of a two-phase state in the cathode material. The
analysis of the obtained results revealed [3] that the phase-separation state in NCA in the first
electrochemical cycle observed by diffraction is not caused by the properties of atomic and electronic
structures of NCA but determined by the peculiarities of the microstructure of material in use.
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Fig. 1-3. (a) Evolution of diffraction peaks from NCA electrode material during electrochemical cycling. Measurements
were made with a specialized electrochemical cell. At the top, diffraction spectrum for the initial state of NCA is given.
In addition to the peaks from anode and cathode, peaks from boron nitride (NB) and a separator (PE) can be seen. The
asterisk denotes the area of peak (003) from NCA, which was used in the analysis of the phase separation, manifesting
as a splitting at a certain level of charge. (b) Evolution of peak 003 from NCA material during first charging. Model
representation of the process shows a spherical conglomerate of primary NCA patrticles during electrochemical cycling.
The gray area corresponds to the NCA1 phase which does not satisfactory contact with electrolyte. The green-colored
particles correspond to the NCA2 phase already in contact with electrolyte (at the left).

Iron manganese alloys are well known as functional materials exhibiting the shape-memory
effect and possessing high internal friction and other interesting physical properties. Despite the fact
that the mechanism of the shape-memory effect in these alloys, which is based on the martensitic
transformation fcc Z hcp (gz e), is generally well studied, there remain unanswered questions
related to the influence of preliminary heat treatment of the alloy on its microstructure, temperature
and kinetics of structural transitions. To clarify these questions, a martensitic transition in two
samples with composition Fe-22% Mn-3% Si was studied by neutron diffraction [4]. The two samples
were subjected to a different number of heating-cooling cycles, namely the first sample (S1)
underwent 1 cycle and the second sample (S12) i 12 cycles. The measurements were carried out
at the HRFD diffractometer in two modes (high intensity and high resolution). Diffraction spectra
during heating-cooling cycles (rate of temperature change of about 2 K/min) were measured in situ
with an exposure time ts =1 min, which made it possible to analyze the kinetics of structural
transitions and accompanying effects. The microstructural parameters were obtained from the

di ffraction spectra measum@6.@2).wi both sampleg,hthere was @l ut i o

mixture of phases Al (g fcc, sp. gr. Fm3m; aa3.693j ) a n d, hcp 3p. gr. P63/mmc; a & 2.534
i , 24103 ) Fig( 1-4). The amount of phase A3 in sample S2 was several times greater than in
sample S1, which is evident from the ratio of intensities of peaks (002)A3 and (111)Al. When
heating, the structural transition occurred at about 200 C, which can be seen from the behavior of
intensities of characteristic diffraction peaks (Fig. 1-4) . I'n sampl e S1#A3tYhad
was completed at T & 190 C, whereas in sample S12 it occurred at T & 220 C. When cooling, the
transition A1Y Al + A3 occurred at T 4120 C and T & 100 C for S1 and S12, respectively. These
temperatures of the reversible non-diffusion transition e2 gare in good agreement with the data
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obtained by other methods (DSC and TDIF). The comparison of the phase transition kinetics in the

samples under study has shown that the shift in the transition temperature in S1 and S12 (defined

as the temperature at which the fraction of ph a s e
addition, the transition kinetics in S12 is somewhat slower than in S1.
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Fig. 1-4. (a) Neutron diffraction spectra of samples S1 (top) and S12 (bottom) in the initial state. All peaks correspond
to either phase Al (Fm3m) or phase A3 (P63/mmc). (b) Temperature dependences for intensities of characteristic
diffraction peaks for A1 and A3 phases in samples S1 (top) and S12 (bottom).

Catalytic materials (copper-containing spinel oxides CuB.04 (B =[ j**) were studied. One of
the effective methods for regulating physicochemical properties and controlled synthesis of spinels
with defined properties is a variation of chemical composition and ratio of components. The structural
characteristics of nanodispersed powders of spinels CuFe,xCrO4 ( = 0 06 2) were determined by
neutron diffraction. The interval of Fe/Cr ratio that ensures the existence of cubic and tetragonal
spinel modifications was refined. The cation distribution between octa- and tetrahedral positions was
estimated. A correlation was found between the distribution of catalytically active Cu?* cations in the
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spinel structure and the activation energy of the low-temperature CO vapour conversion reaction.
The variation of the chemical nature and rat i o ¥ fcatiohsj make it possible to regulate the
activation energy of the model catalytic reaction of CO vapour conversion, which is an important
energy characteristic of copper as a catalytically active component of catalysts.

Investigation of magnet fluids and nanoparticles

The structural organization of layers of gold nanoparticles deposited from aqueous solutions
on silicon substrate and functionalized with a molecular layer of 1.9-nonanedithiol (promising
systems for nanoelectronic devices due to their specific optical properties) was studied. For a full
description of the system, data of neutron reflectometry, atomic force microscopy, X-ray
reflectometry and diffraction were used. On the basis of neutron reflectometry data (GRAINS
reflectometer) the structure profile of gold nanopatrticle layers was determined and used to estimate
the layer thickness and particle packing density (Fig. 1-5). The presence of water molecules in the
adsorbed layers of gold nanoparticles was established. The obtained results were used in the
complex approach, which allowed us to reliably and unambiguously describe the surface packing of
nanoparticles [5]. The study was performed in cooperation with the Chuiko Institute of Surface
Chemistry NASU, Institute of Physics NASU, Faculty of Physics of Taras Shevchenko National
University of Kyiv (Kiev, Ukraine).
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Fig. 1-5. Layers of functionalized gold nanoparticles on silicon substrate: neutron reflectometry data with the
corresponding SLD profile and a model suggested for structural organization of gold particles on the surface.

In the framework of the studies of aqueous magnetic fluids for biomedical purposes, combined
experiments on small-angle neutron scattering and synchrotron radiation were performed for
nanoparticles of various compositions in dry powders and in a liquid carrier [6,7]. The structural
peculiarities of the systems with nanoparticles of magnetite, cobalt ferrite, and composite
magnetite/cobalt ferrite nanoparticles with a core-shell structure were determined and analyzed. A
specific feature of the systems under study is the use of biocompatible surfactants (including
polysorbate-80, polyethylene glycol, etc.) in the stabilizing coating of magnetic particles. The
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experiments were conducted on the YuMO small-angle scattering spectrometer at the IBR-2 reactor
of JINR (Dubna, Russia), as well as on the DIKSI small-angle scattering station at the synchrotron
source of the NRC "Kurchatov Institute" (Moscow, Russia). The study was performed in cooperation
with the Vernadsky Institute of General and Inorganic Chemistry NASU (Kiev, Ukraine) and the
Faculty of Physics of Taras Shevchenko National University of Kyiv (Kiev, Ukraine).

Investigation of carbon nanomaterials

In the framework of research of biological activity of fullerenes, the effects of inhibition and
depolymerization of amyloid fibrils (lysozyme, insulin) in aqueous solutions of C60 and C70
fullerenes (synthesized by various methods) were considered [8,9]. The approach combining the
analysis of small-angle neutron scattering (YuMO spectrometer), atomic force microscopy and
Thioflavin T fluorescence was applied. Thus, out of the two types of solutions under study (solutions
prepared by solvent replacement and dilute solutions based on N-methylpyrrolidone (NMP)), C60
and C70 solutions prepared using NMP exhibited a noticeable inhibitory and depolymerizing activity
(Fig. 1-6). In order to exclude the effect
of a moderately toxic NMP solvent on
amyloids, additional experiments were
performed with a pure solvent 14
containing the same fullerene amount
as in the mixtures. The results of these
experiments revealed no effect of the
solvent on amyloids. Thus, the residual
concentration of the primary NMP
solvent in aqueous solutions of
fullerenes is not the cause of the effects
of depolymerization/inhibition of
amyloid fibrilization. The analysis of the ' 1
small-angle scattering data revealed
several stages of amyloid Fig. 1-6. SANS data for mixtures of amyloid fibrils of lysozyme with
depolymerization. The study was [aueous fullerene solution NMP/nC60 in different proportions.
performed in cooperation with the
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I nstitute of Experimental Physics of the Slovak

Faculty of Physics of Taras Shevchenko National University of Kyiv (Kiev, Ukraine).

In the framework of the study of kinetic effects in fullerene solutions, a method was suggested
for calculating the evolution of the size distribution functions of C60 fullerene clusters in polar
solvents [10, 11]. This method makes it possible to calculate the distribution function f(r,t) at
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an arbitrary point of time for any given system parameters (Fig. 1-7). A theoretical description of the
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_ critical effect of dilution of polar solutions
of C60 fullerene with water was
proposed as well. This effect (found
experimentally in the solutions of C60 in
N-methylpyrrolidone) consists in an
abrupt decrease in the fullerene
aggregate size when the volume fraction
of added water exceeds ~ 40%.

24

224

®
B 14 1

N
\%

POL H,0
Ceq lc:eq
— 10°
5+10°

j B J The effect was explained using a special

yl=] X . . . dependence of saturation concentration

00 02 04 < 08 08 L0 of the system, which takes account of
solubilization properties of the solvent

Fig. 1-7. Dependence of the average cluster size in the C60/NMP | with respect to fullerenes:

solution after dilution with water at the time t =1 on the degree of X 1,04 X (19 £ I ) .
dilution, X, for different values of the ratio S = cPOL/cH20 = 103, 5*103, | Coq =Cg2 10 +/, where X is the
104, 10°, 10° (curves from right to left). The inset shows the

dependence of the critical value of the dilution factor, Xc, on S. model parameter characterlzmg the

degree of dilution; ¢

is the

POL

equilibrium concentration of complexes in water; and C.,~ is the equilibrium concentration of

complexes in a polar solvent.

Investigation of layered nanostructures and electrochemidaterfaces

In the framework of structural studies of electrochemical interfaces [12], neutron
refl ectometry experiments (GRAI NS reflectometer)
electrode-l i qui d el ectrolyted wit h ecttoderagdielearolyte §1B]tWea s t
tested specialized cells that allow experiments with anhydrous electrolytes based on organic
solvents, which are actively used today in lithium-ion batteries and supercapacitors. The sensitivity
of neutron reflectometry (implemented on a time-of-flight reflectometer at the IBR-2 reactor) to the
formation of the solid electrolyte interphase (SEI) on the surface of a thin-film metal electrode in in-
operando conditions, was studied (Fig. 1-8).
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Fig. 1-8. Effect of the formation of solid electrolyte interphase (SEI) on the reflectivity curves from the interface of a
metal electrode (Cu on Si) in contact with a liquid electrolyte (0.1 M LiClO4 solution in propylene carbonate, PC) based
on deuterated (a) and protonated (b) solvents. The obtained scattering-length density (SLD) profiles and
corresponding reflectivity curves before and after SEI layer formation.

The study was performed in cooperation with the Faculty of Chemistry, Moscow State University
(Moscow, Russia), Dubna University (Dubna, Russia) and Engineering Incubator Ltd. (Dubna,
Russia).

The magnetic states of layered ferromagnetic-superconducting nanostructures
Nb(70nm)/Ni(65%)Cu(35%)(7nm)/Si were studied by polarized neutron reflectometry. The
dependences of the intensity of specularly reflected neutrons from this structure under various
conditions are shown in Fig. 1-9a,b. The black curve corresponds to the magnetic field of 25 Oe, the
red one - to the field of 25 Oe, but the system was pre-magnetized in the field of 500 Oe, the blue
one - to the field of 200 Oe. As one can see, the state formed at 9 K is also repeated at 4 K.
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Fig. 1-9. Intensity of specularly reflected beam from nanostructure Nb(70nm)/Ni(65%)Cu(35%)(7nm)/Siat / =1 (a)
and / =5 (b). Scattering into the region outside the specularly reflected beam (c).

c)

The analysis shows that the scattering occurs from a domain lattice structure with interplanar spacing
in the range of 0.3-2 nm, which can be identified as cryptoferromagnetic. Figure 1-9c shows the
neutron scattered intensity in the region around the specular beam. The scattering occurs from a
lattice of clusters with magnetic moments directed against the magnetic field. The lattice spacing is
3.5 nm. It can be seen that the two types of scattering are correlated. It may be suggested that the
crypto-state occures in the space between the clusters, where the external field is compensated by
the field scattered from the clusters.
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To explain the reversibility of magnetic lattice formation, two models were proposed. In the first
mo d e | ,° Tathe structures are formed due to the proximity effect when the superconductor is in
contact with the surface layer of a ferromagnet. At T = 4 K the entire ferromagnetic layer becomes
superconducting. In the second model, the wave vector of the superconducting pair (proportional to
the energy of the exchange interaction of localized magnetic moments with the pair) meets the
conditions kf(Tc) df=2p, k f ( 4psAs a aedult when the pair passes through the ferromagnetic
layer, due to the interference of pair reflections from the boundaries of the ferromagnetic layer, equal
conditions for the crypto-state are created.

Investigation of biological nanosystems, lipid membranes and lipid complexes

The supramolecular organization of visual pigment rhodopsin in the photoreceptor membrane
was studied by small-angle neutron scattering with contrast variation. Visual pigment rhodopsin is a
typical representative of a large family of G-protein-coupled receptors (GPCRs). GPCRs function in
the dimeric or oligomeric states in membranes. However, the functional role of the dimeric state of
rhodopsin and the whole class A of rhodopsin-like GPCRs has not yet been established. The
supramolecular organization of rhodopsin in photoreceptor membranes is currently the subject of
contentious debates. For many years, it has been generally accepted that rhodopsin functions in the
monomeric state. The standpoint was based on the study of the lateral diffusion of rhodopsin in
photoreceptor membranes. At the same time, on the basis of photoreceptor membrane images
obtained using atomic force microscopy, it was suggested that rhodopsin molecules in this
membrane have a dimeric organization. The investigation of the crystal structure of the deprotonated
form of photoactivated rhodopsin also revealed its dimeric state, which led to the conclusion that the
rhodopsin dimer is a functional unit. Recently, however, a number of papers have been published
that support the original idea of the supramolecular organization of rhodopsin as a monomer in
photoreceptor membranes. The samples under study \
from fragments of rods, as well as rod fragments themselves. On the basis of the results of the
experiments on small-angle neutron scattering with contrast variation (YuMO spectrometer, IBR-2)
and small-angle X-ray scattering (Rigaku spectrometer, MIPT, Dolgoprudny, Russia and BM-29
BioSAXS facility, ESRF, Grenoble, France), layered structures with the dimensions corresponding
to the transverse dimension of the disks were revealed in the rod fragments. It was also shown that
rhodopsin is uniformly distributed in the membrane, as in the case of the samples of "disks" isolated
from the rod fragments.

Doksolip, 25%, 20°C
R=51,9+0,2A
d=33,1+0,2A
5,526,8£0,4%
5,=24,5+0,9%

¢’=10,27

100 4

Small-angle neutron scattering was
used to determine the structural
organization of nanodrug doxolip (Fig. 1-
10). Doxolip (doxorubicin embedded in the
lipid bilayer of soybean phospholipids) is a
critically small vesicle. The structure of
doxolip is stable with respect to its 001 L
concentration in water (5-25%) and ' e

. _ Fig. 1-10. Structural model and small-angle scattering curve of
temperature variation (20-37 C). doxolip.

ds/dw, cm™
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Polymeric materials

Neutron reflectivity curves (GRAINS reflectometer) for thin-film polymer nanocomposites
based on polystyrene (or its deuterated analogue) with an addition of Cso and Cyo fullerenes were
obtained. Simultaneously with neutron experiments, the samples were studied using atomic force
microscopy in cooperation with FLNR JINR (A. Oleinichak). Since the literature data on the
organization of fullerene Ceo in thin polystyrene films are controversal, for the first-time investigations
were extended to include systems with fullerene C7. The temperature dependence of reflectivity
curves of nanocomposite films with fullerene Cgo in the vicinity of the glass transition temperature
was obtained and analyzed. The
BE= T approximations of the curves

T, estimate! when determining the scattering
length density profile from the
reflectometry data were
compared for the cases with the
absence and presence of an
o oxide layer on the substrate (float
glass) (Fig. 1-11).

10° |

1250 4
<

<
1200 4

10" E

107 E

: -
10°F = E?t‘pe”me,zt’ IT‘13°C It was found that the glass
It, N0 oxide layer

[ Fit with oxide layer transition temperature of
I R composite films depends strongly

0,02 0,03 0,04 0,05 0,06 on the disperse state of fullerene

g, A’ in the initial solution used in the

Fig. 1-11. Neutron reflectivity curve from dPS/C60 nanocomposite film at preparation of the

T =130 C. The inset shows the temperature dependence of film thickness nanocomposite. Thus, the

obtained from reflectometry data; the break in the dependence | formation of fullerene aggregates
corresponds to the glass transition temperature of the material, Tyg. . . . .
in this solution shifts the glass

transition temperature of the final system by approximately 10 C towards higher values. At present,
the possibilities are considered of applying the latest developments in the theory of glass transition
of polymers [14, 15] to composites.

In a series of experiments on small-angle neutron scattering performed on YuMO (Dubna,
Russia), MAUD (f e ,gCzech Republic), KWS-3 (Garching, Germany), the formation of silicate
(silicon dioxide) clusters in water-alcohol solutions of tetraethoxysilane (TEOS), Si(OCz:Hs)s, was
studied. The cluster formation was initiated by sol-gel polymerization of TEOS under alkaline
conditions (pH ~ 10.5). To clarify the structural aspects of two-stage clusterization (first, -SiOH
functional groups are generated by hydrolysis of alkoxide groups, then these groups undergo
condensation to form a silicate polymer through the formation of Si-O-Si bonds), the contrast
variation method was applied with a change in the fraction of the deuterated component in both water
and alcohol fractions of the initial solution [16]. Two types of experiments for different molar ratios of
H,O/TEOS in the solution showed (Fig. 1-12) that the cluster structure contains neither residual
hydroxyl groups nor unhydrolyzed alcohol groups. This result contradicts theoretical models which
employ the idea of unhydrolyzed ("poisoned"”) alcohol groups to explain the dependence of the
cluster structure on the H.O/TEOS ratio. Apparently, there is a large conformational variety of
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polymeric structures (formed from hydrolyzed tetraethoxysilane in alkaline solutions) which are
sensitive to the hydrolysis rate determined by the amount of water in the solution. The study was
performed in collaboration with the Faculty of Physics of Taras Shevchenko National University of
Kyiv (Kiev, Ukraine).

10 5
] s.
-1 Cpepa: « ®00+®
I(g), em™ pores &
15
] I M.aponus
rL KOH.aeHcaum E
s T90C
PasaeTBneHHble Knacrepb! Si0,
< & .’" He BXOAAT B CTPYKTYpy KIlacTepos
0,01
g,nm’’
a) b)

Fig. 1-12. (a) Contrast variation in the SANS experiments on two (light and heavy water) types of water-alcohol solutions
of silicate clusters of hydrolyzed TEOS. The inset shows the experimentally obtained values of forward scattered
intensity, 1(0)¥?, as a function of volume fraction of D-ethanol, d, together with parabolic approximations and
corresponding match points. (b) Molecular models of the components of the initial solution and those obtained in the
course of hydrolysis/condensation of silicon dioxide clusters.

In the framework of the studies of mixed solutions of polymers and surfactants, the effect of
polymers (polyethylene glycol) on the formation of micellar aggregates of sodium oleate [17] and
dodecylbenzenesulfonic acid [18] was considered. This study was aimed at clarifying the equilibrium
structural features of aqueous magnetic fluids for biomedical purposes, where one of the surfactants
under study (sodium oleate) is used as a stabilizer of magnetic particles, and the polymer is added
to enhance the biocompatibility of the system. Small-angle neutron scattering (SANS) was used to
determine the structural parameters of micelles in solutions with different surfactant concentrations
in the absence and presence of polyethylene glycol. The results of the SANS analysis were
complemented by the experiments on the measurement of surface tension to determine the surface
properties of mixed solutions. A number of qualitative changes in the behavior of micelle parameters
(aggregation number, mean radius, degree of ionization, anisotropy, surface potential) were
detected when increasing the surfactant concentration for different surfactant/polymer ratios, which
is indicative of the interaction of polymer chains with micelles. The study was performed in
collaboration with the Wigner Research Center for Physics of the Hungarian Academy of Sciences
(Budapest, Hungary) and the Faculty of Physics of Taras Shevchenko National University of Kyiv
(Kiev, Ukraine).
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Atomic and molecular dynamics

Organic conjugates of the donor-acceptor type that can be used as synthons of specific
molecular configurations in the crystal structure are of current interest in the field of structural design
of new functional materials for electronic technologies. The structure and dynamics of molecular
complexes of bromoaniline and chloroanilinic acids (BrA and CIA) with picolines (2-MP, 3-MP) were
studied, Fig. 1-13 [19]. From X-ray diffraction experiments on single crystals at T = 100 K, it was
found that in the systems under study the synthons of types B:XA:XA:B, :(B:XA:B): XA, and B:XA:B,
where XA and B correspond to molecular groups of acids and picolines, respectively, are formed.
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Fig. 1-13. Structure of molecular complexes of bromoaniline and chloroanilinoic acids with picolines according to X-ray
diffraction data (a). Experimental spectra of inelastic neutron scattering from complexes under study and results of
theoretical DFPT calculations (b).

The structural studies were complemented by investigations of vibrational dynamics of molecular
groups by NMR, optical and neutron spectroscopy and other methods. To analyze the experimental
data, we performed theoretical calculations within the DFPT approximation. The role of structural
aspects, intermolecular forces, proton transfer, dipole interactions in the formation of the observed
spectral features was analyzed.

The vibrational dynamics of glass-forming polar alcohols with a single phenyl ring and
inclusions of fluorine atoms (2TFMP, 4TFMP and BEP) in glass (obtained from isotropic liquid) and
ordered crystalline (obtained by cold crystallization of a metastable supercooled state) states was
studied by incoherent inelastic neutron scattering and infrared spectroscopy, Fig. 1-14 [20]. It was
shown that the strength of hydrogen bonds in fluorinated materials is approximately the same. This
means that the functional group CF3z has no profound effect on intermolecular interactions, while
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sterical conditions are of importance, especially in the formation of the cluster structure closely
related to the changes in the dynamics of fluorinated compounds.

}5 100] BEP
.Y 50_‘

L i 200- 2TFMP E
7;1 )% 100 - A : :f'f ]

&8 ; © SN/, 4 .'\‘\. ”' A \c i N
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Fig. 1-14. Structure of molecular groups (left) and generalized vibrational density of states (right) in solid phases of
crystalline state (blue) and glass state (red) at T = 5 K for BEP, 2TFMP and 4TFMP. Dashed lines show the results of
theoretical calculations for tetrameric clusters.

Temperature studies of vibrational modes revealed the important role of hydrogen bonds in
molecular interactions. In fluorinated compounds, splitting or asymmetry of the OH stretching mode
is observed in the low-temperature region, which demonstrates the existence of different
configurations of frozen molecular clusters. Theoretical DFT calculations for tetrameric molecular
clusters are in good agreement with the experimental data. When comparing the generalized
vibrational density of states of the ordered crystalline phase and the glass phase obtained from an
isotropic liquid, one can notice some broadening of the vibrational modes associated with the
rotational and translational molecular disorder frozen in the glass state (Fig. 1-14). The difference in
the region below 40 cm™! is indicative of the existence of excitations in the glass phase of localized
and anharmonic character, which differ from collective phonon excitations propagating in the crystal
with a long-range molecular order. The low-energy barrier for torsional motions of CH3-CH2-CH-
and OH-C2-CH functional groups connected to the phenyl ring is also observed in the spectra of
inelastic neutron scattering in the region of lattice vibrations. The study was performed by the group
from Institute of Nuclear Physics Polish Academy of Sciences (Krakow, Poland).

Applied research

At the FSD diffractometer, studies of mechanical properties and basic microstructure
parameters of TRIP-composites with austenite matrix and strengthening phase of partially stabilized
zirconium dioxide ZrO, were continued (Fig. 1-15) in collaboration with the Institute of Metal Forming
(Freiberg University of Mining and Technology, Germany). The advantage of these materials is the
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ability of both composite components to undergo significant plastic deformations without destruction
due to related martensitic transformation mechanisms (TRIP-effect). The purpose of this work was
to investigate the effect of plastic deformation on the properties of a new powder composite TRIP-
material based on the patented high-alloy austenitic steel and partially stabilized zirconium dioxide
ZrO,. Both structural components have a potential for phase transformation under external stresses.
For neutron experiments, a series of TRIP-composites with austenite matrix and strengthening
phase of zirconium dioxide ZrO; partially stabilized by yttrium oxide (Y-PSZ, series 2) were fabricated
by powder metallurgy using hot pressing. In each series, the content of the ceramic phase ZrO, was
0, 10, 20, 30, and 100 wt%.

2 J
V‘g-ﬁz oty e 10009 _ 5 tension °
g‘v—**ﬁ-a\ x oA ’
14 —o—S1 v—v_g:v>g - —O— Compression
0] 0232 A_o¢§_g-@-c=§=§iéas.o.a_ 800 -
— - o
o554 lo)
o 11 0= S5, aaxis ‘;‘, & 600+ o—°"— i
S o] —x—S5 c-axis A-A- -0 el =
@ A P . o 4004 °
-3 " A e —e—S2 -
v - o @ —4—S3 \
-4+ e —— 3451 _ 200 - D\
v A —v— S5, a-axis
-51 /*’* —%— S5, c-axis o
* //
-6 i */ O T T T T 7/ T
* 0 10 20 30 100
T T T T T 1
-1000 -800 -600 -400 -200 0 f o %0
s, MPa
a) b)
0.50
300+ R 0.45 - \
I 0.40
O 250+ o c B
) o o 0.35
[e] 0/ . ° 0.30 8
200+ ' o
o —0O-— Tension = 0.2 —0O- Tension
. 254
—0O— Compression 8 —O-— Compression
150 1 : . —/ 0.20 )
. T T T T 77 T
0 10 20 30 100 0 10 20 30 100
erOZ’ % erOZ’ %
c) d)
Fig. 1-15. a) Deformation curves (&) for austenite matrix of samples S1-S4 and sample S5. Ultimate strength of TRIP-
composite (b), Young's modulus (c) and Poisson's ratio (d) for austenite phase in the matrix and sample S5 depending
on ZrO2 content.

The process of formation of martensitic phases in sample S1 began at stresses of 350 MPa and
higher, while for samples S2-S4 practically no martensite phases were observed. Apparently, the
reason for this behavior is the redistribution of stresses between the phases of austenite and ZrO»
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ceramics, as well as the formation of microcracks along interphase boundaries. Consequently, the
stress level in the austenite matrix did not reach the values sufficient for phase transformations. In
the ceramic sample S5 from pure zirconium dioxide (100% ZrO,), there was only one tetragonal
phase in the entire stress range (up to 1000 MPa); no phase transformations were observed.

The obtained ultimate strength values of the material depend on the ZrO; content. In addition,
there is a significant difference in the strength properties of the material under compression and
stretching. The Young's moduli and Poisson's coefficients determined in the elastic region from the
linear dependences of ([{) also depend on the content of zirconium dioxide and, in addition,
significantly differ in magnitude for compression and stretching. Apparently, the main factor
explaining this behavior of the material is the formation of microcracks along interphase boundaries
in the process of deformation. The fracture surface appearance characteristic for brittle fracture
counts in favour of this assumption. In addition, it is confirmed by small stress jumps due to
microcracking observed in the deformation curves U[(1). The microcracks are most likely localized on
the residual pores of the ceramic phase, which results in further elastic deformation of the composite.

In collaboration with MEPHhI, first experiments on physical and mechanical destruction tests of
steel m18] 10u were conducted. The data of two methods (scanning contact potentiometry and
thermal neutron diffraction) were recorded synchronously (Fig.1-16). In the course of the
experiment, the sample was subjected to an external uniaxial tensile stress in the range of
100 6 750 MPa in situ in a neutron beam using an LM-29 testing machine. At stresses above
400 MPa, the deformation of the material was of a plastic nature and manifested itself in a noticeable
broadening of diffraction peaks due to an increase in the dislocation density in the material. In
addition, the formation of U-martensite phase was observed in the austenite matrix in the region of
plastic deformations at stress rates higher than 650 MPa. At applied stresses above 700 MPa, the
formation of a neck in the right part of the specimen was visually observed, which pointed to the
localization of plastic deformation in this region and the termination of plastic deformation in the
remaining volume of the sample.

Austenite steel
Detector AR (2Q=-90°)
$=100+700 MPa

121 =) Austenite steel
—
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(110) martensite peaks depending on the applied stress (a,b). Deformations of the crystal lattice for the austenite phase
(c). From the linear approximation of the data in the elastic region (up to 400 MPa), estimates were made for the elastic
modulus and Poisson's ratio for the austenite phase: E = 182 GPa, 3 = 0.29. Microdeformation averaged over all (hkl)
as a function of the applied stress (d).

Potentiometric measurements were performed using a desktop device Spectroelph-FRR,
intended for spectral analysis of electrical signals. To study the deformation activity of the surface
and surface strain waves formed during sample stretching, the time-frequency analysis technique
was used. Spectrograms were obtained for all stresses, giving the value for the signal energy in the
time-frequency neighborhood of the selected point. The preliminary analysis of the maps of surface
potentiograms showed that at low stresses a slight increase in the signal intensity in the
potentiograms begins at the center of the sample, and at stresses above 300 MPa the intensity
grows significantly and becomes localized at the right part of the sample at the neck formation site
at the end of mechanical tests. Further analysis of data aims at finding the relation between the
crystal lattice deformation and deformation activity of the surface electrical potential, as well as
detecting signs of formation and growth of fatigue embryonic cracks.

The metal-matrix composite Al/SiCp (17% SiC) subjected to thermal treatment was studied by
neutron diffraction. On the basis of three isolated diffraction peaks from the SiC phase and four
peaks from the Al-phase, lattice deformations were determined and compared with those calculated
in the framework of the elastoplastic model, which made it possible to find the parameters
determining the plastic deformation of the Al matrix (critical permissible shear stress and hardening
parameter). Taking into account previous studies, it was shown that after elastic-plastic deformation,
the mismatch in both phases decreases during plastic deformation. The approach combining
diffraction experiments and self-consistent calculations was used to study the mechanical behavior
of grain groups in stainless duplex steel and Al/SiC composites. Particular attention was paid to the
role of second-order stresses in the stresses of phase fluidity, as well as the evolution of these
stresses during the plastic process. The intercrystalline stresses were determined from lattice
deformations measured in situ during the tensile tests. Diffraction experiments were performed at a
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synchrotron (ID15B, ESRF, Grenoble, France) and neutron TOF-diffractometer (EPSILON, FLNP
JINR, Dubna) [21].

The SKAT diffractometer was used to study the texture of quartz rocks from the Adula Nappe
region in the Central Alps (Switzerland) which comprises pre-Mesozoic basement and minor
Mesozoic sediments that underwent Paleogene eclogite-facies metamorphism. In the north, the
Adula Nappe ends with a blade with a complex internal structure containing the Val-Scaradra shear
zone with steeply dipping foliation. The texture analysis of the quartz rocks revealed the mechanisms
of deformation processes occurring in the shear zone, Fig. 1-17 [22].
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Fig. 1-17. Pole figures of quartz samples from the Val-Scaradra shear zone,
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Methods for estimating residual austenite and cementite in high-strength steels using neutron
diffraction were developed [23]. Measurements of neutron diffraction spectra were performed on the
SKAT texture diffractometer at FLNP JINR in order to exclude the influence of texture on the result.
Measurements of calibration samples with the known content of austenite and cementite were made.
On the basis of these measurements, calibration lines were constructed and used to determine the
proportion of residual austenite and cementite in samples of medium-carbon steels (from 0.3 to
0.4%) with yield strength of 1500 MPa and 1700 MPa after treatment with different annealing
temperatures (from 150 to 400 C) and quenching. The results agree well with dilatometry data. In
addition, the methods for determining residual austenite and cementite were used for a number of
other steels.

The texture in samples of concrete intended for radioactive waste utilization in storage facilities
was studied. To obtain a better signal-to-background ratio, measurements were made for samples
prepared with heavy water. For a sample with sand, 1368 diffraction spectra were obtained and
corresponding pole figures (10-11) and (11-20) were pl 65éedr bd hapgh#@set he S
The summed spectra measured with an interval of one year for two samples of different chemical
composition were compared. The measurements were carried out under the same conditions. It was
revealed that for one of the samples the background drastically increased, which is probably due to
the high porosity and absorption of moisture from the surrounding atmosphere. For another sample,
this effect was not observed, but in both samples the crystallization processes continue. It is planned
to continue these studies for samples of other chemical composition and samples subjected to
external stresses.

The crystallographic texture of shells of bivalve mollusks was studied. It was revealed that the
texture of the calcite phase is very sharp for the mollusk species of Mytilus galloprovincialis, Mytilus
trossulus, Mytilus edulis. The crystallographic texture of bivalve mollusk shells has a different
character for different phases (calcite, aragonite). A hypothesis was proposed suggesting that the
crystallographic texture for species of the same genus is very similar and different for species
belonging to different classes. To confirm this hypothesis, new measurements are planned for shells
of bivalve mollusks of other species.

At the spectrometer of neutron radiography and tomography, studies of objects of cultural
heritage were continued. Thus, a Viking fibula was studied, for which a 3D model of the internal
structure  based on
tomographic data was
reconstructed (Fig. 1-
18).

The obtained results will
allow us to analyze the
features of  ancient
technologies for
manufacturing similar
objects in Scandinavia.

20 17

Fig. 1-18. Photo (left) and tomographic 3D model of Viking fibula (right).
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2. MULTIMODAL PLATFORM FOR RAMAN AND NONLINEAR OPTICAL MICROSCOPY
AND MICROSPECTROSCOPY FOR CONDENSED MATTER STUDIES

Activities in 2017 were implemented in accordance with the research programme and main
tasks listed within the theme A A mul t i mod all platform for Raman an:
and microspectroscopy for condensed matter studie
First of all, it should be noted that the work on the modernization of the optical platform
conducted in 2016-2017 has made it possible to bring this instrument to the number of modern and
uniqgue Raman microspectrometers, which have no analogues in terms of their functional
characteristics and capabilities in Russia and CIS countries today. The "CARS" microspectrometer
is also quite competitive at the world level in the class of analytical instruments.
The studies in 2017 were focused on achieving the following major results:
1. First preliminary results on surface-enhanced micro-CARS from gold nanoparticle-immobilized
organic molecules.

2. Assessment of the concentration detection limit of phospholipid molecules by SERS.

3. Investigation of SERS-signal intensity dependence on the shape of silver nanostructures grown
in the porous SiO; template.

4. A complex study of structural and spectral properties, including upconversion luminescence,
of oxyfluoride glasses and glass-ceramics doped with rare earth elements (REE).

5. Verification of tumor and stem cells by Raman microspectroscopy.
In addition, methodological studies aimed at further upgrading and modification of the CARS
microscope were carried out during the period under review.

Surfaceenhanced micreCARS

Surface-enhanced Raman scattering (SERS) was investigated in 2017 for a new active
substrate where gold nanoparticles were spread over a cerium dioxide (CeQO.) faceted dielectric film
deposited on the aluminum layer. Molecules of thionitrobenzoic acid (TNB) were used as a reporter
molecule since they are of interest for biochemical and immunological analysis.

The aim of the present work was the experimental study of SECARS generated by
biochemically-relevant TNB and mercaptophenylboronic acid (MPBA) molecules attached to Au
nanoparticles. The nanoparticles were immobilized in turn on the surface of the SERS-active
metamaterial under study. The micro-imaging of the SECARS intensity at the characteristic Raman
frequencies of TNB (1338 and 1558 cm™) and MPBA (1072 and 1571 cm™) was obtained by the
picosecond excitation in the NIR spectral range. We investigated the resonant and non-resonant
SECARS signals and determined the imaging contrast. Moreover, we thus obtained SECARS,
SERS, and optical images of the investigated area of the metamaterial sample.

Epi-SECARS images were recorded using the laser scanning confocal CARS micro-
spectrometer with high spatial resolution and high laser spot scanning rate (Fig. 2-1). The system is
based on an Nd*":YVO, diode-pumped picosecond passively mode-l o ¢ k e d s+ H&4em, 7 psz
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85 MHz, 5 W) and a Lyot-filter- and temperature-tuned LBO crystal optical parametric oscillator
which is synchronously pa69p20dnmb6ps, 250B860anWW). 532 nm ( &

The line width of tunable pump
radiation is ~5-7 cm®. Spatially- and
temporally-overlapped collinear pump and

i . / PMT
Stokes beams of parallel polarizations are e
Sample [~
focused on the sample to a 1-2 em _ RAMAN
i ) Microobjective — E-CARS
diameter spot. Scanning of the laser spot el o puT ‘
across the surface areas up to 225x225 | -
em with a spatial r [ =2
1000x1000 pixels while detecting the \

CARS signal at a given Raman frequency
is performed using a galvo-driven mirror
system. Spectrally-filtered anti-Stokes
radiation is detected using a | Fig. 2-1. Schematic of the scanning confocal laser micro-CARS
photomultiplier (PMT) or a CCD. All | spectrometer.

measurements were performed at room

temperature in ambient air.

Monochromator,|

Au nanoparticles with the average diameter of 56 nm and covered with a monolayer of reporter
molecules were spread over a faceted CeO: film after a monolayer of polycation (PDDA) had been
deposited on the surface. The fraction of the CeO. surface occupied by islands of Au nanoparticles
is evaluated to be ~ 5%. Epi-SECARS images at the Raman shifts of 1344 cm™ (TNB) and 1571 cm-

L (MPBA) of CeO2 f i I m surface, with the dimensions of ~
scanning electron microscope images (Fig. 2-2), were obtained.

a) b)

Fig. 2-2. SEM images of CeO2/Al/Al203 sample surface with TNB-modified Au-NPs: a) ~7.5¢ nfi45e m a
b) ~0.6e f04em surface areas.

The highest SECARS resonant signal levels in the bright spots reach ~ 1.5 x10* bits of a 16-
bit ADC, while the nonresonant background level is almost equal to zero for our 30 s image
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acquisition time (Fig. 2-3). Special attention was paid to a possible active area optical damage under
focused laser beams.

a) b)

Fig. 2-3. SECARS Raman micro-images of a sample surface area with deposition of modified NPs: a) with TNB/Au-
NP conjugates, b) with MPBA/Au-NP conjugates.

The excellent chemical imaging contrast obtained is an indication of high detectability of
reporter molecules by SECARS in the metamaterial under study. Further research will be focused
on the study of the imaging contrast dependence on the CeO: film thickness, estimation of SECARS
signal sensitivity to the probed reporter molecules, and the comparison of their detectability by using
SECARS and SERS at the surface of the metamaterial under investigation.

Detection limit of DPPChmspholipidby SERS

The detection limit is the smallest amount of analyte concentration in the sample that can be
reliably distinguished from zero. Following this rule the lowest concentration of analytes at which
they are detectible was estimated when their least intensive Raman peak becomes unresolved at
the background level.

Phospholipids are ubiquitous in nature forming a bilayer of cell membranes of all living tissues.
They are responsible for elastic properties of membranes, stabilization of proteins within the
membrane and transportation of lipids and fatty acids. Determination of their type, concentration and
ratio in physiological liquids helps to recognize pulmonary, hepatic, sclerotic and many other
diseases. Thus, sensitivity of the detection technique plays an important role in early diagnostics.
However, their practical application is limited by a complicated sample preparation, necessity to use
specific markers and difficulties in the interpretation of the results obtained.

Silver particles, predominantly with the size of 40i 80 nm, were deposited onto porous silicon
by immersion plating to form substrates appropriate for the detection of organic molecules by
surface-enhanced Raman scattering technique. These substrates have demonstrated for the first
time the possibility of detecting phospholipid molecules represented by
dipalmitoylphosphatidylcholine at concentrations as low as 1012 M.
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Reference Raman and SERS spectra

corresponding to DPPC molecules are presented s s
in Fig. 2-4. The Raman spectrum was recorded 3000 e 207 vl
for the solution containing 102 M of DPPC - o | |

deposited onto SERS-inactive substrate. Three
upper curves in Fig. 2-4 represent SERS signals
from dried solutions containing DPPC in
concentrations between 10 ¢ and 10 > M. The
laser wavelength was 633 nm. Positions of the
SERS peaks clearly correlate with the reference
Raman peaks while some small deviations are
observed. One more feature of the SERS spectra
at low concentrations is their weak reproducibility
in the 1527i1570 cmt wavenumber range Fig. 2-4. (a, b_, c) SERS a_nd (d) Raman sp_ectra of (a)

) _ . 106 M, (b) 10° M, (c) 102 M and (d) 102 M DPPC
associated with COO-C stretching. The lowest | cojiected at the at the 633 nm wavelength.
concentration at which DPPC was detected is
estimated to be 1012 M.

957 a \
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The detection of phospholipids at their concentration in a solution of about 10> M has been
experimentally demonstrated for the first time using dipalmitoylphosphatidylcholine (DPPC) as an
example. We believe that the detection limit demonstrated in this study for silvered porous silicon
SERS substrates can be further improved by optimizing the technological process.

Dependence of SERS signal intensity on the shape of silver nanostructures

The aim of this study was to determine the relationship between the signal of SERS and the
shape of silver nanoparticles under the influence of laser radiation with different power.

Plasmonic nanostructures were synthesized in silicon dioxide pores on a single-crystal silicon
n-type substrate. The pores were formed using ion-track technology and selective chemical etching.
Silver deposition was carried out by galvanic displacement method. Synthesis time was chosen as
a parameter that allows controlling the shape of a silver deposit in the pores of silicon dioxide on the
surface of single-crystal n-silicon during electrodeless deposition. Deposition time directly affects the
shape of metal nanostructures.

The analysis of the dynamics of changes in the morphology of the metal deposit showed that
as the deposition time increases, the metal evolves from individual metallic crystallites within the
pores at a short deposition time into dendrite-like nanostructures at a long deposition time (Fig. 2-
5).
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Fig. 2-5. The growth dynamics of silver nanostructures in SiO2 pores on n-type silicon substrate at deposition times:
5s(a,e), 15 s (b,f), 30 s (c,g), and 60 s (d,h) (the same scale for each line).

The dependence of the intensity of SERS spectra on the shape of the silver deposit was studied
at a power of green laser (532 nm) from 250W t o OW5@sing the mo de | d
Rhodamine 6G (Fig. 2-6). The optimum shape of the silver deposit and laser power was analyzed
from the viewpoint of further design of active surfaces for SERS with nondestructive control of small
concentrations of substances.
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J\/\A,_\/\/\,f/\,\/\/\_lsc MWWWMAAMHC
Sc S¢
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600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Raman shift, cm-1 Raman shift, cm-1

60 ¢

Fig. 2-6. SERS spectra of Rhodamine 6G with a concentration of 10°® M measured on silver NS grown in pores of
SiO2 on a silicon n-type substrate at a deposition time of 5 s, 15 s, 30 s and 60 s. © spectra obtained at a laser
power of 150 eW; b) at a power of 2.5 eW.

Thus, a study was made of the efficiency of the use of SiO.(Ag)/n-Si structures as SERS-active
surfaces at different | aser powers. |t has been foc
is gradually destroyed. Reduction of the | aser po
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A complex study of structural andpconversion luminescence (UCL) properties of oxyfluoride glasses and
glassceramics (GC) doped with rare earth elements (REE)

In 2017 we completed our studies related to the structural properties and characteristics of
UCL of oxyfluoride glasses and oxyfluoride glass-ceramics doped with REE. These optical matrices
combine the advantages of low-phonon energy of fluorides, chemical durability and mechanical
stability of oxides, as well as high optical quality of silicate glasses. We used the possibility of
recording the response of the medium to the IR laser excitation in the anti-Stokes region of the
spectrum for UCL studies.

In this study transparent oxyfluoride germanosilicate glass-ceramics containing Er:PbF;
nanocrystals is synthesized on the basis of SiO2i GeO.i PbOi PbF; initial glass doped with Er,Os.
For the preparation of glass-ceramics (GC), the as-cast glass was heat-t r eat ed at 350Uw
below the T4 temperature) for 10-30 h. The glass-ceramics was transparent with a slight pink tinge.
Its XRD patternis shownin Fig. 2-7a, together withthep e aks cor r es p o PR, anygtal.t o a |
In addition to a characteristic halo of the residual glassy phase, sharp diffraction peaks are observed
corresponding to PbF, compound. The mean size of the nanocrystallites determined by the Scherrer
equationi s 8 .mMnNO. 5

Ixpp. a. . d ISAI\S a. u.

350°C/30 h 350°C 20 h

as-
0.1} T\f\]\i
) o T
0.01}

B'P.b l I l. PR « Mo o 0.001 N
10 30 50 70 26. degree 0.01

Fig.2-7. (a) XRD pattern of GC heat treated at 350AC/ 3
b-PbF2 crystal; the inset represents an HR-TEM image;(b) SANS intensity vs modulus of scattering vector, Q,
for precursor glass and GC; the inset represents ATSAS modelled shape of the nanocrystal.

For a structural characterization of GC, we also used small-angle neutron scattering (SANS) at the
YuMO spectrometer of the IBR-2 pulsed reactor. The scattering intensity vs modulus of the scattering
vector Q for both as-cast glass and GC treated for 30 h is plotted in Fig. 2-7b. The heat treatment
induces a substantial change of the glass structure, which is clear from the scattering curves with a
characteristic peak. To model the shape of nanocrystals (inset in Fig. 2-7b), we used the ATSAS
software. The mean size of PbF; nanocrystals is around ~10 nm, which is consistent with XRD and
HR-TEM data.
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The morphology of GC was studied using SEM and is presented in Fig. 2-8.

Fig. 2-8. SEM images of precursor (left) and glass-ceramics (middle and right).

The UCL process in glass and GC was excited at a wavelength of ~980 nm and is shown in
Fig. 2-9. Both of them are normalized to unity for comparison. For the as-cast glass, the green
emission dominates: two closely located bands centred at 522 and 544 nm are related to the
transitions from 2Hi1> and “Ss/, excited states to the *l1s, ground state. The weak red band contains
two components at 653/667 nm; it is related to the transition *Fo2Y *l1s2. The deep red bands at ~800
and 845 nm are related to the transitions *lo2Y *l1s> and “SzY *l132, respectively.

Iycr. a. . a 3 a b
——350°C/30h Kisy
l.0.. :_'Ss: DR as-cast G9!,> .
0.8; v 7 G !
. 152 “Hyn :
0.6 . Hyn e s
Y ‘II-"-]. = =:=;é ﬁ=
2 = =1 i3
JF_: :E
Hin~ 4 ! f:
S50 — T 11
3 {ETU A4 !4
Fyn i T
4192 /ii i
o afdh 1 FSA ||
12 \ H T = ]
! ¥ =
Iy e = A 4 e
\¢ Gsa EJE EE
= Q wvia
iR SEl ] 3249 S
4 1
Isn
Er”
Fig. 2-9. Left: UCL spectra for GC -dastgass(ah); Right: scBefn® o énergy0
levels of Er®* ions.

No emission at the wavelengths shorter than 500 nm was detected (at least at an excitation
power density of ~10* W/cm?). This determines the green colour of the emission from the as-cast
glass. The scheme of energy levels of Er** ions showing the potential channels of their excitation
and observed UCL lines is shown in Fig. 2-9 (right). Ground-state absorption (GSA) corresponds to
“l1s2Y “l112 transition. Several excited-state absorption (ESA) channels exist for Er®* ions.

The UCL intensity depends on the lifetime of the excited state, from which the radiative
transition occurs (Fig. 2-10). For the green UCL, these are the states 2Hii» and “Ssp; for the red
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UCL, this is *Fg,. Also, luc. depends on the lifetime of the intermediate state, from which the
excitation steps (like ESA) occur. If this lifetime is long enough, the probability of further excitation
increases. However, the shortening of the lifetime of the intermediate state can also work as a switch
of different emission channels. This occurs for the 4111, state of Er®* ions. If its lifetime is long, the
*l112Y “F712 ESA process dominates, resulting in the strong green UCL. If it is short, fast non-radiative
decay leads to the “I*Y2Y “l13, relaxation and alternative “lis2Y *Fo2 ESA channel, leading to the
strong red UCL. The change of the environment of Er®* ions from oxyfluoride (glassy) to pure fluoride
(crystalline, PbF2) can disturb all the above-mentioned lifetimes.
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Fig. 2-10. Decay curves for the visible and IR luminescence of Er®*-doped glass and GC.

After the heat treatment of the as-cast glass, the lifetime of S/, state increases onlyto 3.2 ¢ s ,
which means a slight enhancement of the green emission. For a less intense transition from 2Hia
state, the lifetime is nearly the same (3.6 ¢ s ) . I n cont r a*Bet statetinbreases mofee t i me
than 100 times (to 71€ s ) . This is a key point to understandi
green to red bands in the UCL spectrum of glass-ceramics. The lifetime for the intermediate state,
411112, is nearly 16 times longer (as compared to the as-cast glass). This prevents complete
suppression of the green UCL for the glass-ceramics.

Novel transparent oxyfluoride germanosilicate glass-ceramics containing Er:PbF, nanocrystals
have been synthesized on the basis of SiO.-GeO2-PbO-PbF: initial glass doped with Er.Os using
secondary heat treatment. GC is characterized by intense yellow-green emission. The redistribution
of intensity between green and red emissions during the heat treatment is explained by the changes
in the lifetime of the corresponding UCL bands. The UCL mechanisms for 11 lines in the UV, visible,
and near-IR regions are described.
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Verification of tumor and stem cells by Raman mispectroscopy

In the present study (2017) we compared Raman scattering spectra of undifferentiated glial
tumor (C6 glioma cell) and mesenchymal stem cells (MSC). Raman spectroscopy is a sensitive
analytical technique capable of providing highly detailed biochemical information on biological
samples. In particular, it can be used to distinguish between normal and malignant tissues. Our goal
was to find out whether the difference exists at the stage when cancerous and wholesome cells are
undifferentiated.

Raman spectroscopy (Fig. 2-11, left) and CARS microscopy (Fig. 2-11, right) revealed a striking
similarity of scattering spectra from ratos

comparing spectra from the formed tumor versus normal differentiated tissue. In our opinion, there
is one important detail in the obtained data: we compared undifferentiated MSC and C6 glioma cells.
Therefore, namely the fact of insufficiency (or absence) of differentiation is the basis of the revealed
identity of Raman scattering spectra of MSC and C6 glioma cells. Thus, the accumulated data from
Raman spectra and CARS microscopy speak for being them a potential instrument for differential

diagnostics and especially for intraoperative demarcation of tumor and healthy tissue.

The top row of images is C6
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Fig.2-11. The comparison of Raman spectra o Microgaaphd and CARS
i mages of ratés MSC and C6 glioma cells (right).

Our results suggest possible relations between MSC and C6 glioma cells, which is in
accordance with the studies reporting the expression of common antigens in stem cells and various
types of tumor.

Thus, it has been demonstrated that at some stages of development and metabolic activity,
mal i gnant cells and nor mal stem cells can
phenomenon helps to understand the difficulty encountered by the immune defense system in a
tumor-bearing organism, showing one of the ways for tumor cells to escape from the protective
activity of immune cells. Our results also show potential pitfalls in cancer diagnostics.
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3. NEUTRON NUCLEAR PHYSICS

In 2017, in FLNP the scientific activity in the field of neutron nuclear physics was carried out in
the following traditional directions: investigations of time and space parity violation processes in
neutron-nuclear interactions; studies of the fission process; experimental and theoretical
investigations of fundamental properties of the neutron; gamma-spectroscopy of neutron-nuclear
interactions; atomic nuclear structure, obtaining of new data for reactor applications and nuclear
astrophysics; experiments with ultracold neutrons, applied research using NAA. The scientific
program to study the inelastic scattering of fast neutrons ("TANGRA" project) is being successfully
implemented. Despite some technical difficulties, the second stage of the LUE-200 accelerator was
commissioned, and a series of applied studies were conducted on neutron beams of the IREN
facility. A number of investigations in the field of fundamental physics and ultracold neutron physics
were performed on the neutron beams of nuclear research centers in Germany, China, USA, France,
Switzerland.

Measurement of ROT effecbf gammarays in?**U fission on a hot source of polarized neutrons

In the framework of the FLNP JINR T ITEP i FRM-II collaboration a series of experiments was
continued to measurethe ROT-ef f ect i n t he e-raysans heotronsinbinapyffissiompt o
of 235U and 2*U induced by polarized cold neutrons. The experiments were carried out on the POLI
instrument at the FRM-2 reactor (Garching, Germany).

T-odd effects in the fission of heavy nuclei have been known for more than ten years. The first
effect of this type (the so-called TRI-effect) was detected at the ILL reactor (Grenoble) by the
collaboration of Russian and European institutes in the experiment aimed at finding a violation of the
time reversal invariance (TRI) following the idea proposed by K. Schreckenbach. It was found that
the probability of emission of an alpha particle in a ternary fission in the direction perpendicular to
the plane formed by the neutron spin and the fragment momentum demonstrates a pronounced
anisotropy. The magnitude of the effect turned out to be surprisingly high, and the current explanation
does not imply the existence of such a violation, but is based on the interaction of the reaction
products in the final state. In other words, the effect is not related to the violation of the invariance
with respect to time reversal, but is connected with the mechanism of the fission process.
Nevertheless, in the literature the effect is still called "TRI-effect".

In addition, it was noted that when the direction of the neutron beam polarization is changed,
the angular distribution of U-particles is shifted by a small angle relative to the fragment emission
axis, and the direction of the shift is determined by the direction of the neutron beam polarization.
The authors called this effect ROT-effect. Both TRI- and ROT-effects are formally T-odd, but have
no direct connection with the violation of time reversal invariance.

From the quasi-classical description of the ROT effect, which assumes the rotation of a
polarized nucleus before its splitting into two (or three) fragments, it follows that an analogous
phenomenon can be observed in the angular distribution of some other particles accompanying the
fission of the nucleus into two fragments, if this distribution is anisotropic with respect to the axis of
the deformation of the fissioning nucleus at the time of splitting, and the asymmetry relative to the
initial direction of the deformation axis is completely or partially preserved after the fragments escape
to infinity. Indeed, the analogous effect was observed in the emission of instant gamma-rays and
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neutrons in the fission of 2°U and 23U, though its magnitude was an order of magnitude smaller
than for the emission of U-particles in triple fission.

At present, there are several theoretical models that can describe both effects. According to
the model proposed in 2016, both effects depend on the quantum numbers J and K which
characterize the fission channels. In fission induced by thermal (or cold) neutrons (for which all
previous data were obtained), there is a mixture of several spin states whose contributions are
unknown. The only way to obtain "clean" data is to perform measurements on isolated resonances.
Such an experiment was carried out on the POLI facility at the FRM-II reactor in Garching, which
provides a required polarized neutron beam of hot neutrons with an energy of 0.27 eV corresponding
to the lowest resonance of °U.

A schematic of the
experimental setup is shown in

Fig. 3-1. A narrow neutron beam 1. Hotsource
i 2. Shutter
was monochromatized by _a 3. Monochromator slits
monochromator made of a mosaic 4. Monochromator
5. Polarizer

of Cu crystals to the average 6. Neutron detectors
energy of 270 meV (a=0.55; ) | 7. Spin control coils

. 8. Analyzer
The monochromator also makes it 9. Fission chamber

possible to simultaneously focus

the neutron beam at a given <>
. . ; NO)
position,  providing  maximum

intensity of unpolarized neutrons of " Q.GD
about®nkns.0 @
<

Neutrons were polarized <>,©
using specially constructed 3He
cells. The same cell type was used
as an analyzer for measuring beam
polarization. Since polarized 3He nuclei have a very high spin-dependent neutron absorption
efficiency over a wide energy range, a *He cell can be used as a broadband neutron polarizer or
analyzer with the possibility of optimizing its efficiency for almost all neutron wavelengths. In our
experi ment, t h ex 180emiml andsaipessurecof 2.5lbd& @nsured maximum neutron
polarization of about 70%. The polarizer and analyzer cells were polarized in an external laboratory
and placed in a special magnetic housing with a strong uniform constant magnetic field. Polarization
of ®He in the cell decreased exponentially with a time constant of about 40 h, so both cells were
replaced every 24 h.

Fig. 3-1. Schematic of the experimental setup at the POLI facility of the
FRM-II reactor.

Both the polarizer and analyzer provided vertical neutron beam polarization, while the effect
under study requires horizontal (longitudinal) polarization. To change the polarization direction from
vertical to horizontal, a specially developed spin control system consisting of several magnetic coils
with a e-metal screen was used, which also made it possible to rotate the spin in a given position by
180° every 1.3 s.
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A schematic of the fission chamber surrounded by a set of gamma-ray detectors is shown in
Fig. 3-2. The chamber is filled with CF4 gas at a pressure of about 10 mbar. The uranium target
containing about 82 mg of U (99.99%)

. . oxide deposited on both sides of a thick

B U255 e aluminum substrate with a thickness of

. . 401 100 mm? was positioned on the
#® Neutron beam . .

chamber axis. Thin low-pressure

l] I] . [I I] [l Fission fragment detectors multiwire proportional counters (MWPC)

Il Neutron / y-rays detectors placed on both sides of the target were

. . [ Fission chamber used as detectors for fission fragments.

Eight cylindrical plastic scintillators and
four Nal-based scintillators were inserted

. . into the rotating holder at a distance of
about 30 cm from the target center, which
Fig. 3-2. Schematic of the fission chamber. provided Subsequent measurements of

the coincidences of instant gamma-rays
and neutrons with fissionfrag me nt s at t 2 . &h5,Ne$ Salf2NK6 3 5 Nalsds
relative to the average fragment detection axis. The detectors of gamma-rays and fission fragments
were located in the plane orthogonal to the neutron beam direction, which also coincides with the
polarization axis of 22U nuclei.

Separation of instant neutrons and 2 rays could be done using the time-of-flight technique
(Fig. 3-3). Each event matching coincidence of signals from neutron and fragment detectors is
digitized by multichannel TDC CAEN

3

?w V775N and stored together with the
2501 —rays information about the direction of
S56E- polarization of the neutron beam.
m E Reverse of polarization occurs at a
€ 1501 frequency of 1 Hz; the input signal of

° F neutrons . . .
o 100F- / TDC is delayed by the spln. flip time of
E the neutron. At the same time, for the
50 on-line control of the setup, the
- coincidence count rates of neutrons/o-
0500 000 1500 2000 rays and fission fragments were

e registered by counters which were read

Fig. 3-3. Time-of-flight spectrum from a plastic detector allowing out every 5 min for each detector. The
separation of gamma-rays and neutrons. values of asymmetries, calculated by
the formula R=(N*T "M(N* + N') were
constantly monitored. Here N* and N' are the coincidence count rates for opposite directions of
neutron polarization. The asymmetry of count rates of the fragments was simultaneously measured
and controlled.
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The total time for the experiment at the POLY facility was 27 days. The installation, detector
calibration, adjusting of the spin control system, and so on took five days. Statistics was accumulated
during 22 days.

Al so, the measur ment of neut r ohcmf?bluaktieeexitirom t he
the neutron channel (i.e. attheentranceo f t he pol ar 1cmés Yatthe fraht partofithe1 0
fission chamber.

A full analysis of the experimental data will take quite a long time. The only conclusion that can
be drawn at this stage of analysis is that the statistical uncertainty of the experimental data is about
half of that obtained in 2016. At the same time, the sensitivity of the new experimental setup is
approximately 5 times higher, mainly due to the use of position-sensitive detectors of fission
fragments. Such statistical accuracy and sensitivity would certainly be sufficient to observe the effect,
if its magnitude were the same as the measured effect in the region of cold neutrons. However, a
new model of the ROT-effect (proposed recently) predicts a decrease of the effect in the 0.3 eV
resonance of 2%°U. The preliminary analysis of the data shows that the effect actually diminishes, but
a more detailed analysis is required to obtain its exact value or determine its upper limit.

Investigation of prompt neutron emission in neutroimduced nuclear fission

In 2016-2017 a complex spectrometer consisting of a double ionization chamber with Frisch
grids (DIC) and a scintillation (BC501) fast neutron detector was developed and designed in the
Department of Nuclear Physics. The spectrometer is intended for experimental studies of fission
processes in the late stages of the evolution of the fissioning system (after passing through the
"saddle point") using the IBR- and IREN neutron sources. To date, fission in the reactions #2Cf(sf),
25U (nres, ), 2%°U(nun,f), have been studied; for which masses of correlated fission fragments (FF), their
kinetic energies and the cosines of the angles (d 12) between the direction of FF emission and the
fixed axis of a cylindrical coordinate system, were measured. Since the detector was located at a
fixed distance from the coordinate system, the measured cosines of the angles (& 1) were equal to
the cosines of the angles between the direction of FF emission and prompt fission neutrons (PFN)
emitted in the fission process. The fast neutron detector made it possible to measure the speed of
PFN and suppress the background of prompt gamma-radiation by analyzing the pulse shape.

The implementation of the procedure for determining these characteristics for each fission
event became possible due to the use of synchronous ADCs that simultaneously sampled detector
pulses at a frequency of 250 MHz and amplitude resolution of 12 bits. The launching of these
digitizers was done with the help of specially developed electronic equipment in the NIM standard,
hereinafter referred to as the "trigger". The unit could generate pulses to trigger the sampling of
detector pulses and store them in the local ADC memory. The ADCs had a local segmented high-
capacity memory that made it possible to organize data acqusition in the local ADC memory
practically without dead time (since the data from the local ADC memory were transferred to the PC
memory in the intervals between the source pulses). The pulse digitizer was installed in the PCle
bus expansion module of the PC motherboard. The communication of the specified module with PC
was carried out through the optical interface "SONET". Specially developed PC software could
specify synchronization modes, acqusition algorithms, storage in the local memory and
transformation of obtained data to PC for on-line or off-line processing modes, as well as data
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storage. At present, two sets of spectrometer electronics have been manufactured, one of which is
used at IBR-2 and the other at IREN. The experimental study of the PFN emission process in the
5U(nm,f) reaction was necessary, since the available data were obtained more than 50 years ago
and are somewhat ambiguous. New measurements were made on IBR-2 beamline 11B equipped
with a curved mirror neutron guide effectively suppressing gamma radiation from the neutron source.
The obtained results [1] made it possible to correct the available data and for the first time obtain FF
mass distribution, which is in good agreement with the data obtained at a spectrometer with a
resolution of about 0.5 amu. The dependence of the number of PFN on FF mass carries very
important information on the impact of quantum effects (nuclear shells of forming FF) on the FF
formation processes. For example, in Fig. 3-4, the experimental data acquired under identical
conditions with identical detectors obtained in the reactions 252Cf(sf) and 2*°U(nw,f) are given for
comparison.

—— With measured Nu bar
a | - === With Nu bar from Apalin et al
6- ) —— Dubna exp. f ] (b)
—— Apalin et al 6
- 54
< B al
5 g
o] I
> >
24
14
0 - v Y ¥ ¥ 0 T T T ¥ T ’ T
80 100 120 140 160 80 100 120 140 160
MASS [amu] MASS [amu]
a) b)
Fig. 3-4. a) Comparison of dependence of PFN average number in 235U(nw,f) reaction obtained in Dubna with the
results published in [2]. b) Comparison of mass distributions obtained using our data and data from [3].

The PFN yield for fragments with mass numbers in the region of A ~ 118 for the 23°U(n,f)
reaction is siginificantly lower than for the 22Cf(sf) reaction (Fig. 3-5). This is a consequence of the
fact that the shell of the correlated fragment for 2°2Cf is almost filled whereas for 2%°U in the region of
A ~ 120 the shells of both fragments are half-filled. Nuclei with filled shells have a shape close to a
spherical one and, hence, a more tightly bound structure that resists deformation more strongly.
Another argument in favor of greater incompactness of nuclei with unfilled shells is the fact that in
the 2°2Cf(sf) reaction the average PFN number is larger than in the 2%U(n,f) reaction due to a higher
PFN yield in the region of A ~ 120 for 2°2Cf(sf). The anomalously small PFN yield in the region of
A ~ 132 is explained by high stability of the spherical configuration in this region and high resistance
of the correlated fragment to deformation (high rigidity of configuration [4]). As the excitation energy
increases, the shell effects are suppressed and configurations of fissioning nuclei become more
elongated with a lower total kinetic energy (TKE) and an increase in the total deformation energy
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(TDE) of the fragments. In this case, mainly the excitation energy of heavy fragments increases. This
phenomenon was usually explained by the fact that during the formation of fragments, an intensive
energy exchange occurs between the fragments with a uniform energy distribution between the
degrees of freedom. Since a heavy fragment has a greater number of degrees of freedom, it takes
a larger portion of the excitation energy.

From this it was also concluded that the excitation energy is spent to increase the temperature of
the fragments at equal

temperatures of the fragments. 235

However, the experiments studying ——""U(ngnf)|

the nuclear level density in the 4 |——252¢gsF) | | i
energy range of up to 6-7 MeV show f I

that the last statement is incorrect.
The temperature of nuclei does not
change with increasing excitation
energy due to the fact that pair
correlations lead to an effective
increase in the number of degrees
of freedom in the nuclei in
proportion to the increase in their
excitation energy [5]. Cooper pairs 8 e S S —
of neutrons and protons decay so 70 80 90 100110120130140150160170
that the average excitation energy MASS [amu]

per nucleon, and, hence, the
temperature, remains constant. Fig. 3-6. Comparison of the average number of PFN in the 235U(n,f)
However, due to the differences in reaction with the results for 252Cf(sf).

the level densities, the temperature of the light FF appears to be higher than the temperature of the
heavy FF. The fissioning nucleus up until the point of rupture can be considered as two independent
nuclei connected by a neck and being in thermal contact [6]. The superfluidity mode leads to the fact
that the energy transfer between FFs occurs during the transition of Cooper pairs from the light to
heavy FF, in which pairs have a lower binding energy and decay with higher probability. Since the
number of degrees of freedom increases after pair decay, the temperature of the heavy FF does not
change, but its excitation energy increases. This effect, as proposed by the authors of [6], explains
the reason for the increase in the number of PFN (mainly through the increase in the excitation
energy). However, if a heavy FF has a shape close to a spherical one (closed outer shell) then the
energy transfer process can go in reverse. Thus, the study of the PFN emission process in fission is
of special interest, especially regarding the dependence of the average number of PFN on the
fragment mass, since the variations in the number of PFN are directly related to the process of
excitation energy redistribution between the fragments.
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Positiorntsensitive ionization chamber for the investigation of PFN in resir&neutron induced fission

The progress in understanding the fission process is largely due to the development of more
advanced experimental methods. The rapid development of electronics and information technology
has recently been one of the most powerful incentives for increasing the informativeness of
experimental research. A huge role in this was played by the development of digital technologies,
which by now have almost completely superseded the traditional analog paradigm not only in nuclear
physics, but also in the modern industry. A significant improvement in the systems of detector signal
normalization became possible due to the miniaturization of electronics, which allowed the creation
of compact equipment for position-sensitive detectors. Owing to these technical achievements, we
succeeded in designing a compact position-sensitive double ionization chamber (DIC) for FF
spectrometry. The developed design of DIC [7-9] allowed simultaneous measurement of kinetic
energies, masses and orientation of FFs in a 3D cylindrical coordinate system. As noted above, the
most valuable information on the fission process can be obtained in PFN emission studies. The
application of the DIC developed in the work makes it possible to increase the efficiency of these
experiments by more than an order of magnitude due to the use of a larger number of fast neutron
detectors. The development of the detector was carried out in two stages. At first, specialized
software was created to calculate 2D electrostatic fields, necessary for studying charge induction on
the chamber electrodes during the drift of electrons in ionization chambers. As a result, the
ambiguities in the procedures for determining the amplitudes and directions of the FF motion were
eliminated. Then, the programs were improved in order to be used for studying charge induction on
the electrodes of the position-sensitive DIC with strip anodes. Numerical simulation was carried out
for two variants of signal processing organization, and both variants were realized and tested. At
present, data have been processed only for one of the variants. As a result of numerical simulation,
it was found that the magnitude
of the induced charges in the
chain of anode strips in the
cross-section Y =const is
camcaepiane | Proportional to the ratio of the
lengths of the strip segments
along the Y axis. It was
assumed that the projection of
the particle trajectory along the
Y axis is directed along the Y

Y=CONST,

O

£ axis. The scheme of

arrangement of electrodes in

Fig. 3-7.  Design of ionization chamber with strip anodes. Pair of strips the chamber is presented in
(red and blue) is formed by cutting a rectangular metal plate along diagonal. Fig. 3-7
ig. 3-7.

Figure 3-8 shows the dependence of the calculated weighting potential in the plane Y = const
for one strip under unit potential and zero potential on all other electrodes in the chamber. According
to the Shockley-Ramo theorem, the charge induced in the chains of adjacent strips when electrons
moving in the plane Y = const from point a to point b can be calculated by formula (1), where Q is
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the induced charge, e is the electron charge, t (a) and G (b) are weighting potentials at points a and
b, respectively.

Q=e O B®- (B) €
80 Y=295 120 Y=5
COMPLEMENTARY BLUE STRIP
= = 100+
5 60- 5
< 1,000E-03 < 80 1,000E-03
c c
2 0,003652 g 0,003652
S 40+ S 60+
(=] 0,01334 o 0,01334
= c
_‘g, 0,04870 :g) 40 1 0,04870
g% :
0,1778 0,1778
’ 20
0,6494 0,6494
1,000 1,000
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Xcoordinate [arb] Xcoordinate [arb]
Fig. 3-8. Coordinate dependence of charge induced in chain filter.

From the analysis of the graphs in Fig. 3-8 it follows that under the conditions indicated above
the ratio of the charge induced on the strip is proportional to the Y coordinate with a uniform ionization
density in the plane Y = const. To verify the results of the calculations, measurements were made
with the chamber shown schematically in Fig. 3-7. To encode coordinates, an electronic strip
connection circuit was proposed

(Fig. 3-9). s L ! i

With this type of connection,
the electrical capacitance of the
strips together with the resistors

D

E

X1=(A-D)/(A+D)
connecting the adjacent strips X2=B-CY(B4C)
formed two chain filters. The charge e

Y2=(D-C)/(D+C)

induction on the strip was
transformed into current pulses in
both chains of the chain filters. The
pulse propagation in the chain filters

was investigated using the

. . B A Tt = B>
operational calculus. The links of
the chain filters were considered as | rig 3.9 Scheme of strip connection to resistive chain filter. Blue and
passive four-poles with a wave | red strips are electrically isolated from each other.

impedance load at the ends. In this
case, the current pulse is transmitted without distortion, and it was shown that the induced charge is

20 17

PH=A+B+C+D

[
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divided equally between the strips and propagates towards the corresponding ends of the chain
filters. The fact that the pulse propagation causes a decrease in the pulse amplitude proportional to
the number of the filter links was used to determine the point of the charge injection into the chain
filter. As was shown above, the charges induced in adjacent strips are divided proportionally to the
distance between the injection point and the middle of the strips:

1 Q-Q ,
= XA <B
y Lyé QA+QB) 2
1 Q-Q
= <A <D
X Lxég &) 3

Thus, formula (2) gives the y-coordinate of the "center of gravity" of the charge distribution of
ionization electrons which arise as a result of deceleration of charged particles in the working volume
of the chamber. Similarly, the x-coordinate of the "center of gravity" can be determined using formula
(3), where Qa, Qs, Qu Qo are the amplitudes of pulses at the terminal points of the chain filters.

To determine the degree of decrease of the pulse amplitude during the pulse propagation in
the chain filter, calculations were made for the signal attenuation function after passing K links (in K-
range from 0 to 16) of the chain filter. The results are shown in Fig. 3-10.

—0
—1
—2
—3 500
—a
—5 o Calculated
N —_ L Fit A*exp(-N/T), T=12.42
2 T 400 it N oxp{ W)
@ 8 5,
Q P
e —
? —q0 < 300
(] =
[ — g
f—12 g
— 200+
15
—16
T T T T 100 T T T T T T T 1
0 500 1000 1500 2000 0 2 4 6 8 10 12 14 16
Time [arb] Network No

Fig. 3-10. Calculations of signal attenuation after passing K links of chain filter.

These results were used to correct the information on coordinates determined by formulas (2)
and (3).
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Empirical model of cascade gamnaecay and studies of parameters that determine superfluid properties

of the nucleus

In 2017, the analysis of the nuclear data obtained with the help of the developed in Dubna
empirical model of the cascade gamma decay of the neutron resonance was improved. This model
makes it possible (from the approximation of experimental intensities of two-quantum cascades) to
determine simultaneously (with percentage accuracy) the parameters of the density of nuclear
levels, } , and parameters of partial widths, G, of the emission of nuclear reaction products. To date,
the cascades of two successively emitted gamma-rays have been measured in the capture of
thermal neutrons by 44 nuclei in the mass range of 28 < A < 200.

The most probable } - and {-values can be obtained only from the approximation of intensities
of cascades between fixed initial levels and any intermediate and final levels of the excited nucleus.
The two-quantum cascade (TQC) is determined by the energies of initial, intermediate and final
levels, as well as the probabilities of electromagnetic transitions between them.

After the sequence order of quanta in cascades is determined (using the maximum likelihood
method, from the condition that the primary transitions in cascades to different finite levels have the
same energy, and also using the available spectroscopic data), the I, {E1) dependence only on the
energy of the primary transition, Ei, can be extracted with an acceptable accuracy from the
experimental spectrum I, {E,). Without this operation, the experimental distribution I, {E;) can be
accurately described by the infinite number of significantly different functions } and { because of
their correlation. In a small interval, g, of energies E;1 of primary transitions, the sum of the
intensities of TQC from the initial levels ato the group of low-energy finite levels f through the
intermediate levels i can be represented by the equation:

uaj ujf
~ n i ~ :
iuaj> Maj< u J>fm jf

WO O .
ElB)E2 14 4 )
b (B ?.)f 0. 4 aa% (4)

fo

Inthe interval gE, n=<3# i s the number of e ydsithe avdrage dessitya d e
of | evel s o0f>»Meailsl tthyep esy m <dif j pad primanattansitionsdtd M.sof B

inter medi atoegilse vteH es , s ki o f jjjrfoa secondary transiticths th ey firlte
levels (since <|5> F/Msjand <[>  51;i/n).
Since it is impossible to determine parameters of all cascades in experiments, to solve the

system of equations (4) in the entire energy range of primary transitions and simultaneously
determine j} and {, the experimental intensities I, {E:) are approximated using model

representations of functions } (Eex)=0(p1,p2€ ) a i(Eh)= y (g1,92€ ) for al |l obs

gamma-transitions. In all experiments FWHMSs of the resolved peaks do not exceed 21 4 keV.

The inadmissibility of using experimentally unverified representations for J (Eex) = G(p1,p2€ )

and G(E1)) =y(q1,06) was discussed in detail in the pre

that the uncertainty of the parameters } and ( is mostly determined by a systematic error due to
inaccuracy of model representations of experimental data. One can estimate the error and the way

to correct the model f(pg pr.pamcdin=t ad,igcone) aboltly py

various versions of their description.
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For model representation of the level density, we used the model of n-quasiparticle nuclear
excitations (usually applied in the study of pre-equilibrium reactions in nuclei [10]) and a
phenomenological coefficient of an increase in the density of collective levels (balance in the
changes of entropy and energy of quasiparticle levels) from the model [11] modified by taking into
account a breakup in the Cooper pairs of nucleons. The strength functions of electrical and magnetic
transitions were presented, as in the model [12], with the addition of one or two local peaks to
accurately describe the experimental distributions I, {E1). Studies performed in 2017 confirmed the
need to add local peaks to the smooth parts of strength functions and showed that the influence of
their different descriptions on the obtained parameters is insignificant.

Even at t h e -fieah stage afl our dnetbod,ewhen the TQC intensities were
approximated without any theoretical representations for J (Eex) and G(E1), a step structure was
revealed in the J (Eex) function. Further analysis of the experimental data showed that the level
densities are not reproduced with the accuracy of the experiment by the models ignoring the
existence of the boson state of nuclear matter. For all investigated nuclei, the presence of steps,
probably caused by the breakup of the Cooper pairs in the nucleus, is confirmed by the changes in
the representations of } (Eex) and {(E1) introduced by the development of the empirical model. The
number of investigated nuclei increases, while the fraction of phenomenological representations of
the extracted parameters } and @ is minimized for the verification of the data obtained.

The analysis of new results confirmed the obtained earlier dependence of dynamics of
interaction between Fermi and Bose nuclear states on the nucleus shape. In the mass dependence
of Cooper pair breaking thresholds (parameters of } (Eex) function) obtained from the fit, breaking
pair thresholds in spherical nuclei (A < 150) are higher than in deformed nuclei (A > 150). It also
follows from the ratios of densities of vibrational and quasi-particle levels that this interaction
manifests itself in the neutron binding energy range and probably differs for nuclei with various
nucleon parities.

The verification of } and (i obtained in early fits and the estimation of the achieved accuracy
of the model were made by comparing experimental gamma-spectra with their calculation from the
practical gamma-decay model. The analysis of the sources of systematic errors in | and {0 made it
possible to conclude about a possible description of spectra of products from any nuclear reaction
by the practical model with an accuracy of several percent.

Investigations of neutrorcharged particle reactios

Experimental and theoretical investigations of neutron-charged particle reactions induced by
fast neutrons were carried out. The experiments were conducted at the Van de Graaff 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.

A paper devoted to the study of the **Sm(n,U)**'Nd and %Zn(n,U)®*Ni reactions at E,= 4.0, 5.0
and 6.0 MeV has been published. The data have been obtained for the first time. The experimental
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values of cross sections are compared with the available libraries and calculations using the TALYS-
1.6 code. Our results support the EAF-2010 data and are in good agreement with TENDL-2015.

The cross sections for the 1°B(n,t2U) three-body reaction and °B(n ,)"Ui reaction at E,=4.0,
4.5 and 5.0 MeV were measured. The measurements were performed on the 4.5-MV Van de Graaff
accelerator at Peking University. An ionization chamber manufactured at FLNP JINR was used as a
detector. A new system for acquisition and accumulation of experimental data developed on the

basis of a high-speed digitizer, was A
15001 N Foreground
employed. Due to the fact that there are | Vo Ao 0
i ) Background
several channels of the reaction with 1200k Net
emission of a triton and two U-particles, ,,,,,,,,,, - Cale. (n,01)
detailed calculations were made for £ 900} ;‘f Cale. (n,2a)
analyzing the experimental data. As an 3 / [ Q— Calc. total
example, Figure 3-11 shows an amplitude © 600 o
spectrum of events from the region of 300l [ nt2a) fre (1 2)
effective events and time window of l
multidimensional experimental spectrum at O lesssthd o e !
E. = 4.0 MeV. 50 75 100 125 150 175 20
Channel
The results on the cross sections and errors | rig 3-11.  Amplitude spectrum of events from the region of
of the measurements of the 103(n’t20) and | effective events and time window of multidimensional
108(n )7Ui reactions are given in Fig. 3-12 experimental spectrum at En = 4.0 MeV.

and Table I.
350F o Frye(1956) - ENDF/B-VII.1 o - ENDF/B-VIL.1 o Bichsel (1957)
300l © Wyman(19s8) - JENDL4.0 TOOFH JENDL-4.0 Davis (1961)
= #  Davis(1961)  ——CN-RAC2016 5 600 !.-i —— CN-RAC2016 Giorginis (2006)
E 550l 7 Quim(1985) g il £ ® Zhang (2011)
~ ®  Suhaimi(1988) ~ Sy ]
s = 500} 4 B e Present
S 200k + Ivanova(2013) o ; .
5 Present 8 400 + /
L o
< 130 2 300}
w w
2 100 S 200t 4 g
&) O il 1T 19 ! NS
50 100 - alinh gy ﬁg‘w 000 o
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Fig. 3-12. Our results on cross-sections in comparison with previous measurements and data libraries: a) for 10B(n,t20)
reaction and b) for 1°B(n,U)"Li reaction.
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Table I. Measured cross sections for °B(n,t 2U) and *°B(n,U)’Li reactions.

En (MeV) | G(n,t 20) (mb) l(n ,) @nb)
Total Leaking Forward U Backward U
4.0 155 (19%) | 277 (7%) 35(9%) | 143 (11%) 99 (9%)
4.5 194 (15%) |211 (7%) 30 (10%) | 107 (11%) 74 (9%)
5.0 185 (23%) | 144 (7%) 22 (10%) | 72 (12%) 50 (9%)

Investigations of nuclear reactionsmduced by gammaays and fast protons

Work was carried out to estimate cross sections, isomeric ratios, and other effects in nuclear
reactions with neutron yield induced by photons and fast protons. The calculations were made using
the Talys software and own computer codes. The Talys software system is intended to determine
nuclear reaction cross sections and the structure of the atomic nucleus and operates mainly under
Linux with a simple and efficient interface.

Cross sections, isomer relations, forward-backward asymmetries and other parameters of
(9, n), (3, p), (U, 2), (U, n), (p, n) reactions on isotopes of Sn, Sm, In and other nuclei were obtained.
The theoretical estimates were compared with the literature experimental data, and a good
agreement was found. Addtional nuclear data such as parameters of the nuclear potential, nuclear
state and level densities were detetermined.

The obtained theoretical estimates may find application in both fundamental and applied areas
of nuclear physics. From the fundamental point of view, the results can be useful in studies of
mechanisms of nuclear reactions, structure of nucleus, and astrophysical problems. Regarding
applied problems, the nuclear data may be helpful for obtaining new isotopes for medicine,
electronics and industry, as well as for improving gamma-ray activation methods and creating new
neutron sources.

These estimates and calculations were done to develop and continue programs on nuclear
data at the basic facilities of FLNP JINR including the IBR-2 research reactor, new neutron source
IREN and electrostatic generator EG-5.

Activities within the n_TOF collaboration, CERN

In 2017, within the framework of the TOF-collaboration at CERN with the participation of FLNP
specialists, the precision measurements of the neutron capture cross section of fissioning nuclei 2>
236,238 [13-15], 2*°Pu [16] and 2**Am [17] were performed for a wide range of neutron energies. This
work is necessary for the design and licensing of a new generation of nuclear reactors. The
experiments were carried out with isotope targets ‘Be [18] and 33S [19], which are important for
clarifying the nucleosynthesis scenario.
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Activities within the framework of TANGRA project

Determination of physical characteristics of gamnuetectors and optimal geometry of BGbased
detector system

In 2017, the detector system of the TANGRA facility was upgraded, which involved the
replacement of gamma-ray detectors based on Nal crystals with more efficient BGO crystal
detectors. Each detector is a scintillation assembly consisting of a BGO crystal (76 mm in diameter
and 65 mm thick) and Hamamatsu R1307 photomultiplier. In total, there are 24 detectors which can
be arranged in different geometric configurations relative to the target depending on the problem
being solved.

The physical characteristics of the system, such as resolution, efficiency, optimum operating
voltage for the new detectors were tested.

To determine the operating voltage and test
each detector of the new system, a specialized
test setup was constructed (Fig. 3-13).
Calibration sources 187Cs (E5 T 662 keV),
®Co (E, 1 1127 keV and 1332 keV) were placed
in the center. The voltage was varied from 800 to
1500 V; the upper limit was selected according to
the photomultiplier specifications.

The optimum operating voltages at the
photomultipliers of all detectors were selected on
the basis of the experimentally obtained | rig. 3-13. First test geometry for BGO-based detectors.
dependences of the amplitude of detector signals
on the applied high voltage. The energy and time resolution of the detectors were also determined
for the energies of gamma-rays emitted by the calibration sources and for the lines of *?a (4.43 MeV),
1N (5.1 MeV) and %0 (6.13 MeV).

To determine the optimal geometric configuration of detector arrangement, various
configuration variants were tested. Figures 3-14 and 3-15 show different configuration variants with
10 detectors with and without a collimator.

Fig. 3-14. System with 10 detectors, configuration variant "A" i compact geometry with a collimator.
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a) b)

Fig. 3-15. a) System with 10 detectors, configuration variant "B" i compact geometry with a collimator, detectors are
located at a distance of 100 cm from the sample position; b) System with 10 detectors, configuration variant "C" i
compact geometry without a collimator, detectors are located at a distance of 100 cm from the sample position.

The result of the test measurements with a carbon target for three presented variants is shown
in Fig. 3-16.

Time Spectra in amplitude windows from nDeto0 Time Spectra in amplitude windows from nDet01 Time Spectra in amplitude windows from nDet02

w—\\ith_Fe_R=0.3m w— \\ith_Fe_R=0.3m m— \\ith_Fe_R=0.3m

= With_Fe_R=1m = With_Fe_R=1m = With_Fe_R=1m

° ~— Without_Fe_R=1 — Without_Fe_R=1 — Without_Fe_R=1

1 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
TOF {ns) TOF (ns) TOF (ns)

Fig. 3-16. Time spectra of signals coming from gamma-detectors.

It can be seen from the figure that at a target-to-detector distance of 100 cm (green and red curves),
the time-of-flight separation of neutrons and gamma-rays is much better than for the compact
arrangement of the detectors (black curve). But the number of events registered during the same
time period decreases by almost an order of magnitude. At the same time, the comparison of
measurements for a distance of 100 cm with and without a collimator (red and green curves) shows
that at such large distances the collimator is no longer needed. This allows one to position the target
under study as close as possible to the neutron generator, thus achieving a gain in statistics due to
a higher neutron flux on the target. Further test measurements together with simulations showed
that the detector-sample distance of 65 cm is sufficient for effective separation of neutrons and
gamma-rays by time of flight, while the statistics acquisition rate increases by almost an order of

01 Lannual Report



- L] . - - =) ‘@

SCIENTIFIC HIGHLIGHTS o @@

magnitude as compared to the old configuration with Nal-based detectors. The final geometry of the
facility involves the use of 36 tagged neutron beams and 18 BGO-detectors (Fig. 3-17).

Fig. 3-17. Schematic of TANGRA experimental facility: 17 generator ING-27, 21 target, 31 target holder, 47 aluminum
frame, 51 support for gamma-ray detector, 6 i gamma-ray detector.

Determination of the paition of a tritium target and direction of tagged neubn beams using a 2D
silicon strip detector

One of the criteria of correct measurement of neutron beam profiles can be the experimental
determination of the position of a tritium target in the ING-27 neutron generator, as well as the
comparison of the obtained results with the specification data stated in the generator certificate. A
2D strip silicon profilometer consisting of 16 crossed strips (8 vertical and 8 horizontal strips)
producing 64 square zones (pixels) with sides of 15 mm was used as a neutron detector. The
detector and preamplifiers were placed in an aluminum housing equipped with a support, which
makes it possible to easily move the profilometer in vertical and longitudinal directions. The neutron
detection by the profilometer is done by detecting protons and alpha particles produced in the
reactions  Si(n,U)*Mg (reaction energy threshold By=9.985MeV) and 28Si(n,p)%Al
(Bp = 11.586 MeV), which, in its turn, imposes restrictions on the minimum energy of detected
neutrons.

To accomplish this task, a number of measurements were made, in which the distances from
the end face of the ING-27 neutron generator to the profilometer varied in the direction of the neutron
beam, Z. Figure 3-18a shows the distribution of tagged beams obtained at a distance of 10 cm from
the generator. When the distance from the generator to the profilometer is changed, this distribution
also changes, which makes it possible to plot the position of the centroid of the tagged beam (Fig. 3-
18b) as a function of the distance and thus determine the trajectories of neutrons composing the
tagged beam. The result of this procedure for one Y-coordinate is presented in Fig. 3-18c.
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Fig. 3-18. a) Distribution of tagged beam profiles obtained in the described experiment. b) 2D approximation of position
of tagged beam. c) Neutron trajectories estimated by centroids of tagged beams in XZ plane (X-strips are summed).
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Calculation of anguladistribution of gammaradiation emitted in the process of inelastic neutron
scattering by atomic nuclei

The search for a correct theoretical description of angular distributions of gamma-rays emitted
by nuclei as a result of inelastic neutron scattering is an important problem to be solved in the course
of studying inelastic neutron scattering. The available experimental data differ from each other quite
a lot, and theoretical predictions could significantly improve the situation in this area. In addition,
information on the relationship between the easy-to-measure angular distribution of gamma-rays
and properties of the nucleus is of importance for obtaining information about the nuclear structure.

The process of inelastic neutron scattering by nuclei can be described in two fundamentally
different approaches, namely using the direct reaction approximation or the compound nucleus
approximation.

As a "first step”, it was decided to perform calculations within the framework of the compound
nucleus model, because, first, this approach is much better described in the literature than the
alternative model, and, second, there is evidence of "impurity" in the complex mechanism of the
scattering of fast neutrons by light nuclei [20].

Compound nucleus '

Target @
To calculate the an istributi " 2 v
te the angular distribution of i @ ‘ # Pl
gamma-rays emitted in inelastic scattering, the *.

following model was proposed: a neutron hits JP, Excited

the target nucleus, which captures the neutron S /““['°'°”s .
and as a result, makes a transition to an
excited state; then it emits a neutron, and the
residual excitation is removed by emitting a
gamma-ray. The scheme of this process is
shown in Fig. 3-19. JoPo

Fig. 3-19. Scheme of inelastic scattering process.

The results obtained for light nuclei are in
poor agreement with the experimental data
(Fig. 3-20), which, in principle, is expected, since
the fraction of processes which occur with the
formation of compound nuclei is small for light
nuclei.

Anisotropy W(6). Line 1.779 MeV ,E2

T

W(6)=1P_cos(6)+0.087P_cos(8)-0.042P,cos(6)

T

P
UL B

- B - l‘\l— B .
- N

0.8

o b b b b Lo Loy e I 1
20 40 60 80 100 120 140 160 180
0, deg

Fig. 3-20. Comparison of the results of calculations with
experimental data for 22Si, E; = 1.779 MeV, transition E2.
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Measurements of the probability of small heating and total losses of UCN on the surface of Fomblin oil

New processing of the results from the measurements (made by us in 2011-2015) aimed at
studying the UCN interaction with the surface of Fomblin oil was performed. The new processing
gave a higher accuracy in determining the
probability of small heating on Fomblin.

40

35
- The main result is the following: if

—|

3or ‘ earlier, when measuring the probability of

(o))
w sEk : g § small heating, we could speak only about its
T E o’ | < lower limit, now, on the basis of the
4 - T comparison of the results from these
;: measurements with the probability of total
e

UCN losses, one can also speak about the
upper limit of the probability of small heating
(Fig. 3-21).

| , The probability of small heating of
= UCN on Fomblin at 240 C is in the range of

t°C
Fig. 3-21. Upper limit of probability of UCN small heating on pP8TL T8 . p n . P® P
Fomblin. Red points follow the temperature dependence of total | T& T p T . In addition, it can be

UCN losses; solid line shows the temperature dependence of | stated that since the spectra of heated UCN
probability of UCN small heating.

are the same for all the substances
measured, the upper limit of the probability of small heating for all these substances is about 1.3
times higher than the lower limit.

Development and manufacturing of B monitor of thermal neutrons

The putting into operation of a new type of UCN source being developed by a group of FLNP
specialists will make it possible to increase the UCN flux density by three orders of magnitude in
comparison with the existing sources. In particular, this will provide higher accuracy for
measurements in the traditional for UCN experiments. For example, it will be possible to measure
the neutron lifetime with accuracy better than 0.1 s. An increase in the statistical accuracy requires
more attention to systematic errors of measurements. One of the sources of systematic errors in the
measurements with UCN is the detection systems used.

For UCN detection, proportional *He-gas counters with a thin entrance window of Al or Ti (often
with a seal made of polymeric materials) are usually used. Our studies have shown that *He can
diffuse through the polymeric seals of the windows and get into the UCN storage volume. This can
lead to systematic errors in the measurements, which are difficult to be taken into account. A UCN
detector with Teflon seal can lose up to 15% of *He per year, with Viton seal - up to 3% of *He per
year. Metal window seals are also not reliable enough, because can lead to microdamages of
window foils.

A radical solution of the problem of *He penetration into the UCN storage volume is the
replacement of 3He with another sensitive element.
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The existing UCN detectors usually have a thickness of ~ 5 cm, small number of wires and use
charge-sensitive preamplifiers. They provide a maximum count rate of ~103-10* s'. For the new
UCN source, it should be increased by two-three orders of magnitude.

To test the manufacturing technology and verify the specified characteristics of such a detector,
we designed and manufactured a thermal neutron monitor with 1°B sputtered on the rear wall. The
monitor is a multiwire proportional gas counter coated with B4sC (*°B enrichment 85%) with a
thickness of 0.2 em. The thickness of the working area of the monitor is 12 mm. The reaction used
to detect neutrons is:

0B+n - ®37%) g(1.47MeV) + "Li(0.84Mev) + 9(0.48MeV)
- (63%) 3(1.78MeV) + "Li(1.01MeV) 0=3835hb
The detection efficiency for neutrons with a wavelength of | =2 j 13402, which provides
the probability of UCN detection close to 100%. It was shown that a monitor equipped with a fast
current preamplifier can provide a count rate of up to 106 s,

Neutron diffraction by a moving grating

In the FLNP Annual Report for 2016, we reported about the experiment carried out at the
Institute of Laue-Langevin that year. Its purpose was to verify the theoretical prediction that at a
certain height of the profile of a moving grating a substantial suppression of the zero-order diffraction
is possible with a corresponding increase in the intensity of the peaks of other orders. If this prediction
is true, then one can increase the efficiency of energy transfer to the neutron during diffraction on a
moving grating by choosing the grating profile.

A new grating, prepared as before, on the periphery of a silicon disk had 84000 radial grooves
with a profile depth of 0.22 em, in contrast to the previously used grating with a profile depth of
0.14 em.

Basing on the results of the study of the grating profile by atomic force microscopy (ACM)
reported in 2016, we indicated that the teeth and grooves of this grating have not a rectangular but
a substantially trapezoidal profile. The comparison with the spectrum obtained for a grating with a
smaller profile depth supported the prediction that the zero-order intensity can be significantly
suppressed (Fig. 3-22). This was the main result of this experiment.

+1 54

0,025 4800 RPM 1 +”1 4800 rpm

0,020 . H

0,015
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+
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Fig. 3-22. Neutron diffraction spectra from a moving deep-profile grating (at the left) in comparison with the previously
measured spectrum for a grating with a smaller profile depth (at the right). It can be seen that the zero-order intensities

differ significanlty.
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At the same time, the experimental spectra were not in satisfactory agreement with the results
of the calculation based on the AFM data. The reason for this discrepancy was not entirely clear,
and, as noted in the report, a more detailed analysis was required to clarify it. In 2017, the
corresponding work was carried out, which enabled us to answer previously raised questions.

First, the analysis of the AFM data and consultations with specialists brought us to the
conclusion that the data most likely were erroneous. Repeated measurements with the same AFM
in ESRF (Grenoble) yielded different
0,000016 - _ : results, and the source of the previous
) __$;2§;'ymemi methodological error was found. The

‘ new results showed that the grating
profile is much closer to a rectangular
one than was previously thought.

0,000012

0,000008 - .
Second, we performed detailed

Monte-Carlo simulations, which made it
possible to reveal a number of
systematic effects of the time-of-flight
Fourier diffractometer used in the
experiment. The detailed simulation of
o 80 100 150 200 280 the experiment based on the dynamic

Energy (neV) theory of diffraction from a moving
_ _ grating, new AFM data and realistic
Fig. 3-23. Results of the experiment of 2016 and results of the diffract t t led to th
detailed simulations based on new data on the grating and iNiractometer parameters led us to the
diffractometer. result that was in satisfactory
agreement with the experiment (Fig. 3-23). Thus, all the uncertainties in the interpretation of the
experiment of 2016 were removed.

0,000004

Intensity (arb. units)

0,000000 ~

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

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

W = A(2 ;ﬁ)z, where A and f are the oscillation amplitude and frequency, respectively.

Design of sampleesonator

The realization of the experiment requires samples with the surface oscillating at a frequency
of the order of 2 MHz without significant deformation. To solve this problem, an approach employing
a bulk half-wave quartz resonator was used. The resonator is a quartz plate about 3 cm in diameter
and270e m t hi ¢k, which corresponds to half t he wavel
films serving as electrodes are deposited on flat surfaces of the resonator. When the alternating
voltage is applied to the electrodes, the sample is deformed, and the deformation value reaches its
maximum in resonance. The amplitude-frequency characteristic of the sample has a rather complex
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structure, which is indicative of the presence of multiple oscillation modes.

In 2017, for experimental investigations of the resonator, a special stand¥zvibrometerYz for
mapping the surface of an oscillating sample was constructed (Fig. 3-24). It consists of a laser
interferometer and two-coordinate table. For successful operation of the device and the analysis of
the results, special computer software was developed. The device allows us to measure the shape
of the surface in simultaneous synchronization with the phase of the sample movement. The
measurement of the surface profile of the resonator oscillating at a resonant frequency of the order
of 2.1 MHz showed that the sample surface does not remain flat and various fragments of the sample
oscillate in antiphase forming a complex spatial structure (Fig. 3-24).

#.000

6.400

4.800

1.600

Fig. 3-24. 2D laser vibrometer (at the left) and instantaneous state of the resonator surface
oscillating at 2.1 MHz.

At present, the possibility for computer calculations of the deformation of piezoelectric resonators is
considered, which is quite a challenge. These calculations will make it possible to find the best
sample configuration.

Quantum calculations of nonstationary neutreaptical effects

In parallel with the work on the creation of the sample, we carried out investigation of UCN
interaction with a potential structure oscillating in space with a high frequency. In the absence of the
theory of dispersion of neutron waves in an accelerating substance, a quantum nonstationary
problem of neutron interaction with an oscillating potential structure, based on the ordinary dispersion
law is under study. Since it was previously shown that in the simple case of an oscillating potential
barrier oscillating with the necessary frequency and amplitude, the non-stationary effects for the
transmitted state are very
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small, we considered an approach in
:::Z which neutrons pass through an oscillating
oo | resonance structure consisting of two barriers
] with a well between them. Calculations based
10000 ] on the method of splitting the evolution
p— operator demonstrated again significant
20000 ] - ; oscillation of the neutron flux passing through
10000 ] such a structure (Fig. 3-25). This geometry
o was selected as a priority for further research.
05 1o s w0 s 1 1% w0 At the same time, the analysis of the
Goordnate, obtained results has raised a number of
Fig. 3-25. Structure of a wave packet after passing through | questions. At present, it is not entirely clear
aresonance structure oscillating in space. Results of quantum | \whether they are connected with the
caleuatons. calculation errors or are a manifestation of not

yet fully understood details of the phenomenon. The work will be continued using the resources of
the LIT JINR cluster (Hybrilit).

Neutron diffraction fromsurface ultrasonic waves

Previously in 2017, in collaboration with IPTM RAS (Chernogolovka) and the Max Planck
Institute (Munich, Germany), an experiment was performed to observe neutron diffraction from
surface ultrasonic waves. This work extended a relatively short list of non-stationary quantum
experiments with neutrons.

In 2017, considerable theoretical work was done to study the diffraction of neutron waves from
stationary and moving gratings with a sinusoidal profile, as well as also from a standing surface
wave.

Appliedresearch

Application of resonance neutrons for the search fmalladium in the engine components of the Proton
rocket

The IREN facility makes it possible to perform time-of-flight experiments to determine the
elemental and isotopic composition of samples by characteristic neutron resonances. The cross
section for the interaction of neutrons with matter in the neutron energy region from fractions of eV
to hundreds of keV has a pronounced resonance structure, and the position of neutron resonances,
as well as their intensity (the area under the resonance) are unique for each element, which allows
us to identify various elements and their isotopes with high accuracy. The sensitivity of the method
is different for different elements and depends on a number of factors (the presence of resonances
in the required energy region, neutron cross-section value in resonances, presence of background
resonances from other elements in the same region, etc.). Neutrons have great penetrating power;
therefore, the method makes it possible to analyze rather massive samples and requires no
preliminary preparation, cutting, etc.
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Palladium is one of the elements for which the resonance method works particularly well,
because for this element very strong resonances are observed in the energy range up to 100 eV
(where the sensitivity of the method is high), which makes it possible to determine the presence of
palladium even in very small amounts.

In the experiment, we investigated gas generator components of the engine of the second and
third stages of a Proton heavy-lift rocket, comprising soldering with a significant content of palladium.
The presence of palladium in these components is an indicator of faults in the technological process
of manufacturing of the engine, which can lead to an accident. To detect palladium in the samples
provided by Roscosmos, they were placed in a heutron beam inside the "ROMASHKA" scintillation
spectrometer consisting of 24 Nal(TI) crystals.

First we made measurements with a sample consisting of pure metallic palladium. Figure 3-
26 shows a time-of-flight spectrum of a 5-g palladium sample, which was obtained at our facility at a
measurement time of 1hour. The
observed resonances correspond to the
known tabulated values for various
palladium isotopes.

W

X
iy
(=]

—— Multiplicity - 04

44 eV (97P()

The measurements were carried
out at a flight path of 11.2m. The s
operating mode of the IREN facility: pulse
repetition rate i 25 Hz, electron pulse
duration ~ 100 ns, peak beam current i i 13 ev (95Pd)
1-1.5 A, electron energy ~ 50 MeV. The L L [
integral neutron yield is ~3 A¥ 61 To / S L Jot | h #\
control the neutron flux intensity, we used s .
a neutron counter placed directly at the S [ S— ;go T
beam entrance to the experimental halll. forus

Counts

iy

.y

Fig. 3-26. TOF spectrum of a palladium sample with a mass of 5 g.

To test the possibilty of
determining the presence of a palladium-
containing solder by this method, we used two parts of the sample (about 60 g each) provided by
Roscosmos. The palladium-containing solder was found only in sample 1. The presence of palladium
in sample 1 and its absence in sample 2 were tested by X-ray fluorescence analysis at the Institute
of Physical and Technical Problems.

To detect gamma rays emitted by the irradiated target, we used a system of 24 Nal(Tl) gamma-

spectrometers (AROMASHKA") . To r edugarematdéiestors) a mb e r

cylinder of boron carbide was installed inside the "ROMASHKA" setup. In addition, for the same
purpose a collimator made of borated polyethylene was placed immediately in front of the entry point
of the neutron beam. The irradiated samples were suspended in the center of the detector system.

Figure 3-27 presents time-of-flight spectra for various multiplicities of gamma-rays recorded
by the "ROMASHKA" detector system for different samples.

E— il Report 014



@ - . - L L] . ° )
. Multiplicity - 03 . Multiplicity - 04 Multiplicity - 05
10 —— Sampie itk Pt (4 160 —10 —— Sompie et Fatachum (442 sono0fF —— Samiie wihout Paindium (441
400 [
— ok S— ——
] I N awan Pz 0 1000 [——
120
300 |
£250 - 0 100 )‘_;‘)000 -
Sanof g8 g
20000
150 60
100 e 10000
}: ]l H : [
50 Nt | ’ 20
PR A N fored A |
100 200 300 400 100 200 300 400 100 200 300 400
TOF ( ps) TOF ( ps) TOF (ps)
Multiplicity - 03 Multiplicity - 04 Multiplicity - 05
0000 ; .  [—— . . : .
w0000 ' ‘ = SAmch witl Paladium HEh) sooof 3000_
H < —— Palutumn 5 {11 n
0000 |- : H : 4000 - n: 2500
o000 f- H 2000 E
oo Booof- J "§? F
B 1] - oo} 7 Soont {
10000 ; s 60001 J wooé
10000 e ] Py 4000 H ; : r ~L i
H H T H e L o r . H H
H H H .y R iy 500 : : '
0000 2000 o o : H . r : o sl WL
i i i i . . i i . ] o i - i e
200 210 220 230 240 250 200 210 220 230 240 250 200 210 220 230 240 250
TOF (us) TOF (us) TOF (us)
Fig. 3-27. Top: time-of-flight spectra for various gamma-ray multiplicities corresponding to the analyzed samples: with
palladium No. 1 (red), without palladium No. 2 (black) and pure palladium (green). Bottom: parts of spectra in the
palladium resonance region of 13 eV.

These spectra demonstrate that the technique can reliably diagnose the amount of palladium of the
order of 100 mg in samples of about 60 g.

Application of the neutron resonance analysis method to investigate the elemental composition of
archaeological finds

In 2017, at the IREN facility, experiments were carried out to determine the elemental
composition of a number of archaeological atrefacts provided by the Institute of Archeology, RAS
(Figs. 3-28a, 3-29a, 3-30). The studies were done using the neutron resonance capture analysis
(NRCA), the main principles of which are described in [21] and in the previous section. A large liquid
scintillation det-eagdemator [2hThe nieasardmeratsswera maxge at a 60-m
flight path of IREN beamline 3. Some time-of-flight spectra obtained in the measurements are shown
in Fig. 3-28b and 3-29b.
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Fig. 3-29. a) Fibula from the Podbolotievsky burial ground, Vladimir region (10th century AD). b) Part of the time-of-
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flight spectrum from the radiative capture of neutrons obtained in measurements with a fibula.

Fig. 3-30. A silver medallion and zoomorphic figurine (information on the location and age of the finds have not yet

been provided).
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For the quantitative determination of elements in the objects under study we used a relative
method Y additional measurements were made with samples with the known parameters,
containing the identified elements. The preliminary results on the study of staters and fibula are
presented in Table Il.

Table II. The content of elements from time-of-flight spectra of the objects under study.

Weight, g Cu, g Zn, g Ag, g Au, g
Coins 73.033 62.0 N - 6. 762 N -
Fibula 19.98 13.5 N/ 1.06 N - 0.0171 N

The errors listed in Table Il take account of only statistics of registered events. At present,
studies are underway to identify possible sources of systematic errors in the analysis and estimate
their values.

The applied analytical research method is quite new for FLNP. However, as can be seen from
the preliminary results, it could find application in the study of unique objects of archeology and
cultural heritage, since it is absolutely non-destructive, requires no special sample preparation
procedures (for example, cleaning from patina), and leaves practically no induced radioactivity in
objects under study.

Analysis of human remains from the necropolises of the Moscow Kremlin

A neutron activation analysis (NAA) of three samples of human remains of the 16th and 17th
centuries from the necropolises of the Moscow Kremlin has been carried out at FLNP JINR. The
samples were irradiated at two facilities: the IREN source of resonance neutrons and the IBR-2
reactor. Spectra of the induced activity of the irradiated samples were measured using the
automatic measurement system developed in FLNP JINR. This system consists of a high-purity
germanium detector with spectrometric electronics, a sample changer, and control software. Mass
fraction of arsenic, mercury, and some other elements were calculated using two NAA methodsd
relative and absolute (Table IlI).

Table Ill. Mass fractions of arsenic and mercury in the samples.

i Arsenic (As) Mercury (Hg)

sample | Mass fraction, | Relative error, | Mass fraction, | Relative error,
mg/kg % mg/kg %

1 0,19 30 0,36 19,1

2 0,23 30 0,2 29,5

3 1,18 18,3 46,6 2,5
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SCIENTIFIC HIGHLIGHTS

The obtained values confirm the fact of acute mercury poisoning of Anastasia Romanovna,
the first wife of Tsar Ivan the Terrible (sample 3, fragment of hair). High levels of mercury were
detected in the bone remains of Tsarevich Ivan Ivanovich (sample 1, Fig.3-31), the son of Tsar
Ivan the Terrible, and
Prince Mi k h &i
Skopin-Shuiskii (sample 2).

The results provide an
opportunity to introduce into
scientific  circulation the
exact values of mass | Fig 331 Sample ™ 1 after cleaning.
fraction of mercury, arsenic,
and other elements in the samples taken from the burials of the Russian historical figures of the
second half of 16thi early 17th century.

Analytical investigations orcharged particle beams of the E&accelerator

In 2017, the EG-5 electrostatic accelerator operated for 515 hours. The elemental depth
profiles of near-surface layers in various samples were studied using a variety of nuclear-physical
analytical techniques including Rutherford backscattering (RBS), elastic recoil detection (ERD) and
particle induced X-ray emission (PIXE).

In cooperation with the Lebedev Physical Institute of the Russian Academy of Sciences the
process of accumulation and redistribution of deuterium and hydrogen atoms in the assemblies of
two high-purity zirconium and titanium foils under high-temperature pulsed action of deuterium
plasma at the PF-4 plasma focus setup was studied. Using analytical methods, namely Rutherford
Backscattering Spectrometry (RBS) and Elastic Recoil Detection (ERD), it was found that the
redistribution of implanted deuterium and hydrogen gas impurities in the assemblies of irradiated
foils occurs to great depths that far exceed the ranges of deuterium ions. The observed phenomenon
can be explained by the redistribution of the implanted deuterium and hydrogen under the influence
of powerful shock waves formed in the metal foil under the action of high-temperature pulsed plasma.

In cooperation with Maria Curie-S k dowska University (Lublin, Poland), a large amount of
research has been conducted on the effect of heavy ion implantation on the optical properties and
chemical composition of near-surface layers of GaAs crystals. The investigation of the complex
dielectric function in the near-surface layers was carried out using the ellipsometry technique. The
chemical composition of the surface layers was studied using the X-Ray Photoelectron Spectroscopy
(XPS) technique. The investigation of the real and imaginary parts of the dielectric function and of
the atomic and chemical composition was performed near the surface of GaAs crystals implanted
with indium ions at an energy of 250k e V..and a d®amm & The ifhfluediok bf Bieat treatment
in the temperature range 400 #-900 & on the structure and optical properties of GaAs crystals
implanted with indium ions was also investigated. A series of studies was made of the effect of
implantation of Ne, Ar, Kr, Xe ions at an energy of 100k e V. and dos é*xm¥ftroo m® AIAQ O
cm 2 on the change in the dielectric function and atomic composition in the surface layer of GaAs
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