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Preface

Konstantinov Petersburg Nuclear Physics Insti-
tute of National Research Center “Kurchatov In-
stitute” (NRC “Kurchatov Institute” - PNPI) is a mul-
tidisciplinary research center. It conducts funda-
mental and applied research in particle and high-
energy physics, nuclear physics, condensed mat-
ter physics, molecular and radiation biophysics.
In 2016, the Institute celebrated its 45" anniver-
sary.

The scientific works of researchers of the Insti-
tute have been awarded the Lenin and State prizes,
the prizes of the Government of the Russian Fed-
eration and the Academic prizes. Three employees
of NRC “Kurchatov Institute” - PNPI were elected
full members and eight employees - the corres-
ponding members of the Russian Academy
of Sciences. NRC “Kurchatov Institute” - PNPI cur-
rently employs 1906 people including 581 re-
searchers, 69 Doctors of Sciences and 254 Can-
didates of Sciences. At the moment, one of its
employees is a full member and three are the cor-
responding members of the Russian Academy
of Sciences.

NRC “Kurchatov Institute” - PNPI consists of
five research divisions sharing a common infra-
structure:

Theoretical Physics Division;

Neutron Research Division;

High Energy Physics Division;

Molecular and Radiation Biophysics Division;
Knowledge Transfer Division.

The long-term and short-term research pro-
grams of the Institute can be found in two docu-
ments, which are the program concerning the col-
laborative activity of the NRC “Kurchatov Institute”
and the Research and Development program
of the Institute in accordance with the State assign-
ment.

Just like other institutes within the National
Research Center “Kurchatov Institute”, NRC “Kur-
chatov Institute” - PNPI takes an active part in var-
ious international projects and collaborates with

the largest international research centers within
its main research areas.

There is a number of operating installations
as well as designhs new set-ups for the physical
research at the Institute. The WWR-M nuclear
reactor (built in 1959) was brought to the state
of a long-term shutdown on 31 December 2015
owing to the end of its operating license. In 2016,
the proton synchrocyclotron SC-1000 built in 1970
performed 3225 operating hours. For the first
time an isochronous cyclotron C-80 accelerat-
ing negative hydrogen ions was brought to its de-
signed parameters. The cyclotron creates the pro-
ton beam with the energy ranging 40-80 MeV.
The implementation of investment projects on mo-
dernization and renovation of engineering and
technical systems of the PIK neutron research faci-
lity was in progress in 2016.

The year 2016 was an important phase in
the creation of the PIK neutron research faci-
lity. The budgetary funds of the Russian Federa-
tion were allocated to ensure the implementation
of modernization of engineering and technical
supporting systems and to ensure the renovation
of a laboratory complex of the PIK neutron re-
search facility in order to facilitate the power
start-up of the PIK reactor in 2018. To implement
these projects, NRC “Kurchatov Institute” created
the Operational office for the PIK power start-up
preparation. The Office is comprised of key-
note head officers of NRC “Kurchatov Institute”,
NRC “Kurchatov Institute” - PNPI, the chief design
manager, the general design engineer as well
as primary contracting organizations. The Office
has been given ample authorities in terms of pro-
ject management. The director of the Institute
Denis Yu. Minkin has been appointed the head
of the Operational office.

The year 2016 was rich in the events of scienti-
fic and social life. The holiday “Russian Science
Day” was celebrated at the Institute on 7-8 Feb-
ruary. The program organized by the Committee
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of young researchers and specialists included
the lessons for schoolchildren and a celebratory
meeting of the Scientific council. At the meeting
young scientists of the Institute were awarded
with the scholarships in honor of outstanding
scientists, who worked in the Institute a short time
ago: V.N. Gribov scholarship for achievements
in the field of theoretical physics, G.M. Drabkin
scholarship for achievements in the field of con-
densed state physics, V.M. Lobashev scholar-
ship for achievements in the field of nuclear phy-
sics, S.E. Bresler scholarship for achievements
in the field of biology. The celebration ended with
a winter ball.

The 50" anniversary NRC “Kurchatov Insti-
tute” - PNPI Winter Scientific School was con-
vened in early March. Winter School featured lec-
tures by renowned scholars, seminars and pre-
sentations of the School attendees in all key areas:
nuclear physics and elementary particle phys-
ics, physics and technology of reactors, theoreti-
cal physics, condensed matter physics, and, after
a long break - biophysics and molecular biology.
The 50th Winter School was attended by more
than 500 scientists and researchers from our
Institute and other leading scientific centers
of Russia and abroad. Furthermore, in 2016
the Institute organized 13 scientific conferences.
Special attention should be given to the events,
which were organized by young staff members

Director of NRC “Kurchatov _—
Institute” - PNPI -

Professor D.Yu. Minkin % -

of the Institute: a large-scale social event of the In-
stitute - business game “PNPI-2020", the PIK
reactor school for young scientists, and “Open Sci-
ence 2016” - Ill annual conference for young sci-
entists and specialists, which was held in the for-
mat of a youth scientific forum. The forum was
held in the building of the PIK neutron research
facility that will become the basis for the Interna-
tional Center for Neutron Research.

This publication is a compilation of brief des-
criptions of the most significant results of scien-
tific research conducted at the Institute in 2016.
The description is prefaced with the overviews
made by heads of the Divisions within the main
lines of activity. The structure of Divisions is also
provided. The abstracts of those papers are pre-
sented, which had been discussed and recom-
mended by the scientists of Divisions' councils.
In addition to the abstract, each result in the col-
lection of articles contains links to the articles
in leading Russian and foreign journals in which
the paper is described in detail, and where one
can get acquainted with its full content.

The scientific achievements of the Institute
employees have been published in 569 articles
in the leading Russian and international reviewed
journals and presented at 130 national and inter-
national conferences.

The general information about the Institute is
given in the conclusive part of the document.

Science Director of NRC “Kurchatov Institute” -
PNPI Corresponding member of the Russian
Academy of Sciences V.L. Aksenov

A



i

M T digh|Energy,

YSICOR

» . o s, ot JEER| A TR P
eut-rcn ‘eS’earG )

AT \Voleculagand

py ES 4 HIRadiation]Biophysics

e~ . e =

iheoretical LRSS ST 2 . - P

Physfies | = Y " N . o

S
e aly & =
—— -




Research Divisions

10

13

17

20

23

Theoretical Physics Division

Neutron Research Division

High Energy Physics Division

Molecular and Radiation Biophysics Division

Knowledge Transfer Division
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Theoretical Physics Division

Theoretical Physics Division (TPD) headed by Lev N. Lipatov (member of the Russian Academy

of Sciences) consists of seven departments:

- Theory of Electroweak Interactions (headed by Dr. Gennady S. Danilov);
- Theory of Strong Interactions (headed by Dr. Victor Yu. Petrov);

- Quantum Field Theory (headed by Dr. Vyacheslav A. Kudryavtsev);

- High Energy Theory (headed by Dr. Victor Yu. Petrov);

- Condensed Matter Theory (headed by Dr. Saul L. Ginzburg);

- Nuclear Theory (headed by Dr. Mikhail G. Ryskin);

- Atomic Theory (headed by Dr. Alexander I. Mikhailov)
and a Group of Physics of Nuclear Reactors (headed by Dr. Mikhail S. Onegin).

TPD employs 69 research staff members (28 Doctors of Sciences and 32 Candidates of Sciences).

Lev N. Lipatov

Head of TPD
academician

of the Russian Academy
of Sciences

TPD research covers
most of the branches
of modern theoretical
physics: from elemen-
tary particle physics
and quantum field
theory to physics of nuclear reactors.

Scattering at high energies is a traditional area
of TPD research. It can be said that for a long
time the activity of TPD researchers has deter-
mined the frontier in this field. In 2016 L.N. Lipa-
tov et al. continued with the investigation of BFKL
(Balitsky, Fadin, Kuraev, Lipatov) equation deter-
mining the asymptotics of the scattering ampli-
tude at high energies. In particular, the BFKL po-
meron was considered in the Higgs model with
the running coupling constant. The spectrum
of pomerons in the j-plane was calculated. This
allows the determination of the asymptotics of
the scattering amplitudes at high energies. This
theory is a prototype of the Standard model (SM).

TPD is also one of the world leaders in the field
of the so-called AdS/CFT duality (anti-de Sitter/
conformal field theory). The duality means that non-

trivial field theory (N = 4 supersymmetric Yang-
Mills theory) in d = 4 space-time is equivalent
to some string theory in the andi-de Sitter space
and both are exactly solvable. Duality implies
that anomalous dimensions of the operators
in the SUSY theory are related to the string spec-
trum in the string theory. Recently, N.A. Gromov
suggested a rather general method of calculation
of dimensions of arbitrary operators. This method
is based on the so-called “algebraic curve” me-
thod. Using this method in the paper of V.N. Veli-
zhanin anomalous dimensions of SUSY theory
were calculated with 7-loop accuracy. This accu-
racy is a kind of a record in the field theory. Cal-
culations lead to the rather large systems of
the Diophant equations which were solved.

Quark confinement is the most interesting and
still unclear phenomenon in quantum chromody-
namics (QCD). It is still impossible to study it di-
rectly, and for that reason, simpler (more symmet-
rical) supersymmetrical (SUSY) theories are used
to clarify its mechanism. A.V. Yung has studied
these theories for many years. Now this mecha-
nism is almost completely clear. Perhaps, it is
not exactly what we need to explain confine-
ment in QCD, however, a number of very interest-
ing non-perturbative phenomena were revealed.
In the paper presented in this volume, the strings
appearing in the d = 4 SUSY theories are investi-
gated. It appears that under definite conditions
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these non-Abelian strings have properties very
close to those required in nature. The constructed
string theory remains critical (i.e. this theory
has no ultraviolet divergences) in the d = 4 time-
space.

In 2015 LHCb collaboration declared observa-
tion of two pentaquark resonances. In the paper
of M.I. Eides, V.Yu. Petrov and M.V. Polyakov these
resonances are interpreted as a bound state
of an excited state of charmonium and proton.
Another possible interpretation of pentaquarks is
the loosely bound state of two hadrons with open
charm. In the paper of 2016 both alternatives
are analyzed and properties of pentaquarks
in either of scenarios are calculated. Also a num-
ber of new pentaquarks are predicted. It is shown
that measurements of the ratio of pentaquark
decay probabilities to open and hidden charm
states can give the answer to the question which
scenario is realized in nature.

The paper of M.G. Ryskin with collaborators is
devoted to the exclusive production of J/y-me-
sons at LHC energies. Some time ago it was pro-
posed to use this process to measure the proton
gluon structure function with high accuracy at very
small x. Unfortunately, it appears that previous
calculations did not take into account a number
of corrections, both power and double-logarith-
mic, which appear to be rather large. In the paper
of 2016, presented below, these corrections are
calculated. A new method to extract the precise
gluon structure function from the data is deve-
loped.

The ideas concerning the origin of hierarchy
of quark masses and the Kobayashi-Maskawa
matrix continue to attract attention of theoreti-
cians. One of the popular extensions of the Stan-
dard model in this relation is the idea of “mirror”
symmetry. Inthe paper of |.T. Dyatlov presented here
it is shown how this idea can explain, on the one
hand the absence of hierarchy in the neutrino
spectrum and on the other - the observed hie-
rarchy of lepton and quark masses. One needs for
this the so-called “inverse” order in the neutrino
spectrum and the mass of the lightest neutrino
around 0.1 eV.

One of the most discussed processes beyond
the SM is the process of doubled beta-decay.

It can be discovered experimentally. The paper
of E.G. Drukarev discusses the influence of the
electron shells on this process. It appears that
the interaction with atom electrons shifts the ener-
gy of electrons produced in the decay to smaller
energies. This shift was calculated for atoms
of germanium and xenon and appeared to be se-
veral hundred eV.

Three papers below can be related to the con-
densed state physics. The paper of A.V. Syromiat-
nikov and A.V. Sizanov deals with the Bose-glass
phase. Such a phase can appear in the system
of interacting bosons. The theory of this phase
was suggested by Fisher et al. However, this the-
ory contradicts the experiments performed re-
cently. The paper presented here generalizes
the Fisher's scenario. It is shown that the last
scenario can be realized only in the region very
close to the critical point. This region was not
reached by the present experiments. Then Bose
glass system proceeds to the percolation scenario
which is also universal but critical powers are dif-
ferent from Fisher's scenario. The proposed theory
is able to explain all experimental data.

The paper of N.E. Savitskaya is devoted to
the theory of avalanches which are phenomena
specific for the dynamics of the complex systems.
The paper considers the methods of avalanche
stabilization, i.e. methods to reduce their size and
frequency. It is shown that avalanches develop-
ing on the dynamic lattices are, in general, more
stable than on the static lattices.

During the last years, V.V. Shaginyan with co-
authors have been developing the theory of a new
phase of matter related to the phenomenon
of the so-called “fermion condensation”. A hypo-
thesis of fermion condensation helps to explain
a large number of unusual properties of diffe-
rent materials discovered in recent experiments.
The paper below summarizes the results of these
investigations.

The physical theory of hurricanes is investi-
gated in the paper of V.G. Gorshkov, A.M. Maka-
rieva, and A.V. Nefiodov. The source of the rainfall
in the area of a few hundred kilometers around
the hurricane is discussed. It is shown that sum-
mary rainfall is immediately related to the speed
of hurricane movement.
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Reactor physics is represented by the paper
of M.S. Onegin. His paper demonstrates the abi-
lities of the program complex MURE in neutron
calculations of the PIK reactor. The complete fuel
cycle of PIK reactor is calculated both with stan-
dard and modified fuel elements.

The following statistics demonstrate the results
obtained by TPD employees during the year 2016:

- 109 research papers published in reviewed
journals (88 papers published in foreign edi-
tions);

- One monograph published;

- 35 research reports presented at international
and Russian events;

- Two dissertations (Candidate of Sciences)
defended.
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Neutron Research Division

Neutron Research Division (NRD) headed by Dr. Alexander I. Kurbakov consists of two research

and four scientific and technological departments:

Neutron Physics Department (headed Corresponding member of the Russian Academy of Sciences
Prof. Anatoly P. Serebrov) consists of four laboratories:

- Neutron Physics (headed by Prof. Anatoly P. Serebrov);

- Nuclear Spectroscopy (headed by Dr. Ivan A. Mitropolsky);

- Molecular and Atomic Beams (headed by Dr. Victor F. Ezhov);
- X- and y-Ray Spectroscopy (headed by Prof. Valery V. Fedorov)

and two groups:

- Weak Interaction Research (headed by Dr. Alexander N. Pirozhkov);
- Nuclear Fission Physics (headed by Dr. Alexander S. Vorobyov).

Condensed State Research Department (headed by Dr. Sergey V. Grigoryev) consists of four laboratories:

- Disordered State Physics (headed by Dr. Vladimir V. Runov);

- Neutron Physical and Chemical Research (headed by Dr. Vasily T. Lebedev);
- Crystal Physics (headed by Dr. Yury P. Chernenkov);

- Materials Research (headed by Dr. Alexander |. Kurbakov)

and two groups:

- Condensed Matter Electrodynamics (headed by Dr. Oleg V. Gerashchenko);
- Solid State Radiation Physics (headed by Dr. Sergey P. Belyev).

There are four scientific and technological departments:

- Engineering and Technological Support of Experiments at Reactors (headed by Alexey P. Bulkin);
- Automation of Experiments on Reactors (headed by Dr. Valery A. Solovey);

- Semiconductor Nuclear Detectors (headed by Dr. Alexander V. Derbin);

- Operation of Neutron Stations at the PIK Reactor (headed by Dr. Evgeny V. Moskvin).

NRD employs 165 research staff members (16 Doctors of Sciences and 63 Candidates of Sciences).

Dr. Alexander |. Kurbakov
Head of NRD

Main directions of
NRD research are fun-
damental and applied
fundamental physics.
Most of employees
of scientific depart-
ments and practically
all staff of scien-
tific and technological departments are involved
in the creation of the PIK neutron research facility.
In recent years, another important line of activity
has emerged: the teaching activity in universities
of Saint Petersburg, whose main goal is the training

of young scientists who in several years will become
the scientific staff members of the PIK-based Inter-
national Center for Neutron Research.

In the field of scientific research NRD is gene-
rally focused on carrying out activities in the area
of Nuclear Physics, Particle Physics and Conden-
sed Matter Physics.

In 2016, just like in recent years, great suc-
cess was achieved in the field of neutrino phy-
sics. The Borexino collaboration, in which emp-
loyees from NRD participate, analyzed correlations
of Borexino detector data collected in the period
from December 2007 to November 2015 with
2350 Gamma-ray bursts (GRB). No statisti-
cally significant correlations have been found.
The most stringent upper limits on the fluence
in neutrinos and antineutrinos associated with
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a GRB have been obtained for energies below
7-8 MeV.

NRC “Kurchatov Institute” PNPI and NRC
“Kurchatov Institute” participate in the collabora-
tion DarkSide since its inception in 2010. Dark-
Side-50 is a two-phase liquid-argon detector with
the mass of 46 kg. In 2016, an underground
argon with the content of radioactive 3°Ar iso-
tope contamination 1400 times less than that
of the atmospheric argon was used in the detector
for the very first time ever. As a result of the new
71-day measurement, the most stringent limits
on the spin-independent cross-sections and mas-
ses of weakly interacting massive particles have
been obtained.

In June 2016 in the Neutrino laboratory of
NRC “Kurchatov Institute” - PNPI - Research Insti-
tute of Atomic Reactors the detector of a cellular
type with 16 sections was installed at the SM-3
reactor (Dimitrovgrad, Russia) to search for neu-
trino oscillations in a sterile state. The measure-
ments of the antineutrino flux depending on dis-
tance (R) from a center of the reactor core have
been done. Measurements of the antineutrino
flux from the reactor at small distances of 6-12 m
by means of the moveable detector were carried
out for the first time. In the frame of the avail-
able statistical accuracy it is not revealed if there
are reliable deviations of antineutrino flux dis-
tance dependence from the law 1/R?. The results
in the range 10-12 m require the measurements
in this region to be repeated with more accuracy.

Measurement of the lifetime of a free neutron
by the method of storage of ultracold neutrons
in a cryogenic material trap with gravitational lock-
ing has to shed light on a problem of a difference
in neutron lifetime measured both by the “beam”
method and the “storage” method. The result
of 2016 can be considered the value of the neu-
tron lifetime: (880.3 £ 0.8 _ + O.Ssys) s. For the fi-
nal result, a systematic error should be evaluated.

Crystal-diffraction studies of the fundamental
properties and interactions of a neutron continue.
Currently we are preparing an experiment to veri-
fy the equivalence of inertial and gravitational
mass of a neutron by a new method based
on the use of effects arising from neutron diffrac-
tion in large perfect crystals. The main feature

of the proposed method is the direct compensa-
tion of the gravitational force acting on the neu-
tron by the inertia force acting on the neutron
in a non-inertial coordinate system connected
with the Earth. During 2016, the study of the ex-
periment spatial resolution for Bragg angles
(74-82)° was carried out. A decrease in the spa-
tial resolution at Bragg angles more than 78° was
observed.

The study of the dynamics of nuclear fission
by neutrons was continued. In 2016, a detailed
study of the TRI and ROT effects measured in
the ILL reactor (Grenoble, France) in threefold
ternary fission for the four fissile nuclei 233 235U
and 2% 24Py was carried out. It is established
that the specified effects take place for all inves-
tigated nuclei, but they differ considerably both
in the sign and in absolute value.

Investigations of the mechanism of emission
of “instantaneous” neutrons in nuclear fission
within the framework of the CORA experiment
were continued. As a result of the analysis
of the data obtained at the first stage of experi-
mental studies, it was possible to receive an esti-
mation of the anisotropy coefficient of instanta-
neous neutron emission in 22Cf fission in the sys-
tem of the center of mass of the fission fragment.

In 2016, the work carried out within the frame-
work of the IAEA CRP project “Prompt fission neu-
tron spectra of actinide nuclei” was completed.
Measurements of the integral spectra of prompt
neutrons in the fission of 235U, 233U and 2*°Pu both
by thermal neutrons and at spontaneous fission
of 2%2Cf were conducted. Their joint estimation
with the data of other experiments was perfor-
med. The recommendations on the use of the es-
timated spectra to design new power installa-
tions and to perform model simulations were
given.

In the field of atomic physics NRD developed
a computer package to calculate atomic pro-
perties taking into account electron correlations
and relativistic effects to find most perspective
systems of ultra-cold highly charged ions and
molecules. In 2016, new programs were added
to this package to account for quantum electro-
dynamics corrections and effective three-electron
interactions. New methods for cooling and trap-
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ping of such ions for high precision experiments
with them are being developed as well.

The study of functional materials and new phy-
sical phenomena in them takes is a prominent
line of the scientific activity of NRD.

A series of the works address a fundamental
scientific problem: the experimental establishment
of the ground quantum states in low-dimensional
magnetic materials. The physics of low-dimen-
sional magnetism is a rather new and one
of the most interesting and rapidly developing
areas of modern science, because the quantum
essence of matter in low-dimensional magnetic
materials is the most pronounced and it becomes
possible to observe experimentally as well as
to apply in the future, a lot of non-classical quan-
tum cooperative effects. In NRD, multilateral
systematic study of the static and dynamic mag-
netic characteristics of a wide class of quasi-two-
dimensional magnetic materials with various
geometry of the exchange bonds and identifica-
tions of nontrivial types of a ground state of such
systems are conducted. Currently, compounds
both with a triangular magnetic sublattice and ca-
tionic sublattice of a “honeycomb” type in a layer
are studied. In 2016, the study of complex oxides
Li,Ni_,SbO, and Na,Co,SbO, was finished. Non-
trivial antiferromagnetic zigzag-type quantum
ground state, namely zig-zag ferromagnetic chains
coupled with each other antiferromagnetically
in ab-plane were experimentally established.

The research into single crystals of quasi-
two-dimensional magnetic materials
La, ,Sr, (Mn, Co),0, was conducted. In such
two-layer manganites, a giant magnetoresistance
anisotropy is observed, which is associated with
the layered structure of these compounds that
leads to a spin-dependent tunneling of carri-
ers between manganese-oxygen planes. During
the research, the abnormal growth of resistance
and decrease in magnetization at low tempera-
tures were observed.

The morphology, magnetic properties and lon-
gitudinal electric resistance in multilayered nano-
composites [(Co, Fe,B,).,(Si0,),/Cl,, containing
47 amorphous metal-dielectric/carbon bilayers
produced by ion-beam evaporation and different

in the thickness of the carbon layer were investi-
gated. Superparamagnetic properties of granules
were confirmed by the results of SQUID magne-
tometry. The thickness of the layers, the charac-
teristic sizes of metal granules and the distances
between them were determined by the GISAXS
method. It was revealed that the thermoactivated
conductivity of such multilayered structures is
described by the universal law “1/2”, and the cha-
racteristic temperature decreases linearly with
the increase of the carbon layer thickness.

In the last few years in NRD the research of var-
ious unique nanostructural materials was carried
out extensively. Neutron scattering data analysis
in direct and reciprocal space has allowed the
decoding of the structure of diamond hydrogels
with the sizes from ones to tens of nanometers.
The hydrogels were synthesized for the first time.
It has been established that a formation of short
range order in such a system is realized sequen-
tially through bonding of charged particles (dia-
meter ~ 5 nm) within the first coordination sphere,
association of these fragments in the chain aggre-
gates and connection of the chains into the net-
work (scale ~ 40 nm). A key role of an electrostatic
attraction of non-spherical diamond crystals, which
stabilizes the gel structure strongly, has also been
confirmed in neutron experiments.

The creation of new nanomaterials such as
wound bandages, synthetic cartilage, precursor
of bone tissue is an urgent problem in modern
medicine. The complex analysis of experimen-
tal data obtained in the study of the morphology
of the structure of cellulose Gluconacetobacter
xylinus and organo-inorganic composite materials
on its basis showed that the initial gel film repre-
sents a porous system with a complex three-level
fractal organization of the structure. It was found
that both the composition and the aggregate
state of the alloying additives used in the syn-
thesis (ZrO, nanoparticles, Th® ions in the form
of the low-molecular TbCl, salt and in the metal-
polymer complex [Tb(PolyLig)](lll)) have a signifi-
cant effect on structural characteristics of organo-
inorganic composites.

Instrumental and radiochemical neutron activa-
tion techniques were developed for the analysis
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of samples from quartz-adularia lodes of the cold neutrons source (CNS) and a neutron guide
Milogradovsky gold-silver deposit. The optimal con- system for HEC-3 channel of the PIK reactor have
ditions of the Pt, Au, Ir, Re and Ag separation from been created.
base metals were assigned. The principal result The WWR-M reactor is planned to be equipped
of the study is confirmation of the platinum mine- with a source of ultracold neutrons (UCN). The UCN
ralization in the quartz-adularia veins. density at the level of 10 cm= will be reached,
Quite a considerable part of NRD employees which is two orders of magnitude greater than
takes part in the creation of the experimental sta- that at the sources currently existing around the
tions for PIK neutron research facility. world. This will make NRC “Kurchatov Institute” -
In 2016 numerical simulation of individual units PNPI the world center of fundamental research
of the installations for condensed matter physics, with ultracold neutrons. A full-scale model of the
namely the polarizer/analyzer for the SANS ins- ultracold neutron source for the WWR-M reac-
tallations, calculation of the beam shaper for tor, where superfluid helium with a temperature
the NERO reflectometer, preliminary calculations of 1.3 K was obtained in November 2015 at the
of the three-axis cold-neutron spectrometer, preli- thermal load of 15 W, demonstrated a smooth
minary calculations of the neutron guide system operation during 2016. Experimental helium tem-
of a neutron guide hall were performed. Develop- peratures at a thermal load of up to 60 W were
ment and optimization of the neutron-optical obtained. Helium remained in the superfluid
lines of the reactor complex PIK in accordance with  state even at such a high load.

the requirements of the “Reconstruction” and Following statistics demonstrates the results
“Creation of the instrument base of the RC PIK” obtained by NRD employees during 2016:
projects were carried out. New mirror systems for - 105 research papers published in reviewed

the polarization and analysis of neutron polariza- journals (including 68 papers indexed in the data-
tion were developed. The creation of a neutron base Web of Science);

beam-defining device for the REFLEX reflectome- - Two monographs were published;

ter at the IBR-2 reactor was completed. It will be - 111 research reports presented at interna-
used as an alternative to continue the activities tional and Russian conferences;

undertaken to enhance polarizing and not pola- - Six patents and four certificates of state regi-

rizing mirror optics in the absence of neutrons stration of specialized programs and databases
at NRC “Kurchatov Institute” — PNPI. Calculations obtained;

and simulations of the first source of cold neu- - Fourtheses (Candidate of Sciences) defended.
trons were completed. An outline design of the
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High Energy Physics Division

High Energy Physics Division (HEPD) headed by Prof. Alexey A. Vorobyov (corresponding member
of the Russian Academy of Sciences) consists of 10 laboratories:

- Elementary Particle Physics (headed by Prof. Georgy D. Alkhazov);

- Meson Physics of Condensed Matter (headed by Dr. Sergey |. Vorobyov);
- Relativistic Nuclear Physics (headed by Prof. Vladimir M. Samsonov);

- Short-Lived Nuclei (headed by Dr. Vladimir N. Panteleev);

- Meson Physics (headed by Prof. Victorin V. Sumachev);

- Few Body System (headed by Prof. Stanislav L. Belostotski);

- Crystal Optics of Charged Particles (headed by Dr. Yuri M. lvanov);

- Hadron Physics (headed by Dr. Oleg L. Fedin);

- Physics of Exotic Nuclei (headed by Prof. Yuri N. Novikov);

- Cryogenic and Superconductive Techniques (headed by Dr. Alexander A. Vasilyev)
and four technical departments:

- Radio Electronics (headed by Dr. Victor L. Golovtsov);

- Track Detectors (headed by Prof. Anatoly G. Krivshich);

- Computing Systems (headed by Andrey E. Shevel);

- Muon Chambers (headed by Vladimir S. Kozlov).

HEPD employs 134 research staff members (16 Doctors of Sciences and 69 Candidates of Sciences).

Prof. Alexey A. Vorobyov
Corresponding member
of the Russian Academy
of Sciences,

Head of HEPD

HEPD activity is
mainly aimed at the
experimental research
in the field of elemen-
tary particle physics
and nuclear physics.
Also, solid-state physics research with the use
of the uSR-method is being conducted. As in the
previous years, research activities were carried out
at facilities of NRC “Kurchatov Institute” - PNPI
as well as at accelerators of the world’s leading
nuclear centers.

In 2016, the following experiments were carried out
Experiments at NRC “Kurchatov Institute” - PNPI
synchrocyclotron:
- Production and studies of short-lived nuclei
with the laser-mass spectrometer complex IRIS.

- Studies of polarization effects in proton quasi-
elastic scattering of nuclei.

- Studies of n-meson production in the pion beam.

- Studies of magnetic properties of materials
with the uSR method.

- Investigations in the field of crystal-optics
of high-energy protons.

Also, the 1 GeV proton beam was in use for test-
ing various experimental equipment at a special
test stand.

Experiments at the European Center for Nuclear
Research (CERN):

- Participation in the experiments CMS, ATLAS,
LHCb, and ALICE at the Large Hadron Collider (LHC).

- Production and studies of short-lived nuclei
with the laser-mass spectrometer complex ISOLDE.

- Studies of possibilities to use crystal collima-
tion of the LHC beams - experiment UA9.

Experiment at the Brookhaven National Labora-
tory (USA):

- Experiment PHENIX. Studies of the relativistic
heavy ion collision physics.
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Experiment at the Paul Scherrer Institute -
Meson factory (Switzerland):

- Experiment MUSUN. High precision studies
of muon capture on deuteron.

Experiments at the electron accelerators at
Bonn and Mainz universities (Germany):

- Study of the nucleon structure by y-p- and
e-p-scattering.

The following experiments were completed,
the data analysis being continued:

- Experiments HERMES and OLYMPUS at DESY,
Germany (study of the spin structure and form fac-
tors of nucleons);

- Experiment DO at the Fermi National Accele-
rator Laboratory, USA (physics of proton-antiproton
collisions at the Tevatron);

- Experiment EPECURE at NRC “Kurchatov Insti-
tute” - ITEP, Moscow (search for narrow resonances
in p-scattering).

New projects:

- Experiment POLFUSION (NRC “Kurchatov Insti-
tute” - PNPI) (study of the nuclear dd-synthesis
in polarized deuterons collisions);

- Experiments R3B, MATS, PANDA, and CBM
(GSI, Germany) (preparation of experiments at
the accelerator complex FAIR);

- Experiment PROTON at the accelerator MAMI
(Mainz, Germany) (measurement of the proton
charge radius);

- Experiment COMPTON at the accelerator MESA
(Mainz, Germany) (studies of the nucleon polariza-
bility);

- Project IRINA at the high-flux neutron reactor
PIK (NRC “Kurchatov Institute” - PNPI) (production
and studies of short-lived nuclei);

- Project RIC-80 at the cyclotron C-80 (NRC “Kur-
chatov Institute” - PNPI) (production of radioiso-
topes for medical application).

One of the main HEPD activities was the partic-
ipation in the LHC experiments CMS, ATLAS, LHCb,
and ALICE. NRC “Kurchatov Institute” - PNPI par-
ticipated in these experiments from the initial
phase of design and construction of the collider

detectors with essential contributions to the con-
struction of various subsystems of these detec-
tors. After the LHC start, HEPD physicists and
engineers shared responsibilities in maintenance
and operation of these detectors and took part
in the analysis of the experimental data.

The analysis of the experimental data collected
in Run | (2010-2012) yielded a great amount
of new results crowned with the discovery of the
Higgs boson. In Run Il (2015-2016), the energy
of the colliding protons at the LHC was incre-
ased from 4 TeV + 4 TeV up to 6.5 TeV + 6.5 TeV.
The luminosity was also increased. The analysis
of the new experimental data allowed obtaining
more detailed information on the Higgs boson as
well as getting more strict limitations on the possi-
ble appearance of new physics beyond the Stan-
dard Model. A number of other important results
were obtained, in particular new barion exotic
states - pentaquarks - were observed and
studied. More than 280 papers were published
by the ATLAS, CMS, LHCb, and ALICE collaborations
in 2016. The list of authors in these publications
includes 35 scientists from the HEPD.

Physicists of NRC “Kurchatov Institute” - PNPI
participate actively in the programs of modern-
ization of the collider detectors. In particular,
in the framework of the ATLAS upgrade, a special
facility at NRC “Kurchatov Institute” - PNPI has
been prepared, which is intended for assemb-
ling the thin-gap chambers (TGC) for the forward
part of the ATLAS muon spectrometer. At present,
the first chamber prototype is being assembled.
In total, 36 quadruplets of TGC chambers should
be manufactured at NRC “Kurchatov Institute” -
PNPI.

An important result was obtained in the experi-
ment UAQ (the laboratory headed by Yu.M. Ivanov).
The channeling of 6.5 TeV protons in the curved
crystals has been demonstrated for the first time.
The experiment was performed directly inside
the LHC ring using the halo of the circulating pro-
ton beam. Thus, a principle possibility of collima-
tion of the proton beams in the LHC has been
proven. It is noteworthy that the crystals fabricated
at NRC “Kurchatov Institute” - PNPI were used
in this experiment.
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Inthe laboratory headed by A.A. Vasilyev, a unique
experimental set-up has been built for investigation
of the dd-synthesis of polarized deuterons, which
has become a major step toward the experiment
POLFUSION. It should be noted that physicists from
Germany and Italy participate in this experiment.

The present volume contains some of the re-
sults published in 2016 obtained in LHC experi-
ments, as well as in experiments performed at
NRC “Kurchatov Institute” - PNPI and at other nu-

clear centers with the participation of HEPD physi-
cists.

The following statistics demonstrates scientific
activity of the HEPD in 2016:

- 361 research papers published in reviewed
journals;

- 45 research reports presented at various inter-
national and Russian events;

- Three Candidate of Sciences theses and two
Doctor of Sciences theses defended.
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Molecular and Radiation Biophysics Division

Molecular and Radiation Biophysics Division (MRBD) headed by Dr. Andrey L. Konevega

consists of 14 laboratories:

- Biophysics of Macromolecules (headed by Dr. Vladimir V. Isaev-lvanov);
- Genetics of Eukaryotes (headed by Dr. Vladimir G. Korolev);

- Protein Biosynthesis (headed by Dr. Andrey L. Konevega);

- Molecular Genetics (headed by Dr. Valery N. Verbenko);

- Biopolymers (headed by Dr. Andrey L. Timkovsky);
- Cell Biology (headed by Dr. Mikhail V. Filatov);

- Human Molecular Genetics (headed by Dr. Alexander Schwartzman);

- Enzymology (headed by Dr. Anna A. Kulminskaya);

- Experimental and Applied Genetics (headed by Dr. Svetlana V. Sarantseva);
- Medical Biophysics (headed by Prof. Dr. Leonid A. Noskin);
- Medical and Bioorganic Chemistry (headed by Dr. Farid M. Ibatullin);

- Proteomics (headed by Dr. Stanislav N. Naryzhny);
- Cryoastrobiology (headed by Dr. Sergey A. Bulat);

- Molecular and Cellular Biophysics (headed by Dr. Georgiy N. Rychkov);
- Test Center of Radiopharmaceuticals and Other Medical Products (headed by Dr. Alexander P. Trashkov);
- Scientific-Technical Department of Bioelectronics (headed by Dr. Alexander P. Roganov).

MRBD employs 121 research staff members (13 Doctors of Sciences and 64 Candidates of Sciences).

Dr. Andrey L. Konevega
Head of MRBD

The research at
MRBD is focused on
the most significant
fundamental questions
in the molecular biology,
biophysics, molecular
and medical genetics.

The studies of macromolecular complexes by
methods of small-angle neutron and synchrotron
scattering, atomic-force microscopy and molecular
modeling are being actively conducted in MRBD
(Laboratory of Biophysics of Macromolecules and
Laboratory of Molecular and Cellular Biophysics).

In a paper of G.N. Rychkov et al. the full-atom
models of partially assembled nucleosome struc-
tures - disome, tetrasome and hexasome - were
developed for the first time in the world. The de-
veloped models provide a new interpretation
of the experimental data at hand, characterizing

structural and dynamic properties of nucleosome
particles obtained by means of atomic force mic-
roscopy, fluorescence resonance energy transfer
and small-angle X-ray scattering. The existence
of such structures regulates the access of protein
factors to genetic information encoded in DNA
and may accelerate the transcription process.

The studies of molecular mechanisms of chro-
matin remodulation are traditional for MRBD. A pa-
per of A.Yu. Konev (Laboratory of Genetics of Euka-
ryotes) co-authored by foreign colleagues is dedi-
cated to the study of the role of the ACF1 expres-
sion level during Drosophila oogenesis. ACF1 was
found to be expressed in somatic and germline
cells, with notable enrichment in germline stem
cells and oocytes. It was shown that the asymmet-
rical localization of ACF1 in these cells depends
on the transport of the Acf1 mRNA by the Bicau-
dal-D/Egalitarian complex. The new deletion mu-
tant of the gene Acf was found, which represents
a true null allele of the gene Acf1.

Also among the most prominent scientific
achievements of MRBD a special place is given
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to a study of the possible link between the Parkin-
son's disease (PD) and lysosomal storage diseases
(LSDs) (Laboratory of Human Medical Genetics).
In 2016, a study was conducted on the correlation
between levels of oligomeric forms of an alpha-
synuclein protein and the activity of a lysosome
enzyme glucocerebrosidase (GBA) in Gaucher's
disease (GD) patients. The presence of two mutant
alleles in a GBA gene is the cause for the devel-
opment of a rare genetic disorder - Gaucher's dis-
ease - classified as one of lysosomal storage dis-
eases. The high risk of PD development in patients
bearing mutations of the GBA gene is found in all
populations of the world, including Russia, how-
ever, the molecular mechanism remains unknown.
Measuring the level of plasma oligomeric alpha-
synuclein and GBA activity it was demonstrated
that mutation carriers had a more distinct decrease
in GBA enzymatic activity and an increase in oligo-
meric alpha-synuclein levels compared to the car-
riers of polymorphous variants. This observation
clarifies the mechanism of a high risk of PD devel-
opment in GBA mutation carriers, as well as sug-
gests using the GBA pharmacological chaperones
(ambroxol, isofagomine) to treat GBA-associated
PD as well as to come up to the treatment of one
form of PD.

A large group of conformational diseases, called
amyloidoses, is accompanied by the formation
and accumulation in the body of aggregates (fibril-
lar and oligomeric) of amyloid proteins with toxic
properties. However, it should be noted that the
aggregates of amyloid proteins have a series of phy-
siological functions and are not always associ-
ated with pathological processes. Brain proteins
BASP1 and GAP-43 localized at the inner surface
of the presynaptic membrane of neuron axon ter-
minals are of critical importance for the life-sus-
taining activity of the body, they participate in axon
directed growth, synaptic plasticity and neurore-
generation, are capable of forming oligomers
in the presence of acidic phospholipid mem-
branes. In a paper of 0.S. Vituk and V.V. Zakha-
rov (Laboratory of Biopolymers) in the course
of the study of the structure of oligomers BASP1
and GAP-43 by applying different methods it was
estimated that oligomers GAP-43 and BASP1 con-
sist of 6-7 and 10-14 monomers respectively

as well as have a circular arrangement of mono-
mers. On the basis of the obtained results a model
of “electrostatic nucleus” was suggested, which
describes the structure of oligomers BASP1 and
GAP-43. According to this model, short positively
charged (“effector”) domains while interacting
with the molecules of phosphatidylinositol-4,5-
bisphosphate or sodium dodecylsulfate form
an alpha-spiral nucleus of a complex. At the same
time, the main part of the protein chains remains
in an unstructured form.

Research dedicated to homologous genome
repair is traditional for MRBD. RecA protein is
the central link of homologous recombination
in bacteria, and it is one of the key components
of recombination reparations. It is studied in de-
tail in the Laboratory of Genetics of Eukary-
otes. In a paper of D.M. Baitin it was shown that
the suppression of the hyperrec phenotype
results from mutations blocking the expression
of RecA D112R protein, the recombinase function
of RecA protein represents an evolutionary com-
promise between necessary levels of recombi-
national DNA repair and the deleterious conse-
quences for bacterial growth.

The research concerning the structure-func-
tional characteristics of enzymes has been carried
out for many years in MRBD Laboratory of Enzy-
mology. The paper of S.V. Shvetsova is dedicated
to the studies of enzymatic properties of a novel
a-L-fucosidase from Fusarium proliferatum LE1
(FpFucA). Detailed characterization of FpFucA pro-
vided the physicochemical data and kinetic param-
eters for the hydrolysis of the model substrate
n-nitrophenyl-a-L-fucopyranoside (pNPFuc), synthe-
tic o-L-fucobiosides with different types of lin-
kages, and several fucosylated oligosaccharides.
The ability of this enzyme to catalyze the trans-
glycosylation reaction with different types of accep-
tors was determined and analyzed.

Activities on the creation of methods aimed
at diagnosing various diseases, including malig-
nant tumors - glioblastomas - are carried out
in the Laboratory of Cell Biology. Proteomic search
for biomarkers of glioblastomas could be one
of approaches for the diagnosis creation. It is
known that many proteins are marked by a large
number of proteoforms and it is expected that
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these forms could be a potential source of highly
specific biomarkers of glioblastoma. In a paper
of S.N. Naryzhny, the proteomic profiling of high-
grade glioblastoma using virtual-experimental
two-dimensional electrophoresis was generated.
The use of an original method of gel sectionaliza-
tion of 2D-electrophoresis in 96 gel sections with
mass-spectrometry (ESI LC-MS/MS) helped to
identify a bigger amount of proteoforms - 16 012
(coded by 4050 genes) in comparison to 1542
(coded by 600 genes) while using a conventional
method.

In a paper by V.A. Ryzhov (Laboratory of Bio-
physics of Macromolecules) the use of an origi-
nal method of measuring the second harmonic
of non-linear response M2 to a weak magnetic
field in parallel to its steady field demonstrated
the selective accumulation of magnetic particles
Hsp70-SPION in the myocardium infarction zone.
This opens up the possibility of targeted drug
delivery to the affected area using Hsp70-SPION
conjugate.

The study of the effects of low-dose radiation
of a radioactive isotope %°Yb on proliferation
and death of human cells in culture, showed that
the sources on the basis of isotope %°Yb have
a pronounced antiproliferative effect realized
in the induction of apoptotic death of the progeny
of irradiated cells. The obtained results can be
of interest for clinical usage of brachytherapy with
ytterbium sources.

The study of the lake water of the subglacial
lake Vostok is conducted in MRBD. The possible

existence of microbial life in lake Vostok located
under a four-kilometer ice shield in Antarctica is
investigated in a paper of S.A. Bulat. We now have
the results of molecular-microbiological analysis
of available samples of lake water, which entered
the bore-hole after the first two drilling sessions
of the lake and which got frozen in it. The DNA
analysis of lake water samples with various levels
of drilling fluid contamination showed a non-iden-
tified and a non-classified bacteria w123-10 (less
than 86% of similarity with the closest taxons),
which demonstrated a remote relationship with
a non-identified bacteria AF532061 (92% simila-
rity with closest taxons) from the lake ice. These
two bacterium can represent an unstudied micro-
bial life that exists in the water layer underneath
the ice of lake Vostok. However, this hypothesis
requires further confirmation.

In2016, a new scientific department was founded
within the Division - the Test Center of Radiophar-
maceuticals and Other Medical Products. The ob-
jectives of the test center include preclinical test-
ing, development of biomodels of socially signif-
icant human diseases, as well as joining the ef-
forts and competences of different departments
of the Institute to conduct research in the field
of biomedicine.

MRBD staff members published more than
60 scientific papers in peer-reviewed journals in-
cluding 22 papers in foreign journals. The research-
ers of the Division presented more than 40 talks
at international conferences.
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Knowledge Transfer Division 2016

Knowledge Transfer Division (KTD) headed by Dr. Victor F. Ezhov consists of three laboratories:

- Holographic Information and Measuring Systems (HIMSLab) (headed by Dr. Boris G. Turukhano);

- Radiative Physics (headed by Dr. Nikolay A. lvanov);

- Quantum Chemistry (headed by Dr. Anatoly V. Titov)

and two departments:

- Accelerator Department (headed by Dr. Evgeny M. lvanov). The department included the Laboratory
of Accelerator Physics and Technology (headed by Dr. Stanislav A. Artamonov);

- Science and Technology - Information Technologies Department (headed by Dr. Sergey B. Oleshko),
which includes the Laboratory of Information Computation Systems (headed by Dr. Sergey B. Oleshko)
and Proton Therapy Group (headed by Dr. Djan L. Karlin).

KTD employs 151 research staff members (3 Doctors of Sciences and 15 Candidates of Sciences).

Dr. Victor F. Ezhov
Head of KTD

Main  accelerative
facilities of the Institu-
te are concentrated in
Knowledge Transfer Di-
vision (KTD). First of all,
it is the 1000 MeV syn-
chrocyclotron with uni-
que features. A wide
range of scientific and applied studies in different
areas from nuclear physics to medicine can be car-
ried out at the synchrocyclotron. In 2016, a unique
system was introduced at the synchrocyclotron
of NRC “Kurchatov Institute” - PNPI. It resulted
in a considerable expansion of the range of proton
energies that are available for experiments.

A specialized center for radiation tests with pro-
ton energies from 60 to 1 000 MeV started to ope-
rate at this beam. The center includes the modern
workplace with beam diagnostic systems, modern
dosimetry devices, automated result processing
system, and a modern user infrastructure. Also,
the radiation physics laboratory developed the ab-
solute monitors with the chamber diameters 10
and 20 cm to measure parameters of proton
beams with a large cross-section and with ener-
gies in the range 50-1 000 MeV. These chambers

were used to measure proton beams with the ener-
gies ranging 64-1000 MeV.

In 2016 in KTD the Accelerator Department
of NRC “Kurchatov Institute” - PNPI in collabo-
ration with JSC “NIIEFA” performed a start of an
isochronous cyclotron C-80. It is aimed at cre-
ating the proton beam with the energy ranging
40-80 MeV and the current up to 100 pA. The high
energy of an accelerated beam combined with its
high intensity allows the production of high-qual-
ity radioactive isotopes and radiopharmaceuticals
that cannot be produced at commercial cyclotrons
(for example, generator isotopes of &Sr and Ge).
The project provides the possibility of isotope sepa-
ration by means of a magnetic separator.

The use of a mass-separator for electromag-
netic separation of the produced radionuclides will
ensure the production of a wide range of ultra-pure
radionuclides (better than 1 - 10-%) for the diagnos-
tics and therapy.

The high energy of the proton beam will allow
the creation of an ophthalmology center for radia-
tion therapy of eye cancer disease. It will become
the first center of this kind in Russia. Such tech-
nology of treatment of eye cancer diseases is
highly effective, it is widely used abroad and it is
in demand in the medical community.

At the present time, the standards and regula-
tions of the leading countries require the electro-
nic equipment used in space and aviation tech-
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nologies to be tested for radiation resistance when
exposed to a flux of neutrons with a spectrum si-
milar to the atmospheric spectrum of neutrons
and high-energy protons, which constitute the pri-
mary component of cosmic radiation. NRC “Kur-
chatov Institute” - PNPI has two universal centers
of radiation resistance testing. Radiation tests
of radio-electronic equipment can be carried out
here using both the proton beam with the energy
range from 100 to 1000 MeV, and a neutron
beam, whose spectrum is similar to the spectrum
of atmospheric neutrons. In 2016, 20% of the syn-
chrocyclotron's running time was used for the per-
formance of these tests for Roscosmos State Cor-
poration.

The Laboratory of Holographic Information and
Measuring Systems (LHIMS) is one of the world
leaders in the field of precision measuring in
the range of nanometers. In order to conduct
this type of studies, the LHIMS has a unique holo-
graphic underground vibration-free laboratory.
The results of many years of research were pub-
lished in 2016. The research findings substan-
tiate the synthesis of the aperture of interference
field in the optical range. The use of this method
allows the creation of wide-aperture ultrahigh-pre-
cision linear diffraction gratings that are used for
the creation of linear and angular sensors for me-
asuring systems possessing the record precision.

Information Technologies and Automation
Department (ITAD) of KTD provides support and
development of the local computer network of
the Institute, including the computing cluster and
NRC “Kurchatov Institute” - PNPI site of Worldwide
LHC computing Grid (WLCG) network. In 2016 one
of the main activities of the department was the
creation of a data center at the PIK reactor. When
the center is commissioned in 2017, computa-
tional capabilities for employees of the Institute will
increase significantly.

In 2016, ITAD staff members together with MRBD
researchers desighed and created a Micro-CHIP
for biological studies (an AngioChip for the study
of combinatorial effect of angiogenic factors on
the process of the formation of a microcirculatory
bloodstream ex vivo).

The discovery of the subglacial lake Vostok in
Antarctica became the last geographic discovery
of XX century. Its exploration will allow the provi-
sion of the unique data about the origin and evo-
lution of different forms of life in ecosystems that
are characterized by being highly oligotrophic
(i.e. possessing the lowest concentration of nutri-
ents) as well as by extreme conditions. NRC “Kur-
chatov Institute” - PNPI is the head organiza-
tion in the research investigation of Vostok lake
water. The scientists of KTD, MRBD and NRD take
an active part in this research. The Institute faces
an extremely challenging technical task of deve-
loping a technology of penetrating the lake water
environment without polluting the lake with
the bore liquid. In 2016 NRC “Kurchatov Insti-
tute” - PNPI manufactured and delivered to
Vostok station the equipment, whose purpose is
to collect water samples from the subglacial lake,
to perform a shooting in the bore hole and to me-
asure the oxygen content in the water.

The main line of activity of the Laboratory of
Quantum Chemistry of KTD is the development
of the calculation technique which can be applied
to the electronic structure of molecules contain-
ing heavy elements. This activity was initiated in
1980's because of the necessity to calculate
the P- and CP-odd effects in heavy diatomic mol-
ecules. A two-step method developed by the labo-
ratory became the basis of calculations. The me-
thod allowed the subdivision of computation struc-
ture of such molecules into two consequent com-
putations in valence and core regions. The pres-
ently achieved accuracy of these computations
is the best in the world. The computation data
of the gain of the nEDM value have been used
in the experiment for the search of the electron
EDM with the molecule ThO, which is considered
to be the best to date.

CotpyaHukamu OMP B 2016 r. onybAMKOBaHO
35 pabort (1 6oaee 100 B COABTOPCTBE C YUEHBIMM
konnabopaummn  ATLAS), caenaHo 33  poKAapa
Ha POCCUMUCKMX U  MEXAYHAPOAHbIX  Hay4HbIX
KOHQEepPeHUMAX, NPOBEAEHO 2 MeXAyHapOAHble
KOHOEepeHUMH, MOAyYeHbl 4 rpaHTa, 3alMLLEHbI
2 KaHAMAATCKME AMCCepTaLmu.
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On November 2016, an ejected proton beam with designed parameters was obtained
at the isochronous cyclotron C-80 of NRC “Kurchatov Institute” - PNPI. The start of this set-up
at the Institute opens up new tasks connected with its practical application
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BFKL Pomeron in the Higgs model
with the running coupling constant

L.N. Lipatov

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

In the paper the stationary equation of Balit-
skii-Fadin-Kuraev-Lipatov (BFKL) is solved to find
the Pomeron spectrum w in the j-plane for the field
theories with the gauge group SU(N,):

d’k’
ov, (==

= a (k, KKk, K, (K'), o= j -1,
beyond frameworks of the leading logarith-
mic approximation a_ Ins ~ 1, when effects
of the running coupling constant o (k, k') are
taken into account. Instead of the usual dimen-
sional transmutation in the region of small trans-
verse momenta k| ~ A_~ 200 MeV an effective
gluon mass m = 0.54 GeV is generated through
the Higgs phenomenon in an agreement with
the lattice computations. In the paper various
forms of the parametrization of o  are used, in-
cluding the so-called “triumvirat” of coupling con-
stants

o, (K, k,)zas(kl&s(g_— K)oy = — 2

s ' BIn—

where B:%Nc—%nf is the first coefficient of

the Callan-Simanzik function. The Pomeron spec-
trum ®_ in the complex plane of the t-channel
angular momentum j is calculated approximate-
ly using the discreet modification of the BFKL
equation and semi-classically by matching two
solutions in the region |k| > m. The first solu-
tion corresponds to large k, where one can ne-
glect the gluon mass, another one can be ob-
tained from the equation by freezing the coupling
constant a at |k| ~ m. Their matching leads

Lipatov L.N. et al. // Phys. Rev. D. 2016. V. 94. No. 9. P. 096004.

to the discreet Pomeron spectrum at the vani-
shing momentum transfer V=t = 0 in the form

.  0-4085
n — 1’
n_i
4

n=1,2,...

For large n the quasi-classical approach is sup-
ported by the direct calculations of the eigenvalu-
es of the integral kernel of the BFKL equa-
tion. However, the position of the leading Regge
pole o with n = 1 depends strongly on details
of matching of solutions in the confinement re-
gion |k| ~ m ~ A_(in particular, from the choice
of the k-dependence of o). At the same time
the direct calculations of w, are in a good agree-
ment with the results obtained with the variation-
al principle. These calculations are also impor-
tant for the investigation of the continuous spec-
trum of Pomerons at o < O, which gives a signi-
ficant contribution to the completeness relation
for the eigenfunctions of the BFKL kernel.
In the paper it is shown that in the Higgs model
the density of the eigenvalues has a disconti-
nuity at a negative value of ®, corresponding
to the possible Pomeron decay to the constituent
gluons. Such rapid change of the Pomeron den-
sity due to their deconfinement could have place
in the real Quantum ChromoDynamics (QCD), but
for its investigation one should go beyond frame-
works of perturbation theory. A possible modifica-
tion of QCD at small distances due to a new phy-
sics (for example, the supersymmetry) also has
some influence on the Pomeron spectrum, but
the position of the leading Regge pole ®, does
not depend practically on various generalizations
of the Standard Model of elementary particles.
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LHCb pentaquarks: deuteron analogue or hadro-charmonium

M.I. Eides, V.Yu. Petrov, M.V. Polyakov

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

The main question in the interpretation pf pen-
taquarks discovered recently in LHCb is related to
the distance between heavy quarks. The interac-
tion between heavy quarks in the pentaquark looks
approximately as on the Figure. It is seen that this
interaction has two minima which correspond to
two possible interpretations of pentaquark.

If the distance between heavy quarks is large
(~ 1.5 fm), we have to consider pentaquark as
a loosely bound state of two hadrons with open
charm. An adequate description in this case is
based on the “nuclear physics” of £ -hyperons and
D-mesons. Properties of the pentaquark appear
to be rather close to the properties of deuteron.

In the opposite case when the distance is small
(~ 0.3 fm) one can describe pentaquark as an ex-
cited charmonium Y¥(2s) located in the center
of the proton. Such a state is usually called

hadro-charmonium. The binding of two hadrons
(W(2s) and proton) is due to non-perturbatove two
gluon exchange.

In our paper we have considered both possibili-
ties and calculated pentaquark properties in either
of approaches. Both interpretations predict addi-
tional pentaquark states and we have calculated
their masses. Also new states appear if light quarks
are substituted by strange quarks or when instead
of c-quarks we consider more heavy b-quarks.

A crucial experiment, which allows to judge which
picture of pentaquark is correct is the measure-
ment of the ratio of pentaquark decays into open
charm and hidden charm hadrons. If this ratio is
large, pentaquark is definitely the hadro-charmoni-
um. As we know that LHCb pentaquark was discov-
ered exactly in this type of decays, we consider this
hypothesis as more probable.

Linear

Potential interaction energy between
infinitely heavy quarks (“quark term”)
as a function of distance between
c-quarks

Potential )
Nuclear Physics

N

Hadro-charmonium

Coulomb

Penta-deuteron

One pion
exchange

Eides M., Petrov V., Polyakov M. // Phys. Rev. D. 2016. V. 93. No. 5. P. 054039.
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Structures of neutrino mass spectrum
and lepton mixing as results of violated mirror symmetry

I.T. Dyatlov

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

The observed neutrino mass spectrum, with
two states 1, 2 very close in mass and one state
3 located away from the first two, is different from
the strict hierarchy of spectra of all other fermi-
ons in the Standard Model (SM), i. e., quarks and
charged leptons. The weak mixing matrix (WMM) for
leptons is also completely different from the WMM
for quarks - that is, the Cabibbo-Kobayashi-
Maskawa (CKM) matrix.

Both differences can be explained by a mod-
el in which fermion masses of SM are formed as
a result of the spontaneous violation of initial mir-
ror symmetry, i. e., in SM supplemented by heavy
analogs with opposite (left-right) weak proper-
ties. With the observed mass hierarchy for quarks,
such system reproduces all qualitative properties
of the CKM matrix. The large mass of mirror parti-
cles is a necessary condition of the reproduction.

For leptons, the mirror model introduces factors
that are indicative of the exceptional smallness
of SM neutrino masses, the inverse order of these
masses (the two states located close to each other
are heavier), and their Dirac nature.

The absence of any visible hierarchy in the neu-
trino mass spectrum is a consequence of two inde-
pendent spectra of neutral mirror masses - Dirac
and Majorana - being jointly involved in the for-
mation of the mass matrices. Separately, however,
each of these spectra demonstrates the “normal”
mass hierarchy, similar to the spectra of all other
fermions in SM.

Therefore, mass hierarchy is a common property
of all spectra involved in the formation of masses

of any fermion generations, including neutrinos. We
are dealing here with a universal mechanism that
has not yet been explained.

The mirror scenario can also furnish an expla-
nation for the different form of the lepton WMM.
The observed neutrino mass spectrum, its inverse
order and hierarchy of charged lepton masses pro-
duce a WMM - the PMNS matrix - with properties
that differ essentially from those of the CKM ma-
trix. An important condition is also the smallness
of the mass of the lightest (in the case of inversion)
neutrino m, << m,, m,. Experimentally obtained
properties of the PMNS matrix are reproduced
qualitatively.

The smallness of the Daya-Bay angle 0, -
the major characteristic of the PMNS matrix - is
defined by the orthogonality (in generation space)
of wavefunctions of the electron and remote neutri-
no 3. The value of 0, is defined precisely by these
small ratios, mainly, probably, by the neutrino mass
ratios m,/m,, m,/m,,.

The inverse order of the spectrum and required
smallness of m, permit evaluation of the abso-
lute values of neutrino masses. The observed
value sin0,, = 0.14-0.16 corresponds to the un-
known mass of the light neutrino 3 less than
0.01 eV. “Large” masses m,, m, under the given
conditions are equal to approximately 0.05 eV.
No further conditions on the model constants (ex-
cept those that are imposed by mass hierarchy)
are required for reproduction of the qualitative
picture.

1. Dyatlov I.T. // Yad. Fiz. 2015. V. 78. P. 1015: arXiv:1509.07280 [hep-ph].
2. Dyatlov I.T. // Yad. Fiz. 2017. No. 1. P. 80: arXiv:1611.05635 [hep-ph].
3. Dyatlov I.T. CTpyKTypbl CeKTpa Macc HEMTPUHO 1 CMELLMBAHUA AENTOHOB. Pe3yAbTaT HapyLLEHHOW

3epkanbHoM cummetpum // Yad. Fiz. 2017. TotoBMTCS K nevartu.
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Exclusive J/y process tamed to probe the low x gluon

M.G. Ryskin

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

The cross section of diffractive J/y meson pho-
toproduction is proportional to the gluon density
squared:

do
dt

r Mn® 4o, ’ 0?
== s xg(x,12) | [1+=|.
3(},QED |:(QQ T Mf’ )2 g( MF) M‘f’

In principle, this allows the measurement
at the Large Hadron Collider (LHC) of the gluon dis-
tribution down to a very small x ~ 3 - 10°®
at the scales p, ~ 1-2 GeV. This is just the region
which controls the high energy cross section be-
havior. It turns out, unfortunately, that the NLO
corrections to the leading logarithmic (LO) formula
are quite large. Thus, one can doubt the accuracy
of the gluon densities, xg(x, ;,L,E), obtained this way.

The corrections are large for two reasons:
(a) there are double logarithmic (DL) terms enhan-
ced by a large value of In(1/x); (b) next are the pow-
er corrections of Q2 /u? type coming from the re-
gion of g < Q,, which were accounted for twice -

Y'p—>J/vp)

t=0 —

first, in the input condition for the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) parton evo-
lution and then - calculating the NLO coefficient
functions. These power corrections are negligible
in hard processes with a large p. >> Q,. Howev-
er, for the J/y production, where the input scale
of evolution Q, is of the order of charm quark
mass, its contribution is important.

We proved that it is possible to remove all the DL
(enhanced by a large In(1/x)) terms. Taking the fac-
torization scale p_ = Mw/2 one moves all these DL
terms to the incoming parton distribution where
they will be resumed by DGLAP equation. Besides
this, to avoid the double counting we subtract-
ed from the NLO coefficient functions all the low
q < Q, contributions.

This way we get a stable result allowing in the fu-
ture to use the LHC data on ultraperipheral J/y
meson production to constrain the gluons at ex-
tremely small x and at a low factorization scale,
that is in the region where the uncertainties
of the present global parton analysis are quite
large.

J/y meson
a . b — photoproduction
AP AP amplitude in the leading
op [ATTAR A — o [T ATAr — logarithmic (black
curve) approach and
"E sail L :?3 - accounting for the NLO
o o corrections (red curves).
§ 3 /”f E . The dependence
£ A T P £ - of the results under
the factorization
0 scale variations from
", u’=1.7 to 4.8 GeV?

100 200 300 400 500 600 700 800 900 1000
W, GeV
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1. Jones S.P. ..., Ryskin M.G. et al. // J. Phys. G. 2016. V. 43. P. 035002.
2. Jones S.P. ..., Ryskin M.G. et al. // Eur. Phys. J. C. 2016. V. 76. P. 633.
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Strongly correlated Fermi systems as a new state of matter

V.R. Shaginyan

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

In many correlated Fermi systems and com-
pounds at zero temperature a phase transition
occurs that leads to a specific state called fermi-
on condensation that forms a new state of matter.
As a signal of the topological fermion condensation
quantum phase transition (FCQPT) serves unlim-
ited increase of the effective mass of quasiparti-
cles that determines the excitation spectrum and
creates flat bands. We have theoretically carried
out a systematic study of the phase diagrams
of strongly correlated Fermi systems, including
heavy-fermion (HF) metals, high temperature su-
perconductors, insulators with strongly correlated
quantum spin liquid, quasicrystals, and two dimen-
sional Fermi systems (like 2He), one-dimensional
spin ligquids, and have demonstrated that these
diagrams have universal features. We name these
various systems HF compounds, since they exhib-
it the behavior typical of HF metals. In HF compo-
unds at zero temperature the unique phase tran-
sition, FCQPT, can occur; it is this FCQPT that
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creates flat bands and in turn leads to the speci-
fic state, known as the fermion condensate. Our
analysis of numerous salient experimental data
within the framework of FCQPT resolves the mys-
tery of the new state of matter, taking place in
HF compounds. The obtained results are in good
agreement with experimental facts. We have
shown both analytically and using arguments
based entirely on the experimental grounds that
data collected on these very different heavy-fermi-
on compounds have a universal scaling behavior,
and these materials with strongly correlated fer-
mions can unexpectedly have a uniform behavior
in spite of their microscopic diversity. Thus,
the quantum critical physics of different Fermi
systems is universal, defined by the topological
fermion condensation quantum phase transition,
emerges regardless of the underlying microscop-
ic details of compounds, and forms the new state
of matter.

The universal scaling behavior of the magnetic response
of quite different compounds: 1D spin liquid

of Cu(C,H,N,)(NO,), and the quasicrystal Au-Al-Yb.

The Fermi liquid behavior, non-Fermi one

and the crossover are shown

1. Amusia M.Ya. ..., Shaginyan V.R. et al. Theory of Heavy-Fermion Compounds: Theory of Strongly Correlated Fermi-Systems.

Berlin: Springer, 2015. V. 182. 359 p.
2. Shaginyan V.R. et al. // Front. Phys. 2016. V. 11. P. 117103.
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Non-Abelian strings in SUSY theories

A.V. Yung

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

Non-Abelian vortex strings supported in a cer-
tain four-dimensional N = 2 supersymmetric Yang-
Mills theory with fundamental matter at strong
coupling were shown to become critical su-
perstrings. In addition to translational moduli
non-Abelian string under consideration carries
orientational and size moduli. Their dynamics
is described by two-dimensional sigma mod-
el whose target space is a tautological bundle
over the complex projective space. For the N = 2
Quantum ChromoDynamics (QCD) with the U(2)
gauge group and four fundamental hypermulti-
plets there are six orientational and size modu-
li. After combining with four translational moduli
they form a ten-dimensional target space required
for a superstring to be critical. For the theory
in question the target space of the sigma model

is a product of the flat four dimensional (4D) space
and a six dimensional non-compact Calabi-Yau
manifold, the conifold.

We study closed string states which emerge
in four dimensions and identify them with had-
rons of the 4D bulk N = 2 supersymmetric QCD.
It turns out that most of the states arising from
the ten-dimensional graviton are non-dynamical
in 4D. In particular, there is no 4D graviton, be-
cause its wave function is non-normalizable over
the conifold.

We find a single dynamical massless hypermul-
tiplet associated with the deformation of the com-
plex structure of the conifold. We interpret this
degree of freedom as a stringy monopole-mon-
opole baryon of the 4D QCD (at strong coupling),
see Fig.

« »

i

Monopole-antimonopole stringy meson (a). Monopole-monopole stringy baryon (b). Open and closed circles denote monopole

and antimonopole respectively

1. Koroteev P. ..., Yung A. // Phys. Rev. D. 2016. V. 94. P. 065002: arXiv:1605.08433[hep-th].
2. Koroteev P. ..., Yung A. // Phys. Lett. B. 2016. V. 759. P. 154-158: arXiv:1605.01472[hep-th].
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Percolation scenario near transition
from the ordered (“superfluid”) phase to the Bose-glass phase

A.V. Sizanov, A.V. Syromyatnikov

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

Quantum phase transition in the system of in-
teracting Bose-particles between Mott insula-
tor (MI) and superfluid (SF) phases is equivalent
to transition in Heisenberg antiferromagnet (HAF)
in magnetic field between fully polarized (“MI”) and
antiferromagnetically ordered (“SF”) phases (order
parameter is the component of the mean stag-
gered magnetization orthogonal to the magnetic
field). Disorder of the system leads to the appear-
ance of an intermediate non-SF phase called Bose-
glass (BG) characterized by localized single-par-
ticle excitations. In terms of HAF the BG phase
is represented by a set of isolated finite volume
islands of unsaturated magnetization surrounded
by saturated regions. When the field decreases,
these islands grow, merge, and it is the moment
of transition to the ordered phase (SF) when a large
island appears, whose volume is of the order
of the system volume.

The theory of SF to BG transition was built
by M.P. Fisher et al. on the basis of simple scal-
ing ansatz for the free energy. But in recent years
a large amount of experimental and numerical
data appeared, which contradict Fisher's theory.
Particularly the latest theory shows ¢ > 2 for cri-
tical temperature exponent ¢ of BG to SF transi-
tion. But corresponding experiments and numer-
ical calculations on different compounds and
models give ¢ > 1.1. That is, in recent works
the universal behavior was found, which is diffe-
rent from that predicted by Fisher. A convincing
explanation of this contradiction was not pro-
posed.

In our paper we build the theory of an ordered
phase near transition to BG phase based on hy-
drodynamic description of long wavelength excita-
tions. Our results are in agreement with Fisher’'s
theory but are more general and can describe
a crossover from critical behavior predicted
by Fisher to another universal behavior. We ob-
tained formulae, which describe recent experimen-
tal and numerical results well (particularly ¢ > 1.1
contradicting Fisher's theory) if percolation cri-
tical behavior not very close to critical point is as-
sumed. Thus, we propose the following picture:
in the vicinity of critical point the critical behav-
ior predicted by Fisher's works, but when moving
away from this point there is a crossover to perco-
lation critical regime (also universal), which viola-
tes Fisher's ansatz. Seemingly, in recent works
only percolation regime was explored and the cross-
over to Fisher’s critical regime was not reached
due to small system sizes in numerical investi-
gations and the temperature in experiments be-
ing too high. It serves the important confirmation
of out crossover hypothesis that value of correla-
tion length critical exponent is the same in percola-
tion and Fisher’s regime.

In addition, we supplemented Fisher’s theory
with a number of new results. One of the most im-
portant is the “superuniversal” behavior for den-
sity of states (DOS) of localized, relatively high-
energy excitations (i. e. independence of DOS not
only from lattice type and model details (usual uni-
versality) but also from space dimensionality (“su-
peruniversality”).

Syromyatnikov A.V., Sizanov A.V. // Phys. Rev. B. 2017. V. 95. P. 014206.
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Integrability and AdS/CFT correspondence

V.N. Velizhanin

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

In recent years, great interest is demon-
strated in the investigation of different aspects
of AdS/CFT-correspondence - the correspond-
ence between gravity theory in anti-de Sitter space
and conformal field theory (maximally extended
N = 4 supersymmetric Yang-Mills theory). One
of the objects of intensive research in this mod-
el is the composite operators, whose anomalous
dimensions correspond to the energy spectrum
of the strings. It was found some time ago that
the results for the anomalous dimensions can
be found with the help of integrability. Recently,
a new very powerful and general method for
the computations of the anomalous dimensions
for any operators with arbitrary coupling constant
was suggested, which is based on the usage
of the so-called Quantum Spectral Curve (QSC)
approach. Using the computer realization of this
method we calculated several (more than 100)
first even values for the seven-loop anomalous
dimension for twist-2 operators in this model.
Based on the assumption about the functions,
which can enter into the desired result (general-
ized harmonic sums) and applying the methods

of the number theory, which allow solving the sys-
tem of Diophantine equations, that is the system
of equations in the integer numbers in which
the number of unknowns is greater than the num-
ber of equations, we reconstructed a general ex-
pression for this anomalous dimension (for the ar-
bitrary Lorentz spin of the operator). It ought to
be noted that the system of equations, which we
solved with the help of the number theory, con-
sisted of more than 100 equations for more
than 1000 variables, that is to say the number
of variables was an order greater than the num-
ber of equations, nevertheless, the LLL-algorithm
and the usage of the modular arithmetic for the
subdivision of basis of the harmonic sums allow
solving such a system in the integer numbers.
The obtained result after the analytical continu-
ation provided a lot of new information about an-
alytical properties of the anomalous dimensions
of twist-2 operators in this model, in particular,
about the structure of the corrections to the BFKL
(Balitskii-Fadin-Kuraev-Lipatov) and the general-
ized double-logarithmic equations.

Marboe C., Velizhanin V. // JHEP. 2016. V. 2016. Iss. 11. Art. 13: arXiv:1607.06047 [hep-th].
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Stabilization of the avalanche-like processes

on dynamical networks

N.E. Savitskaya

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

The avalanches caused by external perturba-
tions are a widespread type of dynamics of complex
systems consisting of a large number of the in-
teracting threshold elements (magnetic flux dyna-
mics in discrete superconductors, earthquakes,
financial markets dynamics and many other
things). The avalanches arising in a system can be
both small and large, covering the whole system.
The latter is typically considered as the catastro-
phic one. Therefore, when studying such systems,
the problem of stabilization of the avalanche pro-
cess is very important.

In this paper, the problem of stabilization of av-
alanche processes developing on a temporal net-
work is considered for the first time. A temporal
or time-varying network is a network whose
structure changes in time owing to the presence
of the individual “activity” of each site. This char-
acteristic determines the probability for a site to
connect with other sites per unit time. We con-
sider the case when the structure of links in a net-
work is stable during the time of the avalanche.
Such a case is of practical interest as it is quite
often realized in social systems, for example,
the spreading of contact diseases or information
propagation in a social network.

To study such processes, a mathematical mod-
el of the system with avalanche dynamics is
constructed including changes in the structure
of the network on which avalanches are developed.

As a result, we showed that the avalanche-like
processes developing on a dynamic lattice are

Savitskaya N.E. // Pis'ma v JETF. 2016. V. 103. Iss. 3-4. C. 225.

more stable than similar processes on the sta-
tic lattice with respect to the appearance of cat-
astrophic events. In particular, this effect mani-
fested itself in the decrease of the maximum size
of an avalanche with the decrease of mean val-
ue of active sites per unit time A. It means that
the sizes of avalanches on the dynamical lattice
can be controlled by varying the distribution func-
tion of “activities” of its sites.

This remarkable result is illustrated in Figure,
where the probability density of avalanche sizes
is presented. We can see that the maximum size
of an avalanche decreases the volume considera-
bly with the decrease of value of A.

10
—+—A=10000; S, = 79800
1F —e—A=9030; S =12720
—s—A=9517; S =2902
0,1
0,01
D
= 1E3
1E4 |
1E5 F
1E6 F .
R [ =3 A PP TP TY E SR TIY B E T BT BT |
1 10 100 1000 10000 100000
S

MAOTHOCTb BEPOATHOCTM Pa3MePOB A@BUH AAST AMHAMUYECKON
pewwetkn pazmepom N = 10 000 ¢ pa3AnyHbIM KOAMYECTBOM
AKTUBHbIX Y3AOB A B KaXXAbli MOMEHT BpeMEHMU



PNPI Scientific Highlights 2016 37

Role of electron shell in double beta decay

E.G. Drukarev

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

In the double beta decay two neutrons of
the nucleus convert into protons with the emission
of two electrons and two electron antineutrinos.
This second order process in weak interactions
has been observed for eleven nuclei. This process
involves the intermediate nuclear state, thus be-
ing of interest for nuclear physics. The hypotheti-
cal double beta decay without neutrino emission
is still more interesting. It cannot take place
in the framework of the Standard Model of elec-
troweak interactions since it requires the violation
of the lepton quantum number.

The process becomes possible if the electron
neutrino is a Majorana particle which coincides
with its own antiparticle, having also a nonzero
mass. It was understood recently that the neu-
trinos do have a finite mass. This increased in-
terest in the neutrinoless decay. If there are the
massive Majorana neutrinos, its mechanism is
quite simple. Two W-mesons are produced by two
successive beta decays. They interact by the neu-
trino exchange, producing two electrons. Sever-
al groups tried to detect the neutrinoless decay
and several projects are in progress. The neutrino-
less process has not been observed yet.

The sum of the electron energies E does not
exceed the mass difference of the decaying and
the daughter atoms Q. The distribution over E
in the double beta decay exhibits a smooth curve
tending to zero at E = Q due to the vanishing
antineutrino phase volume. In the neutrinoless
decay the electrons are always ejected with
E = Q. Thus, we expect a monochromatic peak
at this value of the energy carried by the electrons
(it is marked by red in the Figure).

Drukarev E.G. et al. // Phys. Rev. C. 2016. V. 94. P. 035504.

The value of Q can be measured with good ac-
curacy if the masses of both the decaying and
the daughter atoms are in the ground states.
However, electron shell can suffer inelastic transi-
tions. The energy available for the ejected elec-
trons becomes smaller. This leads to the shift
of the value of Q to Q < Q. Determination
of the shift Q - Q < O becomes increasingly
important for the current experiments and for
those in preparation because of the high level
of the electron energy resolution.

We calculated the shift for the decays stud-
ied nowadays using the shake off approximation
employing the Hartree-Fock wave functions for
description of the bound electrons. We found it
to be -350 eV for germanium and -400 eV for
xenon. Corrections to the shake off value caused
by the final state interactions between the beta
electrons and the bound ones increase the value
of |Q" - Q] by several eV.
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Adaptation of MURE code to the neutronic calculations

of the reactor PIK

M.S. Onegin

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

The selection of the appropriate code for neu-
tronic calculations of the burn up company
of the reactor PIK is considered to be an impor-
tant task at the present time. The potential
of MURE code for doing such calculations is de-
monstrated in this work. For the PIK core with
standard fuel assemblies (FA) the calculations
that are important for the reactor safety have
been done: the temperature coefficients of reacti-
vity; the heat release pattern of the core and
the influence of the burnable absorption rods
on this pattern were calculated. The operation
company of the reactor PIK with standard FAs
has been calculated and the influence of the im-
proved FAs with burnable poison pins on the re-
actor operational cycle has been investigated. Fur-

thermore, the radiation properties of the PIK spent
fuel were obtained.

The change of the reactor reactivity with fuel
temperature in general appeared to follow the the-
oretical law (Fig. 1):

Ap(T) = 0.19(1/NT - I/NT,). (1)

At the same time, the change of the reactor re-
activity with the increase of the water temperature
in the core is according to the law:

(2)

where AcH2O is the difference in the water density
(g/cm3) in the range from 20 °C up to the current
temperature. The approximation of the MURE re-
sults with the law (2) is presented in Fig. 2.

Ap = -0.397(| Ac, , )4,
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Fig. 1. Influence of the fuel temperature on the reactivity
of PIK reactor. Circles - MURE code results; the curve -
theory approximation

Fig. 2. Changing of the reactor reactivity with the temperature
of the light water in the core: O - MURE results with thermal
library JEF-2.2; 01 - the same using library JEFF-3.1;

W - using library ENDF/B-VII; — - approximation (2)

Meplan O. et al. MURE, MCNP Utility for Reactor Evolution. User Guide - Version 1.9.
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Quantum chemical modelling of electronic structure
of superheavy element compounds

Yu.A. Demidov, A.V. ZaitsevsKii

Knowledge Transfer Division of NRC “Kurchatov Institute” — PNPI

The discovery of long-lived isotopes of super-
heavy elements (SHEs) in nuclear fusion reactions
of *8Ca with actinide targets signifies a close ap-
proach to the island of particularly shell-stabilized
nuclei. While the emergence of the new elements
is a fantastic discovery itself, the longevity of cer-
tain isotopes is thought-provoking for chemical
investigations, both experimental and theoretical.
Successful chemical identification of copernicium
(element 112, Cn) and flerovium (element 114, FI)
has been recently followed by the recognition
of the discovery of nihonium (element 113, Nh)
confirmed at the fourth IUPAC/IUPAP Joint Wor-
king Party. Although preliminary experimental re-
sults have been recently obtained in FLNR JINR
(Dubna), the chemical properties of nihonium re-
main of top interest. From the theoretical stand-
point, investigations of the SHE chemistry are espe-
cially challenging as they require an understanding
of the electronic structure in the presence of strong
fields of heavy nuclei and thus governed by relativ-
istic effects.

Our research is focused on the quantum-chem-
ical modeling of compounds containing atoms
of heavy and superheavy elements (Fig.). To sim-
ulate the electronic structure of such systems, we
combine accurate shape-consistent relativistic
pseudopotentials (RPPs) and non-collinear two-com-
ponent relativistic density functional theory
(2¢c-RDFT). The exceptional feature of the RPP
model consists in the replacement of the intricate
problem of the relativistic interacting electron gas
in the field of nuclei by a much simpler problem
of the state of the formally non-relativistic electron
gas in the external field, though at the expense
of a rather complex structure of the latter. This re-
placement is accompanied by a sharp reduction
of the number of variables (the wave functions

(289)
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or electron densities depend only on the coor-
dinates of the valence electrons) and elimina-
tion of the difficult to approximate oscillations
of the wave function in the vicinity of the atomic
nuclei. This model also accounts for a finite nu-
clear size, incorporates quantum electrodynamic
effects (including the bulk of Breit interactions),
and enables explicit correlation of both valence
and subvalence electrons, thus providing a good
foundation for attaining an optimal accuracy/cost
ratio in the cases of large and strongly interfering
relativistic and correlation effects characteristic
for the SHE compounds.

Gas thermochromatography on gold is a unique
method of chemical detection of SHEs. The cor-
responding experiments, however, are extremely
sophisticated and expensive and produce very
scarce data on the chemical properties of SHEs.
Moreover, the correct and detailed interpreta-
tion of the available experimental data cannot be
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performed without preliminary theoretical mod-
eling. The main effort of our research is focused
on the description of the SHEs atoms adsorption
on a gold surface from first principles - a key com-
ponent for quantitative theoretical predictions.
The adsorption energies of SHEs on a gold surface
are estimated using the cluster model. Monitoring
charge distributions in the vicinity of the adsorption
site and taking into account the effects of relaxa-
tion of the cluster surface are essential to maintain
its reliability. As in important result of such mod-
eling, we recommend new estimates of the ele-
ments 113 and 120 adsorption energies on gold -
110 and 250 kJ/mol, respectively.

Strong relativistic effects suggest dramatic dis-
similarities in the chemical behavior of SHEs and
their formal lighter homologues. The experimen-
tally measured desorption enthalpy of single at-
oms of nihonium from a gold surface substantial-
ly differs from that of such nearest homologue -
thallium. This casts doubt on the usefulness
of the experiments with Nh formal homologues
for understanding its chemistry. Despite manifest
deviations of the chemical properties of the SHEs
from the trends observed in their lighter formal
homologues in the respective groups of the peri-
odic table, finding chemical pseudo-homologues
appears a practically meaningful issue. Further
development of the SHE chemical identification
techniques may benefit from having a broader
view of their chemical properties. A part of our re-
search is focused on systematic relativistic calcula-
tions of the molecular structures and energetics of
presumably stable binary compounds of SHEs with
the most common light elements. The results for
SHEs, along with the similar data for their lighter

homologues, are visualized using the “chemical
graphs” which reflect the main trends in gas-phase
chemical properties of the elements in a given
group of the periodic table and demonstrate the
specificity of SHEs. It has been shown experimen-
tally that the desorption temperatures and ener-
gies of Cn and Fl atoms from a gold surface are
close to each other and lower than those for their
immediate homologues - Hg and Pb, respec-
tively. This confirms theoretical predictions con-
cerning the electronic structure of Cn and Fl at-
oms: strong relativistic stabilization of s and P,
shells in both Cn (6d*°7s?) and FI (6d1°7527p21/2)
results in a closed-shell character of the ground
states of these atoms. Due to this unique feature
of the 7th row of the periodic table, the electronic
structure of a Nh atom can be interpreted as a hole
in the closed 7p subshell of a Fl atom. This observa-
tion allows us to view astatine as a pseudo-homo-
logue of Nh. Similarities in the chemical behavior
of Nh and At in reactions with strong oxidizers
are discussed in a comparative study of their hy-
droxide molecules. The resulting energy of the
hydroxyl group elimination at O K is found to be
188 kJ/mol for NhOH, and the corresponding
values for TIOH and AtOH are 319 kJ/mol and
174 kJ/mol, respectively. These estimates reveal At
as a closer chemical “relative” of Nh than the for-
mal homologue At and suggest At as a plausible
lighter candidate in a search of the optimal ex-
perimental conditions for further explorations of
the Nh chemistry. The presented results are cru-
cial both for the detailed interpretation of the avail-
able experimental data and planning future bench-
mark experiments in superheavy element che-
mistry.

Zaitsevskii A.V., Demidov Yu.A., Mosyagin N.S., Skripnikov L.V., Titov A.V. // Rad. Applic. 2016. V. 1. Iss. 2. P. 132-137.



PNPI Scientific Highlights 2016 41

Laser cooling and high-precision spectroscopy
of radium compounds for “new physics” search

T.A. Isaev

Neutron Research Division of NRC “Kurchatov Institute” — PNPI

Recently the method of molecular doppler cool-
ing (MDC) has gained considerable popularity.
Trapping the molecules in magneto-optical traps
with the help of such a method allows to reach
the unprecedented level of control over trapped
molecules. It is very likely to lead to considerable
progress in the investigations of effects outside
of Standard Model, search for axionic-like dark
matter, etc. The molecules with highly diagonal
Frank-Condon matrix for a transition between the
working levels (typically the ground and the first ex-
cited electronic states) are required for an efficient
realization of the MCD scheme. As we displayed
in 2010 the number of candidate molecules is very
high, and in 2016 we demonstrated the existence
of the highly-closed cooling loops also in polyatom-
ic molecules. The heavy-atom compounds present
considerable interest for the search for permanent
electric dipole moments (EDMs) of elementary
particles (like neutron, proton and electron) due
to strong dependence of the EDM enhancement
in molecules on the nuclear charge. In [3] we have

1. Isaev T.A. et al. // Phys. Rev. Lett. 2016. V. 116. P. 063006.
2. Isaev T.A., Zaitsevskii A.V. et al. 2016. arXiv:1610.08243.

considered the triatomic molecule of radium mono-
hydroxyl (RaOH) as a candidate molecule for search
of the effects of nuclear spin-dependent space-par-
ity non-conservation on laser-coolable molecules.

The isosurfaces of the valence electron wavefunction in the

ground (blue) and first excited (yellow) electronic states are
provided as a typical example of the electronic structure of
laser-coolable molecules for CaCH,. One can see that the
main part of the electronic density in both cases is shifted
away from the bonding region, which indicates the non-
bonding character of the valence electron
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Search for new physics with atoms and molecules

M.G. Kozlov - Neutron Research Division
S.G. Porsev - Theoretical Physics Division
NRC “Kurchatov Institute” — PNPI

Experimental techniques in atomic physics are
developing rapidly. On the one hand, it leads to Eu14+, Cm_l
an increase of sensitivity of atomic experiments to 12000 >
“new physics” beyond Standard Model. On the oth- e (13/2)
er hand, new systems, such as ultra-cold highly 11000 “‘ (5/2)"
charged ions and molecules are now being used for ] N -
precision experiments. Atomic theory is necessary 10000 | \\ (3/2)*
to find the most perspective systems and calcu- - (13/2)"
late the contribution of new physics to the spectra 9000 F
of atoms and molecules. We developed a comput- ] 4f?5s
er package to calculate atomic properties taking 8000
into account electron correlations and relativistic e
effects. In 2016, we added new programs to this 7000 F ‘\ (11/2)"
package to account for quantum electrodynamics - W
(QED) corrections and effective three-electron inter- 6000 | ""““““\ (11/2)
actions (TEI). Both types of corrections are impor- 1 b A S
tant, for example, for highly charged ions with filling 5000 F
4f shell. In particular, the ion Eu** is interesting for 1 4.]‘3
building a new optical clock and has high sensitiv- 4000 F
ity to the variation of the fine-structure constant a.
Therefore, it can be used to search for a-variation, 3000 F N 9/2)"
which is predicted by certain extensions of the "
Standard Model. The Figure demonstrates our re- 2000 “-----------\
sults for the spectrum of Eu'** ion. The left panel L W (9/2)
presents results of the calculation within Dirac- oo b | | T
Coulomb-Breit approximation. In the central panel . (7/2)+
we include QED corrections, while TEI corrections 0F
are added in the right panel. One can see that 0 orAo LQED TEI
these corrections not only affect transition frequen-

cies, but also change the order of levels. Note that

new methods for cooling and trapping of such ions Results of the calculations of the spectrum of Eu#*
are currently being developed for high precision ex-

periments with them.

1. Kozlov M.G., Porsev S.G. et al. // Comput. Phys. Commun. 2015. V. 195. P. 199.
2. Tupitsyn I.I., Kozlov M.G. et al. // Phys. Rev. Lett. 2016. V. 117. P. 253001.
3. Kozlov M.G. ..., Porsev S.G. et al. // Phys. Rev. A. 2016. V. 94. P. 032512.
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Rainfall and hurricane propagation velocity

V.G. Gorshkov, A.M. Makarieva, A.V. Nefiodov

Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI

Despite the dangers associated with tropical
cyclones and their rainfall, the origin of the mois-
ture in these storms, which include destructive
hurricanes and typhoons, remains surprisingly
uncertain. Existing studies have focused on the
region 40-400 km from the cyclone center. It is
known that the rainfall within this area cannot be
explained by local processes alone but requires
imported moisture. Nonetheless, the dynamics
of this imported moisture appears unknown.

Considering a region up to three thousand kilo-
meters from the cyclone center, we have analyzed
precipitation, atmospheric moisture and move-
ment velocities for severe tropical cyclones - North
Atlantic hurricanes. We use global atmospheric da-
tasets monitoring rainfall (TRMM, Tropical Rainfall
Measurement Mission) and atmospheric moisture
(MERRA, NASA's Modern-Era Retrospective Anal-
ysis for Research and Applications). Our findings
indicate that even over such large areas a hurri-
cane's rainfall cannot be accounted for by concur-
rent evaporation. We propose instead that a hurri-
cane consumes pre-existing atmospheric water va-
por as it moves. The propagation velocity of the cy-
clone, i. e. the difference between its movement
velocity and the mean velocity of the surrounding
air (steering flow), determines the water vapor
budget. Water vapor available to the hurricane
through its movement makes the hurricane self-

sufficient at about 700 km from the hurricane
center obviating the need to concentrate moisture
from greater distances.

Such hurricanes leave a dry wake, whereby rain-
fall is suppressed by up to 40% compared to its
long-term mean (see Fig). The inner radius of this
dry footprint approximately coincides with the hurri-
cane's radius of water self-sufficiency.

We discuss how Carnot efficiency considerations
do not constrain the power of such open systems.
Our findings emphasize the incompletely under-
stood role and importance of atmospheric mois-
ture stocks and dynamics in the behavior of se-
vere tropical cyclones.

Mean precipitation (mm - h™')

10 at radius r
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—o— P, (hurricane absent)
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Hurricane’s dry footprint: P(r) < Py(r), r,= 600 km

1. Makarieva A.M., Gorshkov V.G., Nefiodov A.V. // Phys. Lett. A. 2015. V. 379. P. 2396-2398.
2. Makarieva A.M., Gorshkov V.G., Nefiodov A.V. et al. // Atmos. Res. 2017. V. 193. P. 216-230.
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Neutron lifetime measurement with the big gravitational trap

M.E. Chaikovsky, A.V. Chechkin, A.K. Fomin, A.G. Kharitonov, E.A. Kolomensky,

I.A. Krasnoshekova, A.O. Polyushkin, A.P. Serebrov, I.V. Shoka, V.E. Varlamov, A.V. Vasilev -
Neutron Research Division of NRC “Kurchatov Institute” — PNPI

P. Geltenbort, T. Jenke, O. Zimmer - Institute Laue-Langevin

M. van der Grinten, M. Tucker - Rutherford Appleton Laboratory

The neutron lifetime measurement experiment
falls within the domain of fundamental physics
and aims to test the predictions of the Standard
Model of elementary particles in the field of elec-
tro-weak interactions and models of nucleosynthe-
sis in the early universe. At the moment, it is impor-
tant to shed light on the problem of difference in
neutron lifetime measured by the “beam” method
and the neutron lifetime measured by the “storage
method.

In 2016, we carried out our experiment on
the apparatus “Gravitrap-2”, located in the hall
of the research reactor complex of Institute
Laue-Langevin (ILL), Grenoble, France (Fig. 1). Two
full reactor cycles (100 days in total) were allocated
to carry out the experiment.

The experiment aims to measure the free neu-
tron lifetime by storing ultracold neutrons (UCN)
in a cryogenic material trap with the gravitational
locking. The inner walls of the trap are covered
with the polymer Fomblin Greese UT-18, having
a low neutron capture cross section. UCN losses
are strongly suppressed, if the trap is maintained
at low temperature (80-100 K). UCN storage
time without decay but due to losses on the walls
equals 4 - 10* s. An additional surface (an insert),
also polymer-coated, is positioned into the volume
of the trap, thereby increasing the surface area
inside the trap and hence increasing the frequen-
cy of neutron collisions with the surface. As a re-
sult, we measure two different UCN storage times
(t,, 1,) corresponding to two collision frequen-

cies (v, 7,)-

”

Fig. 1. Experimental apparatus of NRC “Kurchatov Institute” -
PNPI for measuring neutron lifetime at reactor ILL (Grenoble,
France)

The neutron lifetime is determined by extrapola-
tion to an infinite trap with zero collision frequen-
cy. UCN loss probability for a single collision (n)
is determined experimentally, but the frequency
of collisions has to be calculated using Monte
Carlo simulation. Results of measurements of
the neutron lifetime obtained in reactor cycles 178
and 179 (2016) are shown in Fig. 2.
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Fig 2. Neutron lifetime measured in cycles 178 and 179

The value of the neutron lifetime: (880.3 *

+0.8_,) s can be considered as the result of 2016.

For the final result, a systematic error should be
evaluated. We believe that there are two main
sources of this error. The first source is associated
with inequality of the uncoated surface of the trap
and the insert.

The second one is related to the inaccuracy of
the measurement of geometrical sizes of the trap
and the insert.

We estimate the systematic error to be 0.8 s.
However, our new measurement result of the neu-
tron lifetime (880.3 + 0.8__ + O.SSyS) s differs from
our result obtained in 2005 (878.5 + 0.7 +
+ O.3Sys) s by 1.8 s, so measurements should be
continued and improved in accuracy.

Further improvement in accuracy is possible
with experimental setup modifications, which will
reduce the difference between the storage time
with the insert and without the insert, i.e. when
the storage time gets closer to the neutron life-
time. This is possible if we reduce the magnitude
of losses in the collisions with the walls, for exam-
ple, by the transition to temperature ~ 10K.

At the moment, the statistical error has been
lowered to the size of the systematic error, and the
result is in good agreement with the conventional
neutron lifetime presented in the Particle Data
Group review. The discrepancy between the results
of our experiment and the “beam” experiment
(888.0 + 2.1 s) is greater than 3 standard devia-
tions and for the further study of the source of this
discrepancy, data obtained by the “beam” method
need to be updated, i.e. the NIST experiment
requires repetition (National Institute of Standards
and Technology, USA).

Serebrov A.P., Fomin A.K., Kharitonov A.G., Varlamov V.E., Kolomensky E.A., Krasnoshekova I.A., Chechkin A.V. //

Crystallography. 2016. V. 61. No. 1. P. 152-156.
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Experiment Neutrino-4 search for sterile neutrino

M.E. Chaikovskii, A.V. Chernyj, A.K. Fomin, V.G. Ivochkin, A.O. Polyushkin, R.M. Samoilov,
A.P. Serebrov, M.E. Zaytsev, O.M. Zherebtsov, V.G. Zinoviev - Neutron Research Division
V.L. Golovtsov, P.V. Neustroev - High Energy Physics Division

NRC “Kurchatov Institute” — PNPI

V.I. Aleshin, V.P. Martemyanov, V.G. Tarasenkov - NRC “Kurchatov Institute”
V.V. Afanasiev, M.O. Gromov, A.L. Izhutov, A.L. Petelin, S.A. Sazontov, A.A. Tuzov - JSC “SSC RIAR”
D.K. Ryazanov, M.E. Zaytsev - Dimitrovgrad Engineering and Ttechnological Institute

of NRNU MEPhI

To search for neutrino oscillation in sterile state
one has to observe the deviation of reactor anti-
neutrino flux from 1/L2 law, there L is the distance
from reactor core. If such a process exists, it can be
described by the following oscillation equation:

2
PV,—>v,)=1- sin? 20,, sin? (1_27 Am14l-}

v

where E; is antineutrino energy, eV; Am:, [eV]
and sin22614 are the unknown oscillation parame-
ters.

In order to carry out research in the field of pos-
sible existence of a sterile neutrino the laboratory
based on SM-3 reactor (Dimitrovgrad, Russia) was
created to search for oscillations of reactor anti-
neutrino. Results of measurements of difference
in counting rate of neutrino-like events for model
and full-scale detectors are shown in Fig. 1 as
dependence of antineutrino flux on distance from
the reactor center.

Measurements of antineutrino flux from the re-
actor at small distances of 6-12 m by means
of the moveable detector are carried out for
the first time. In the frame of the available statis-
tical accuracy it is not revealed if there are reliable
deviations of antineutrino flux distance depend-
ence from the law 1/L2 The results in the range
10-12 m require the measurements in this region
to be repeated with more accuracy.

To combine our data with the measurement
at longer distances, the analysis with the assump-

m ON-OFF, big detector
& ON-OFF, model detector

80

(10 s)

72/DOF 19.74/21
20
0 ¥ T T T

distance to reactor, m

Fig. 1. Reactor antineutrino flux distance dependence
for model and full-scale detectors, point graph is the fit
for dependence 1/L2

tion of possible existence of a sterile neutrino is
required, because some experiments at long dis-
tances show the deficiency of reactor antineutrino
flux in comparison with the calculated flux. For this
reason, at the end of the article we present results
of our measurements in the range of 6-12 m from
the center of an active core of the reactor together
with results of widely known measurements up
to 1000 m. Since the efficiency of antineutrino
registration with our multi-sectional detector can-
not be calculated with adequate accuracy, in our
data we normalize the mean value to the standard
ratio 0.936, i.e. to the ratio of the measured reac-
tor antineutrino flux to the calculated flux. In our
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experiment with moveable detector we perform
relative measurements in order to find deviations
from 1/L2 law and distortions of spectrum form
due to oscillations into sterile state. Unfortunately,
current statistical accuracy of our measurements
is not sufficient to observe the assumed proces-
ses with high precision. In order to further improve
precision of the experiment we need to continue
measurements to obtain better statistical accuracy
and also use additional methods of background
suppression. However, at the moment, we can pro-
vide the analysis of parameters for one sterile neu-
trino model using data presented in Fig. 2.

In conclusion, we should point out that at the
moment it would be premature to present the re-

sults of this analysis as an observation of a ste-
rile neutrino with parameters Am?, = 0.47 eV?
and sin®20,, = 0.099. Measurements with higher
statistical accuracy in distances up to 15 m from
the reactor core are required. Measurements
at 15 m distance will allow us to compare our
results of relative measurements with the results
obtained at 15 m with absolute measurements
of neutrino flux method.

Finally, one should take into consideration that
the problem of a reactor antineutrino is asso-
ciated with calculations of antineutrino flux from
the reactor. However, the reliability and accuracy
of these calculations are not guaranteed yet.

Serebrov A.P., Ivochkin V.G., Samoilov R.M., Fomin A.K., Polyushkin A.O., Zinoviev V.G., Neustroev P.V., Golovtsov V.L.,
Chernyj A.V., Zherebtsov O.M. ..., Zaytsev M.E., Chaikovskii M.E. // JETP Lett. 2017. V. 105. Iss. 6. P. 329-334.
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Ultracold neutron source with superfluid helium

at WWR-M reactor

A.K. Fomin, A.S. Kanin, V.A. Lyamkin, D.V. Prudnikov, O.Yu. Samodurov, A.P. Serebrov
Neutron Research Division of NRC “Kurchatov Institute” — PNPI

Reactor WWR-M at NRC “Kurchatov Institute” -
PNPI is going to be equipped with a high density
ultracold neutron (UCN) source. The method of ob-
taining UCN is based on the accumulation of UCN
in superfluid helium due to the peculiarities of this
quantum liquid. The aim is to achieve the UCN den-
sity of 10* cm= in the experimental trap, which
is two orders of magnitude greater than the den-
sity in existing UCN sources worldwide. Increasing
the UCN density will lead to one order of magni-
tude improvement in the accuracy of measure-
ment of the neutron electric dipole moment, which
is extremely important for solving the problem
of CP-violation. The source with the highest UCN
density will allow NRC “Kurchatov Institute” - PNPI
to become a center of fundamental research with
ultracold neutrons.

Successful tests at a full-scale UCNS model
showed the capability of keeping the helium in
the superfluid state with the incoming heat load
of 60 W (the calculated heat load is expected to be
20 W). After the tests, the designing of the techno-
logical complex in the reactor hall of WWR-M reac-
tor has been started. By now, the project of placing
the vacuum and cryogenic equipment in the reac-
tor hall of the WWR-M reactor is completed (Fig. 1).

We already have all technological equipment
shown in Fig. 1. However, cryogenic equipment
(refrigerator and liquefier) and helium vacuum
pumping system are located in the compressor
room (right side of the figure) for performing tests
at a full-scale model of the UCN source. To imple-
ment the project, the following problems have to
be handled: 1) moving and assembling the cryoge-

Technological equipment of UCN source at
— WWR-M reactor layout

VCN EXPERIMENTAL HALL

DEUTERIUM
BUFFER TANKS
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Fig. 1. Technological equipment of UCN source at WWR-M reactor layout
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EXPERIMENTAL EQUIPMENT OF UCN SOURCE
AT WWR-M REACTOR LAYOUT

® - UCN facilities
A - CMP facilities

ol {ﬁ_&é@

1 — WWR-M reactor

2 — UCNS source

3 - Cold neutronguide (with shielding?
4 - Ultracold neutronguide

5 — UCN splitter

(9]

6 — Helium cryostat

- 7 = L-280 liguifier

8 — TCF-50 refrigerator

9 — Water cooling system
10 - Diffractometer

11 = nEDM spectrometer
12 - High voltage source
13 = UCN magnetic trap
14 — Diffractometer
15 — Reflectometer

16 — Polarimeter
17 — Spin echo setup
18 — n-n’ expirement
19 — UCN gravitational trap
20 - Liquid nitrogen tank
21 — Radiocactive waste storage pit

Fig. 2. Experimental equipment of UCN source at WWR-M reactor layout: @ - physics of fundamental interactions research

facilities; A - condensed matter physics research facilities

nic equipment at the reactor hall of the WWR-M
reactor; 2) moving and assembling the pumping
equipment at a special vacuum section of the
WWR-M building; 3) assembling communications
between the individual elements of the overall sys-
tem; 4) replacing deuterium steel receivers with
stainless steel receivers. Finally, the most impor-
tant task is the manufacturing of the intra-canal
part of UCN source.

The preparation of the northern part of the
WWR-M reactor hall has already started. The dis-
mantling of platforms and experimental facilities
around the thermal column of the reactor was
completed. Manufacturing of the intra-canal part
of UCN source is conducted at NRC “Kurchatov
Institute” - PNPI workshop.

We have developed the experimental equipment
layout plan, which is shown in Fig. 2.

All experimental setups shown in Fig. 2 are ei-
ther available or in varying stages of completion.

In particular, the NRC “Kurchatov Institute” - PNPI
setup of searching for the electric dipole moment
of the neutron and the measurement of the neu-
tron lifetime are now being tested at the Institute
Laue-Langevin (ILL) reactor and will be returned
to NRC “Kurchatov Institute” - PNPI when the
high-intensity UCN source is launched. Finally, it
should be noted that the neutron guide system
for cold and very cold neutrons with the Ni®® iso-
tope coating is also available, although it requires
some modifications in the wiring bundle system.
UCN neutron guide manufacturing technology
based on high-quality mirror replicas of Ni®® iso-
tope coating was developed and tested at the ILL
reactor.

The work was carried out at Konstantinov Pe-
tersburg Nuclear Physics Institute of National Re-
search Center “Kurchatov Institute” and supported
by the Russian Science Foundation (RSF) (Project
No. 14-22-00105).

Serebrov A.P, Lyamkin V.A., Prudnikov D.V. et al. // Tech. Phys. 2017. V. 87. No. 2. P. 301-305.
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Ultra-cold neutron detector for the spectrometer
of the neutron lifetime measurement

V.A. Andreev, D.S. llyin, E.A. Ivanov, A.G. Krivshich - High Energy Physics Division
A.P. Serebrov, A.V. Vasiliev - Neutron Research Division

NRC “Kurchatov Institute” — PNPI

A gas-discharge detector has been designed for
a spectrometer measuring the neutron lifetime
by storing ultracold neutrons (UCN) in a large gra-
vitation trap. It counts the number of UCN in spec-
trometric measurements taken at the reactor at
Institute Laue-Langevin (ILL, Grenoble, France).

The detector consists of six independent propor-
tional counters. Anodes are gold-plated tungsten
wires with the diameter of 25 um. The lengths of
the counters are optimized to cover the maximum
detection area (see Fig.). The entrance window
with the diameter of 290 mm is made of thin alu-
minum foil with the thickness 100 um. The force
acting on the foil at working conditions is about
660 kg. To support foil from the neutron guide
side (vacuum), the special stainless-steel grid has
been placed in front of it.

The electric field structure in each proportional
counter was optimized to be nearly symmetric,
thereby decreasing the maximal collection time of

ions created in a gas avalanche by more than eight
times and minimizing the cross-talk between neigh-
boring cells caused by a single proton-triton track
due to the nuclear reaction 2He(n, p)T.

It has been shown that when processing the
energy spectra of UCN, one should take into ac-
count the “wall” effect, as a result of which some
useful events may fall into the range of small ampli-
tudes and the observed energy spectrum becomes
distorted. The “wall” effect is a key factor for ensur-
ing the effective suppression of background and for
providing maximum UCN detection efficiency.

The UCN detector has been tested in a laboratory
of NRC “Kurchatov Institute” - PNPI and installed at
a neutron lifetime measurement instrument at the
reactor of Institute Laue-Langevin (ILL).

The work was performed with the support of
the Russian Science Foundation, project No. 14-22-
00105.

UCN detector parts: the upper part of the detector with entrance window. A relief on the foil support grid is visible after
the application of pressure (a); the bottom part of the detector with a six proportional counters (b); assembled UCN detector
is shown from back side. One can see two preamplifiers and gas valve (c)

Andreev V., Vassiljev A., Ivanov E., llyin D., Krivshich A., Serebrov A. // Nucl. Instrum. Meth. Phys. Res. A. 2017. V. 845.

P. 548-551. http://doi.org/10.1016/j.nima.2016.05.005
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Angular distributions and anisotropy
of fission fragments of 233U and 2°°Bi induced
by neutrons with the energy 1-200 MeV

A.S. Vorobyev, A.M. Gagarski, O.A. Shcherbakov - Neutron Research Division

L.A. Vaishnene - High Energy Physics Division

NRC “Kurchatov Institute” — PNPI
A.L. Barabanov - NRC “Kurchatov Institute”

In 2016, the measurements of the angular
distributions W(0) of fission fragments of 233U
and 2°°Bi induced by neutrons with the energy of
1-200 MeV were completed at the neutron time-
of-flight spectrometer GNEIS (Fig.). From the expe-
rimental data obtained by means of the position-
sensitive multiwire counters used as fission frag-
ments, the value of anisotropy W(0°)/W(90°) was
estimated. This value is a parameter used for the-
oretical description of the fission fragment angu-
lar distributions. The uniqueness of the obtained
results consists in the fact that there is practically
no other experimental data available for 233U -
in the neutron energy range above 20 MeV, and

The complexity of measurements for 2°°Bi nucleus
is caused by a very small value of the fission reac-
tion cross section, from a few mb near the reac-
tion threshold (~ 40 MeV) to ~ 70 mb at 200 MeV,
which is 1-2 orders of magnitude lower than the
fission cross sections of actinide nuclei. The high
intensity of the neutron source of the GNEIS spec-
trometer in the intermediate energy range above
10 MeV allows handling the problem of measur-
ing the fission reaction product characteristics at
the value of fission cross section 1-100 mb. Lead
is the next object of our research. There is no data
on its anisotropy of fission fragments in intermedi-
ate neutron energy range.

for 2°°Bi - in the whole investigated energy range.
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Anisotropy of fission fragments for 223U and 2°°Bi by neutrons with the energy 1-200 MeV (cM. pycCKuit COOPHUK)

1. Vorobyev A.S., Gagarski A.M., Shcherbakov O.A., Vaishnene L.A. et al. // Book of Abstracts of the XXIV Int. Seminar

on Interaction of Neutrons with Nuclei. JINR. 2015. P. 84.

2. Vorobyev A.S., Gagarski A.M., Shcherbakov O.A., Vaishnene L.A. et al. // JETP Lett. 2016. V. 104. Iss. 6. P. 365.
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Particular features of ternary fission induced
by polarized neutrons in 233 232U and 23% 24Py

A.M. Gagarski, I.S. Guseva, G.A. Petrov, T.A. Zavarukhina -

Neutron Research Division of NRC “Kurchatov Institute” - PNPI

Yu.N. Kopatch - Joint Institute for Nuclear Research

T.E. Kuzmina, G.P. Tiourine — Khlopin Radium Institute

F. Gbnnenwein, P. Jesinger - Physikalisches Institut, Universitat Tubingen
E. Lelievre-Berna, V. Nesvizhevsky, T. Soldner - Institut Laue-Langevin

M. Mutterer - Institut fir Kernphysik, Technische Universitdt Darmstadt
W.H. Trzaska - Department of Physics, University of Jyvaskyla

Light charged particles (LCP) in nuclear ternary
fission are mainly emitted at the rupture moment
from the neck region between two fission frag-
ments. Coulomb forces focus their angular distribu-
tion, therefore the most probable emission angle
of a-particles, which comprise more than 90%
of all LCPs yield, is equal to ~ 82° relative to
momentum of the light fission fragment p ..

It was discovered that in ternary fission induced
by polarized neutrons, the symmetry of LCP angu-
lar distribution around the fission axis appeared to
be violated. Small shift of the LCP angular distri-
bution (~ 0.1°) relative to the fission axis occurs
while flipping the neutron spin ¢ _, which is directed
perpendicular to the momentum of light fission
fragment p . and LCP momentum p ., (ROT effect).
Besides this, the total probabilities of the LCP ejec-
tion upward and downward relative to the oriented
plane defined by the light fission fragment momen-
tum p . and the neutron spin o_ differ by ~ 0.1%
(TRI effect).

These small effects were investigated by mea-
suring of the angular dependence of asymmetry
coefficient (A) in fission fragments - LCP coin-
cidence count rates (N”) with periodic flipping
of the neutron spin: A = (NT - Nl)/(NT + Nl). It is
easy to understand that “pure” ROT effect yields
the change of A sign from the left to the right re-
lative to maximum of the angular distribution,
while TRI effect gives constant asymmetry A over
all range of the angular distribution.

Detailed studies of these effects for fission of
233,238 and 239 2%1Py revealed that ROT and TRI
effects are present simultaneously in all these

reactions, but their magnitudes and signs vary
greatly. Experimental dependences of the asym-
metry coefficient A on the angle between p .,
and p are shown in the Figure together with
the result of their fitting by sum of expressions
for TRI and ROT effects. The experimental va-
lues of the ROT shift between two opposite spin
directions - 2A and the TRI asymmetry coef-
ficient - D, obtained as a result of minimiza-
tion of ¥ are shown in the table for all studied
nuclei.

In a proposed semiclassical model the TRI
and ROT effects are explained by collective rota-
tion and transversal vibrations of the fissioning
nucleus before rupture. These motions are deter-
mined by the quantum numbers of the transition
states above the fission barrier (J, K) (spin of
the compound nucleus and its projection on the
fission axis). ROT effect arises when LCP is mov-
ing in a rotating electric field of two fission frag-
ments flying apart after scission, and the effect is
an indicator of the nucleus rotation speed at the
moment of rupture. (The fission axis continues
to turn after the rupture with a rapidly decreas-
ing angular velocity, in accordance with the law
of conservation of angular momentum.) TRI ef-
fect is a result of influence of the collective rota-
tion of a fissioning nucleus before rupture onto
transverse motion of emerging LCPs in the region
of the fissioning nuclear neck (Coriolis force).
The rotation leads to a deviation from axial symme-
try of the forces acting on the nascent LCPs that
causes the asymmetry of their ejection relative to
the plane defined by 6 and p ..
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Angular dependence of the asymmetry A for the four studied reactions. Blue dots are experimental ones. Red dots are
description of the experimental data in the in the framework of proposed model of TRl and ROT effects. Histograms with scale

to the right are experimental angular distributions of LCPs

Table. Experimental values of ROT shift parameter 2A, coefficient of TRl asymmetry D for four investigated nuclei
and quantum numbers (J, K) of dominant transition states above fission barrier, obtained in joint evaluation
of the experimental data in the framework of proposed model. (Explanation in the text.)

Nucleus 233y =5y %Py 241py
Spin-parity, I 5/2* 7/2" 1/2* 5/2-
ROT, 2A 0.021(4)° 0.215(5)° 0.020(3)° 0.047(4)°
TRI, D- 103 -3.90(12) 1.7(2) -0.23(9) 1.30(15)
c,./c, 1.27 1.76 0.48 0.64
U, K,) (3.2) (4.0) (1.1) (3.0)
., K) (2.0) (3.2) (0.0) (2.2)

By using this model with almost unambiguous
choice of dominant (J, K) for transition states, we
managed to describe together the experimental
signs and values of TRl and ROT effects in each
of the four studied nuclei. The high sensitivity of
the effects to the values of (J, K) was shown.
Quantum numbers (J,, K,) of dominant transition
states over fission barrier obtained by concerted
description of the experimental data in the frame-
work of the proposed model are presented in
the table. The “+” signs correspond to neutron

Gagarski A. ..., Guseva I. ..., Petrov G. ..., Zavarukhina T. // Phys

capture into compound nucleus states with spins
J, =1+ 1/2, where | is a spin of mother nucleus.
Ratios of fission cross sections by cold neutrons
from the compound states with spins J, ¢,./c,,
which were used for the analysis are given in
the table.

Thus, the study of TRI and ROT effects in angu-
lar distributions of products in polarized neutron
induced ternary fission is a new method for spec-
troscopy of the transition states (J, K) near fis-
sion.

. Rev. C. 2016. V. 93. P. 054619.
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Temporal characteristics of delayed neutrons
from 1 GeV proton-induced fission of 238U

O.A. Shcherbakov, A.S. Vorobyev - Neutron Research Division
F.V. Moroz, L.A. Vaishnene - High Energy Physics Division

NRC “Kurchatov Institute” — PNPI

A.S. Egorov, D.E. Gremyachkin, K.V. Mitrofanov, V.F. Mitrofanov, V.M. Piksaikin, B.F. Samylin -
A.l. Leypunsky Institute for Physics and Power Engineering

The purpose of the present work is the mea-
surement of relative yields of the delayed neutrons
and half-lives of their precursor nuclei from an
interaction of relativistic 1 GeV protons with 238U.
The experiment was carried out at the proton
beam of the SC-1000 synchrocyclotron using
the experimental set-up consisting of a neutron
detector, a pneumatic “rabbit” (post) and an elec-
tronic measuring system. A comparison of the ave-
rage half-life period <T> of the precursor nuclei
emitting delayed neutrons in beta-decay chains
measured in the present work with the results
of other authors has shown that the data are con-
sistent within experimental limits of error. It was
also shown that the emitting of delayed neutrons
in 28U(n, f)-reaction took place in the asymmet-

ric fission channel, where the compound-nucle-
us 2*4U* is the main fissioning nucleus. At the
same time, it was shown that the value of ave-
rage half-life of the delayed neutron precursor
nuclei measured in the present work (<T>=7.13 +
+ 0.12 s) differs significantly from the value of
<T> = 12.38 + 0.37 s obtained from the low-ener-
gy fission of 233U by fast neutrons, in spite of the
fact that in both these cases the fissioning com-
pound nucleus is the same. An explanation of
such a discrepancy, as well as the measurements
with 232Th, 23®U and Pb nuclei is a purpose of fur-
ther studies, which are planned at 1 GeV proton
synchrocyclotron of NRC “Kurchatov Institute” -

PNPI (Fig.).
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Scheme of the experimental setup: SPS - sample position sensors; LAS - laser adjustment system; PSC - pneumatic system
controller; P - preamplifier; D - discriminator; £ - pulse sum; V1 and V2 - electromagnetic valves

1. Egorov A.S. ..., Vaishnene L.A., Moroz F.V., Vorobyev A.S., Shcherbakov O.A. // Probl. Atomic Sci. Technol. Ser.: Nucl. Reactor

Const. 2016. Iss. 2. P. 5.

2. Egorov A.S. ..., Vaishnene L.A., Moroz F.V., Vorobyev A.S., Shcherbakov O.A. // Progr. Nucl. Energy. 2017. V. 97. P. 106.
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Analysis of the resolution of an experiment
for verification of the equivalence principle
for the neutron by diffraction method

Yu.P. Braginets, V.V. Fedorov, I.A. Kuznetsov, M.V. Lasitsa, S.Yu. Semenikhin, V.V. Voronin -
Neutron Research Division of NRC “Kurchatov Institute” - PNPI
Ya.A. Berdnikov, A.Ya. Berdnikov - Peter the Great Saint Petersburg Polytechnic University

Currently we are preparing an experiment to
verify the equivalence of inertial and gravitational
mass of a neutron by a new method based on
the use of effects arising from neutron diffrac-
tion in large perfect crystals. The main feature of
the proposed method is the direct compensation
of the gravitational force acting on the neutron,
the inertia force acting on the neutron in a non-
inertial coordinate system connected with the
Earth. Essentially, the experiment is analogous to
the classical experiments of Eotvos or Braginskii.
During 2016 the study of the experiment spatial
resolution for Bragg angles 74-82° was carried
out. A decrease in the spatial resolution at Bragg
angles more than 78° was observed. The scheme
of the experiment is shown in Fig. 1.

The experimental results are shown in Fig. 2, 3.
It is evident that increasing Bragg angle leads to
a decrease in contrast (Fig. 3). The research will

i - T
=z

jr—j-ﬁ

Fig. 1. Experimental setup: 1, 2, 3 - the input, intermediate
and output slits, respectively; 4 - the crystallographic plane;
5 - the direction in which the output slit (3) is moving

be continued at the ILL reactor (Grenoble, France)
to answer the question about the reasons for reduc-
ing the contrast.
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Fig. 2. Dependence of the intensity on the position
of the output slit for the angle of diffraction 76°
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Fig. 3. The dependence of the contrast (see. Fig. 2)
on the diffraction angle

Voronin V.V. ..., Braginets Yu.P., Kuznetsov L.A., Lasitsa M.V., Semenikhin S.Yu., Fedorov V.V. // Pis'ma v ZTF. 2017. V. 5. P. 75.
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Effect of two-crystal focusing

Yu.V. Borisov, Yu.P. Braginets, V.V. Fedorov, I.A. Kuznetsov, M.V. Lasitsa, S.Yu. Semenikhin,
V.V. Voronin - Neutron Research Division of NRC “Kurchatov Institute” - PNPI

A.Ya. Berdnikov, Ya.A. Berdnikov, M.L. Ivanova -

Peter the Great Saint Petersburg Polytechnic University

The effect of two-crystal focusing of neutrons
for Laue diffraction by the large perfect silicon
crystals has been studied. The experiment was
performed with the thermal neutron beam from
the WWR-M reactor (NRC “Kurchatov Institute” -
PNPI, Gatchina, Russia). We analyzed Laue dif-
fraction by two 110 x 110 x 100 mm? silicon crys-
tals with the (220) reflection planes. The layout
of the experiment is shown in Fig. 1. Crystals were
made by cutting a slit in the whole single crystal.
Thus, the distance between the crystals was fixed
and could not be changed. As a result, two focus
spots (lines) from the direct and reflected beams
propagating between crystals appear on the exit
surface of the second crystal (Fig. 2).

A combination of two-crystal focusing with a
well-known diffraction enhancement effect (when
a small change in the direction of the incident
beam results in a significant deviation of the neu-
tron trajectory inside the crystal that leads to the

shift of a neutron beam position at the exit face
of the crystal) allows proposing a new ultra-preci-
sion neutron-spectrometry method to study the
fundamental neutron properties and its interaction
with the matter.

The linewidth shown in Fig. 2 corresponds to
the angular deviation of the neutron beam bet-
ween the crystals about 1.5 - 1077 = 0.03” that
allows, for instance, reaching the sensitivity to
neutron electric charge about 1,5 - 102 e for
the beam flux of the PIK reactor under construc-
tion in Gatchina, Russia.

A further improvement of the sensitivity by ap-
proximately two orders of magnitude is possible
because the inherent spatial resolution of such
a scheme of the experiment is much higher than
the measured value. To analyze the experimen-
tally achievable sensitivity of the method, more
detailed experimental studies using high flux cold
neutron beams are necessary.
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Fig. 1. Scheme of the experiment

Fig. 2. Neutron beam intensity distribution along the exit face
of the second crystal

1. Voronin V.V. ..., Borisov Yu.V., Braginets Yu.P., Kuznetsov I.A., Lasitsa M.V., Semenikhin S.Yu., Fedorov V.V. et al. // JETP Lett.

2015.V. 102. Iss. 7. P. 417-420.

2. Kuznetsov I.A. ..., Borisov Yu.V., Braginetz Yu.P., Fedorov V.V., Lasitsa M.V., Semenikhin S.Yu. ..., Voronin V.V. // J. Phys.: Conf.

Ser. 2016. V. 746. P. 012049.
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Luminosity class of neutron reflectometers

N.K. Pleshanov

Neutron Research Division of NRC “Kurchatov Institute” - PNPI

The relationship between resolution and inten-
sity in neutron reflectometry has been considered
in the greatest detail. The issue is vital both for op-
timization of measurements at any neutron reflec-
tometer and for designing neutron reflectometers.
The luminosity £ was defined as the neutron flux
incident onto the sample surface for the measure-
ments made with a given momentum transfer q,
and a resolution Aq,, i.e., for the first time it was
coupled with the resolution in the momentum
transfer. Thus, similar expressions have been
obtained for the flux of monochromatic and white
beams. Namely, in measure-ments with a mono-
chromatic beam with g and Aq the flux:

3
d=¢g.c, %Lﬁj L,
q \ Aq,

where g, = 2(d,/d, + d,/d,)*" is the factor that
defines the flux decrease when the widths of
the first and the second collimation diaphragms
deviate from the optimum relation d, = d, (for
a given divergence AQ); g, = (3V3/2)k(1 + K2)3?
is the factor that defines the flux decrease when
the ratio x = (AL/A)(AB/6)* deviates from its opti-
mum value with A8/6 = V2A\/ for a given resolu-
tion AQ).

The formulas allow finding the intensities for
different measurement conditions and serve as
a good illustration of the suggested approach to
the problem of relationship of intensity and reso-
lution in neutron reflectometry. Defining the lumi-
nosity for unified parameters (suggested values
are g, = 1 nm™, Ag, = 0.01 nm™), one obtains
the reference luminosity, or the luminosity class
C.= IoglOL The Iuminosity class characterizes

(each operation mode of) the instrument by one
number and can be used to classify operating
reflectometers and optimize designed reflectome-
ters.

The potential of the new approach has been
demonstrated by applying it to the neutron reflec-
tometer NR-AM (NRC “Kurchatov Institute”
PNPI). It has been shown that due to optimiza-
tion of measurements with monochromatic be-
ams, the fluxes increase up to two orders of mag-
nitude at large q (Fig.) practically without wor-
sening the resolution. Due to optimization of
measurements with white beams, the fluxes
increase up to an order of magnitude at large q,
the resolution being even improved. The luminos-
ity class of the reflectometer NR-4M was found
for its four opera-tion modes: 2.1 (monochro-
matic non-polarized beam), 1.9 (monochromatic
polarized beam), 1.5 (white non-polarized beam),
1.1 (white polarized beam).
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The ratio of the flux with diaphragms slit widths varying
so that Ag/q = 0.04 and ¢, = 0.78 to the flux obtained
with fixed slit widths 0.2 mm as a function of q

1. Pleshanov N.K. // J. Surf. Invest.: X-ray, Synchrotron Neutron Tech. 2016. No. 8. P. 20-32.
2. Pleshanov N.K. // Nucl. Instrum. Meth. A. 2016. V. 820. P. 146-155.
3. Pleshanov N.K. // Nucl. Instrum. Meth. A. 2016. V. 834. P. 197-204.
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Instrumental and radiochemical neutron activation analysis
of the quartz adularia veins from the deposit Milogradovka

A.l. Egorov, Yu.E. Loginov, I.A. Mitropolsky, I.S. Okunev, T.M. Tyukavina,
G.l. Shulyak, V.G. Zinovyev - Neutron Research Division
P.A. Sushkov - Department of Reactor Physics and Engineering

NRC “Kurchatov Institute” — PNPI

Instrumental and radiochemical neutron activa-
tion techniques have been developed for the ana-
lysis of samples of quartz-adularia veins from
the epithermal gold-silver deposit Milogradovka
(the Far East, Primorye). The optimal separation
conditions of the Pt, Au, Ir, Re, Ag from non-noble
metals have been determined in the chromato-
graphic system Purolite A400 MB in the CI- form -
0.2 M HCI chromatographic system.

The Purolite AA00 MB is a strong base anion
exchange resin supplied in the hydroxide form,
which has a polystyrene-divinylbenzene cross-
linked copolymer matrix of the high exchange
capacity up to 1.3 eq/l (in the CI- form). The
sorption kinetics curves of the [PtCI,]*, [PtCI]*",
[AuCl,]", [ReO,]” anion complexes on the A400 MB
in the OH-and CI- form are compared with model
in Fig. 1.

The optimum height of the adsorbent layer
was found by the radionuclide distribution profile

2

along the column length. The ratios of radioactiv-
ity A, on the high L to the analyte radioactivity A
were measured in the A400 MB in the CI- form -
0.2 M HCI system. Distribution profiles of the Re, Pt,
Ir, Au and Ag along the column length L are given
inFig. 2. The radionuclides were completely retained
in the first 2-5 cm of the column. The 10-cm resin
layer was used to perform the measurements.

The gamma-ray spectra of the samples ana-
lyzed and the reference samples were measured
with the coaxial p-type HPGe-detector of 20% rela-
tive efficiency and energy resolution of 1.7 keV at
the 1332.5 keV line of ¥Co. The input count rate
of the detector was about 5 times smaller, and the
‘signal-to-background” ratio was 82 times better
with gamma radiation of the sample, past the ion-
exchange chromatographic separation, compared
with the spectrum of the unseparated sample.
The measured Au, Pt, Re, Ag and Ir concentrations
in the samples from the quartz-adularia veins
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Fig. 1. The sorption kinetics curves of the anion complexes on the A400 MB in the OH~ and CI- form
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Fig. 2. Distribution of the Re, Pt, Ir, Au and Ag along the column length L in the A400 MB system

Table. The Au, Pt, Re, Ag and Ir concentrations (% wt) in the samples from the quartz-adularia veins of the deposit Milogradovka

Sample Au Pt Re Ag Ir
582 28-12 6.8(8)-10° 4.6(4)-10* 7(2)-10°7 3.9(2)- 103 5.2(3)-10°°
583 15-12 2.3(4)-10°° 1.0(1)-103 1.3(4)-10°¢ 2.4(2)-10* 1.3(8)-10+*
583 16-12 2.8(6)-10° 4.2(3)-10* 6(2)-1077 1.7(1)-10* 7.4(3)-10°
583 66-13 3.2(3)-10* 4.5(3)-10* 1.3(1)-10° 1.6(1)-10? 8(2)-10-°
583 80-13 8.7(9)-10* 1.1(1)-103 2.8(3)-10° 4.0(2)-102 2.5(8)-10*

of the gold-silver deposit Milogradovka are pre-
sented in the table.

The determination limits of Au, Pt, Re, Ir and
Ag for the given radiochemical technique equal
3-10% 2-10% 8-10% 7-107and 1-10%%
respectively at the measurement uncertainties
of 3-25%. The combination of instrumental and
radiochemical neutron activation techniques al-

lowed extending the number of determinable
elements to 40 with determination limits of
n - (104-10"°% in mass at the measurement
uncertainties of 3-25% in mass. The princi-
pal result of the study is confirmation of the plati-
num mineralization in the quartz-adularia veins
from the gold-silver epithermal deposit Milogra-
dovka.

Zinovyev V.G. ..., Egorov A.L., Mitropolsky I.A., Loginov Yu.E. // J. Radioanal. Nucl. Chem. 2017. V. 311. Iss. 1. P. 141-153.
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Spin structure of quasi- two-dimensional frustrated
magnet Li Ni_SbO  with a magnetic “honeycomb”-type lattice

A.N. Korshunov, A.l. Kurbakov, A.L. Malyshev, S.Yu. Podchezertsev
Neutron Research Division of NRC “Kurchatov Institute” — PNPI

Quasi-two-dimensional magnetism is one of the
most enthralling topics of modern solid-state phys-
ics. Reduced dimension gives rise to plenty of new
phenomena. One of the most intriguing case for
2D lattices is a hexagonal net of magnetic ions in
a layer. Magnetic spin ordering, coordination num-
ber (z = 3) - the minimal possible for 2D lattices,
frustrated interactions between the nearest and
the second and third neighboring spins as well
as quantum fluctuations lead to a large variety
of a possible ground states. This work is devoted
to the experimental study of the crystal structure
and the establishment of the ground quantum
state in a low-dimensional magnet with layered
superstructure of “honeycomb”-type cationic layers
Li,Ni,SbO, using neutron and synchrotron powder
diffraction.

The synchrotron experiment revealed a slight
peak splitting that allowed identifying a true space
group to be C2/m; additional diffuse scattering
indicating the presence of stacking faults was
also detected. The crystal structure of the com-
pound is based on structural motives of the edge-
sharing oxygen octahedral layers. The ordered
mixed layers consisting of magnetic Ni?* and non-
magnetic Sb%* cations inside oxygen octahedra al-
ternate with Li layers (Fig a.). It was defined that
the order within the layer is almost perfect: no sub-

stitution between Ni and Sb positions is observed.
The values of Ni-O-Ni bond angles close to 90°
show the presence of weak ferromagnetic inlayer
interactions according to Goodenough-Kanamori
rules; slightly distorted O-Ni-O angles indicate a tri-
gonal crystal field presence at Ni sites.

Low-temperature neutron powder diffraction
revealed appearance of addition peaks associated
with magnetic scattering below T, = 15 K. Non-tri-
vial quantum ground state namely antiferro-
magnetic zigzag-type with the propagation vector
k =(1/2, 1/2, 0) is established experimentally for
the first time (Fig. b): zig-zag ferromagnetic chains
coupled with each other antiferromagnetically in
ab-plane. At the same time spins inclined along
crystallographic ¢ direction at TN undergo a tilt
with the temperature decrease, aligning perpen-
dicular to the honeycomb (001) layerat T = 1.5 K
with a total tilt angle 15.6°. Such behavior indi-
cates the presence of non-negligible exchange
interaction between “honeycomb” layers that has
not been taken into account anywhere before. It is
shown that diffraction data correlate perfectly
with results of measurements of a temperature
dependence of the magnetic susceptibility, specific
heat, high frequency electron spin resonance and
theoretical calculations.

Crystal (a) and

magnetic (b) structure of
Li,Ni,SbO,. The magnetic
unit cell (rectangle) is
doubled along the a and
b crystallographic axes
in comparison to the
crystallographic one.
The opposite directions
of the spins are marked
in different colors

Podchezertsev S., Malyshev A., Tserkovnaya E., Kurbakov A. // Book of Abstracts of the Eur. Powder Diffraction Conf.

EPDIC15. 2016. P. 49.
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Magnetic phase diagram of Y, Th Mn_Sn_
(x =0; 0.175; 0.2; 0.225; 0.25) compounds

A.A. Bykov, Yu.O. Chetverikov, S.V. Grigoriev, E.V. Moskvin, A.N. Pirogov -
Neutron Research Division of NRC “Kurchatov Institute” — PNPI
S.V. Grigoriev, E.V. Moskvin - Saint Petersburg State University
A.N. Pirogov - Mikheev Institute of Metal Physics, Ural Federal University

Over the last years, researchers have focused a Lorenz shape was observed at Q = 0. The peak
their attention on compounds, which possess a nat- is thought to have originated from the ferromag-
ural magnetic layered structure. A number of stud- netic fluctuations of the magnetic Mn moment in
ies have been devoted to the RMn_Sn, compounds the ab-plane of the hexagonal crystal structure.
with layered crystal structure, where R - rare earth Compounds, in which Y is replaced by Tb, change
ion. The Y, Tb MnSn_ compounds (x = 0; 0.175; their magnetic order with the increase of tempe-
0.2; 0.225; 0.25) were studied by small angle neu- rature: from easy cone ferromagnetic phase at
tron scattering (SANS) and paramagnetic neutron low T through the helicoidal phase to the ferro-
spin echo. The YMn_Sn_ compound is found to be magnetic fluctuation close to T,. Temperature-con-
a helimagnet in the whole temperature range be- centration phase diagram of Y, Tb Mn_Sn_ is built
low T, = 310 K. Close to T, an additional peak of on the basis of the obtained data.

Intensity, arb. units

FMF high T
0.0 0.2 0.4 0.6 0.8 14
Concentration of Th

TemnepaTtypHO-KOHLIEHTpaUUOHHas MarHuTHas ¢asoBas AnarpamMmma (a); TemnepatypHasa 3aBUCUMOCTb MHTErPaAbHbIX
MHTEHCUMBHOCTEN BPArTOBCKOIO M LIEHTPAABHOIO MUKOB AAAl PA3AMUHbLIX KOHLIEHTPaLUKMK Tb (6). LiBeETOM OTMeUeHbl pa3AnyHble
MarHWTHbIE COCTOAAHWUSA: XXEATbIM — FEAMKOMAarHuTHasa ¢asa; 3eneHbiM — GeppuMarHUTHas Aerkas NAOCKOCTb; OPaHXEBbLIM —
dbeppomarHuTHble GAYKTyaUmm (CMeCb reAMKOMarHUMTHoOM ¢asbl 1 dasa GpeppoMarHUTHbIX GAYKTYaLMI 3alUTPUXOBaHbI)

1. Bykov A.A., Chetverikov Yu.O. ..., Grigor’ev S.V. // JETP Lett. 2015. V. 101. P. 699.
2. Bykov A.A., Chetverikov Yu.O., Moskvin E.V. ..., Grigor’ev S.V. // J. Magn. Magn. Mater. 2017. V. 424. P. 347-351.
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Multilevel structure of diamond hydrogels by neutron scattering

Yu.V. Kulvelis, V.T. Lebedev - Neutron Research Division of NRC “Kurchatov Institute” - PNPI
A.l. Kuklin - Joint Institute for Nuclear Research

A.Ya. Vul - loffe Institute of RAS

Neutron scattering data analysis in direct and
reciprocal space (Fig.) has allowed decoding the
structure of diamond hydrogels synthesized for
the first time (loffe Institute, RAS) as the systems
having three levels of structural organization at
the scales from ones to tens of nanometers. It has
been established that the formation of short
range order in such a system is realized subse-
quently through the bonding of charged particles
(diameter ~ 5 nm) in the first coordination sphere
and the association of these fragments into the
aggregate joint to form the chains linked into

the network (scale ~ 40 nm). The formation of gel
was detected via a giant increase of system’s vis-
cosity. Neutron experiments demonstrated the con-
servation of original gel local structure by four-fold
dilution below the critical point (C* ~ 4.2% wt.). This
unusual phenomenon can be explained by a forma-
tion of “microgel” when continuous gel is broken
into submicron domains dispersed in water. This
transformation confirms a key role of electrostatic
attraction between non-spherical diamond crystals
in the stabilization of gel structure.

o(q), cm’

nm™*

Gc,(q), cm”

Samples’ cross sections o(q)

for the diamond contents 5.05;
2.25; 1.13% wt. (1-3) vs.
momentum transfer.
Characteristic slopes for
g-dependencies of cross
sections are shown.

The inserts (left, right) illustrate
the normalized data in Porod
and Kratky presentations, which
display the maxima characterizing
the network scale and chain-like
association of particles

Lebedev V.T., Kulvelis Yu.V. et al. // Condens. Matter. 2016. V. 1. P. 10: doi:10.3390/condmat1010010.
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uSR study of Eu, .Ce ,Mn O, and EuMn, O, multiferroics

D.S. Andrievskii, S.G. Barsov, A.L. Getalov, E.N. Komarov, S.A. Kotov, G.V. Shcherbakov,
S.1. Vorob’ev - High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

E.l. Golovenchits, V.A. Sanina - loffe Institute of RAS

A.Yu. Mishchenko - National Research Nuclear University MEPhI

A comparative uSR study of ceramic sam-
ples of the EuMn,O, and Eu, ,Ce ,Mn,0, multi-
ferroics is performed in the temperature range
from 15 to 300 K. It is found that the Ce doping
of the EuMn,0, sample slightly reduces the tem-
perature of the magnetic phase transition from
T, = 45 K for the EuMn, O, sample to T, = 42.5 K
for the Eu,Ce, ,Mn, 0, sample (Fig.). Below the
temperature T, for both samples, there are two
types of localization of a thermalized muon with
different temperature dependences of the pre-
cession frequency of the magnetic moment of
the muon in an internal magnetic field. The higher
frequency in both samples refers to the initial
antiferromagnetic matrix. The behavior of this
frequency in Eu,.Ce ,Mn, O/ follows the Curie-
Weiss law with the exponent B = 0.29 + 0.02,
which differs from the value B = 0.39 standard
for 3D Heisenberg magnetics and is observed in
EuMn,0O,, because of the strong frustration of the
doped sample. The temperature-independent low
frequency is due to the presence of Mn3*-Mn*
ferromagnetic pairs located along the b axis of
the antiferromagnetic matrix and in the regions
of phase separation, which contain such ion pairs
and eg electrons recharging them. In both sam-
ples, polarization losses are the same (about
20%) and are associated with the formation of

Mn*-Mn*" + Mu complexes near Mn3-Mn*" fer-
romagnetic pairs. In the temperature interval
from 25 to 45 K, the separation of the
Eu,,Ce, ,Mn, O, structure into two fractions where
the relaxation rates of polarization of muons differ
by an order of magnitude is revealed. This effect
is due to a change in the state of regions of phase
separation (1D superlattices) at the indicated
temperatures. Such effect in EuMn,O, is signifi-
cantly weaker.
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0.351

0.30 ~ o
= 0.254 .
g.O.ZO— ©
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Temperature dependence of the relaxation rate
of the polarization of muons stopped in the (open circles)
Eu,,Ce,,Mn, 0, and (closed circles) EuMn, O, samples

Vorob’ev S.I., Andrievskii D.S., Barsov S.G., Getalov A.L. ..., Komarov E.N., Kotov S.A. ..., Shcherbakov G.V. //

JETP. 2016. V. 123. No. 6. P. 1017-1024.
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Combined ATLAS and CMS analysis on production and decays
of Higgs boson and constrains of its coupling constants
at Large Hadron Collider energies 7 and 8 TeV

ATLAS Collaboration

A.E. Basalaev, A.E. Ezhilov, O.L. Fedin, V.T. Grachev, M.P. Levchenko,
V.P. Maleev, I.G. Naryshkin, V.A. Schegelsky, V.M. Solovyev

CMS Collaboration

L.A. Chtchipounov, V.L. Golovtsov, Yu.M. Ivanov, V.T. Kim, E.V. Kuznetsova,
V.A. Murzin, V.A. Oreshkin, V.V. Sulimov, A.A. Vorobyev -
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

CMS and ATLAS experiments, the most ambi-
tious projects in contemporary high energy physics,
demonstrated in RUN 1 unique capabilities of ex-
tending the human knowledge in field of funda-
mental elementary particle physics. Until now
the main result of the two major experiments is
the discovery of the Higgs-boson made in 2012.
In the Standard Model (SM), the Higgs-boson is the
quantum of the fundamental scalar vacuum field
responsible for spontaneous electroweak symme-
try breaking and origin of mass.

NRC “Kurchatov Institute” - PNPI team made
substantial contributions to the construction and
maintenance of the CMS endcap Muon system
(the EMU system) and the ATLAS inner tracker
(the TRT system), which in their turn played an im-
portant role in the discovery of the Higgs-boson
and determination of its properties.

In 2016, the CMS and ATLAS collaborations
presented the results of combined measurements
of the Higgs boson production and decay rates, as
well as constraints on its couplings to vector bo-
sons and fermions based on the data recorded
in 2011 and 2012. The combination is based on
the analysis of five production processes, namely
gluon fusion, vector boson fusion, and associ-
ated production with a W or a Z boson or a pair of
top quarks, and of the six decay modes H — ZZ,
WW, vy, tt, bb, and pu. All results are received

assuming a value of 125.09 GeV for the Higgs
boson mass, the result of the combined Higgs
boson mass measurement by the two experiments.
The combined analysis is sensitive to the couplings
of the Higgs boson to the weak vector bosons
and to the heavier fermions (top quarks, b quarks,
T leptons, and - marginally - muons). The anal-
ysis is also sensitive to the effective couplings of
the Higgs boson to the photon and the gluon.
At the LHC, only products of cross sections and
branching fractions are measured, so the width
of the Higgs boson cannot be probed without
assumptions beyond the main one used for all
measurements presented here, namely that the
Higgs boson production and decay kinematics
are close to those predicted by the SM.

In general, the combined analysis presented
in this paper provides a significant improvement
with respect to the individual combinations pub-
lished by each experiment separately. The pre-
cision of the results improves in most cases
by a factor of approximately 1/2, as one would
expect for the combination of two largely uncorre-
lated measurements based on similar-size data
samples.

Figure 1 shows the best fit results for the pro-
duction signal strengths (left) and for the decay
signal strengths (right) for the combination of
ATLAS and CMS data. The combined signal yield
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Best fit results for the production signal strengths (left) and for the decay signal strengths (right) for the combination
of ATLAS and CMS data. Also shown are the results from each experiment. The error bars indicate the 1o (thick lines)
and 2o (thin lines) intervals. The measurements of the global signal strength p are also shown

relative to the SM prediction is measured to be
1.09 + 0.11. The combined measurements lead
to observed significances for the vector boson
fusion production process and for the H — 1t
decay of 5.4 and 5.5 standard deviations, respec-

tively.

ATLAS and CMS Collaboration // JHEP. 2016. V. 08. P. 045.

tions.

In conclusion,
production and decays of Higgs boson and const-
rains of its coupling constants within available
uncertainties are consistent with the SM predic-

the finalized data of Run 1 on
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Indication on BFKL-evolution manifestation
in dijet azimuthal decorrelations with wide rapidity separation
in CMS at Large Hadron Collider energy 7 TeV

CMS Collaboration

L.A. Chtchipounov, V.L. Golovtsov, Yu.M. Ivanov, V.T. Kim, E.V. Kuznetsova,
V.A. Murzin, V.A. Oreshkin, V.V. Sulimov, A.A. Vorobyev -
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

An ultimate goal of Compact Muon Solenoid
(CMS) experiment at Large Hadron Collider (LHC)
is to find new physics beyond the Standard Mo-
del (SM) and define the limits of its validity.
To reach this goal, CMS measurements is steadily
improving the precision of measured SM parame-
ters and testing SM properties at new energy
frontiers. There are two major kinematic regimes
at high energy collisions. One, hard scattering
regime (\/s ~ k. > > /\QCD), which is describing by
Gribov-Lipatov-Altarelli-Parisi-Dokshitzer (GLAPD)
evolution equations of perturbative Quantum
Chromodynamics (QCD), is well tested, and it is
broadly used for SM predictions. The another one,
semi-hard regime (\/s >> k. >> /\QCD), which should
become dominant at high-energy QCD asympto-
tics, is governing by Balitsky-Fadin-Kuraev-Lipa-
tov (BFKL) evolution equation.

In perturbative QCD parton-parton scattering at
leading order in the strong coupling o produces
two outgoing partons, which are back-to-back in
the azimuthal plane. The partons manifest them-
selves as a collimated stream of hadrons, which
are the observable jets. A deviation from the back-
to-back configuration occurs due to parton show-
ers initiated by the initial and final partons in the
scattering process. The corresponding asymptotic
high-energy region, which is described by BFKL-
evolution equation, might be approximated exper-
imentally in pp collisions by requiring jets of sim-
ilar k. but highly separated in rapidity. The azimu-

thal decorrelation of such jets with large rapidity
separation might therefore show effects beyond
the GLAPD description. Main contribution is ex-
pected from the jets with most forward and back-
ward rapidities (Mueller-Navelet jets). In a kine-
matic region, where semi-hard parton interactions
are important, the azimuthal angle decorrelations
will increase with increasing rapidity separation
Ay = |y, -y,| between the jets.

In 2016, CMS experiment presented an addi-
tional indication on asymptotic high-energy beha-
vior of Quantum Chromodynamics (QCD) by mea-
suring dijet azimuthal angle decorrelations with
wide rapidity separation in pp-collisions at energy
7 TeV. The previous indication was observed in dijet
cross section ratios with large rapidity separation
between jets. The measured dijet decorrelations
in Fig. 1 are consistent with BFKL-evolution ma-
nifestation in the next-to-leading logarithm appro-
ximation (NLLA) improved by the prescription sug-
gested in [6] (shown as solid curve). At the same
time, the various Monte Carlo event generators
based on GLAPD evolution cannot describe all
observable features.

To summarize, CMS obtained an indication on
asymptotic BFKL-evolution manifestation in dijet
azimuthal decorrelations with wide rapidity sepa-
ration at LHC energy 7 TeV. Future measurements
at higher energies are needed to established the
new asymptotic behavior of SM.
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Ratio of averaged cosines for single
and double angles in dijet azimuthal
plane as a function of rapidity
separation between jets. The measured
cosine ratio is consistent with BFKL
predictions (solid curve) in NLLA [5]
improved by precription [6], while

the various Monte Carlo event
generators based on GLAPD evolution
cannot describe all observable features
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Measurement of the angular coefficients
in Z-boson events using electron and muon pairs
from data taken at Vs = 8 TeV with the ATLAS detector

ATLAS Collaboration

V.T. Grachey, A. E. Ezhilov, O. L. Fedin, M. P. Levchenko, V .P. Maleev,
Y. G. Naryshkin, V. A. Schegelsky, V.M. Solovyev -
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

The angular distributions of charged lepton pairs
produced in hadron-hadron collisions via the Drell-
Yan neutral current process provide a portal to pre-
cise measurements of the production dynamics
through spin correlation effects between the ini-
tial-state partons and the final-state leptons medi-
ated by a spin-1 intermediate state, predominantly
the Z-boson.

The full five-dimensional differential cross-sec-
tion describing the kinematics of the two Born-level
leptons from the Z-boson decay can be decom-
posed as a sum of nine harmonic polynomials,
which depend on cosb and ¢, multiplied by corre-
sponding helicity cross-sections that depend on
the Z-boson transverse momentum (pTZ), rapidi-
ty (%), and invariant mass (m?. The dimension-
less angular coefficients A, _(p/%, y*, m) represent
ratios of helicity cross-sections with respect to
the unpolarized one.

The measurement of the complete set of angu-
lar coefficients A, were done using 20.3 fb™* of
pp-collisions at \s = 8 TeV collected by the ATLAS
detector. Over most of the phase space, the mea-
surements that are obtained from samples of elec-
tron and muon pairs covering respectively the ran-
ges 0 < |y?| <3.5and 0 < |y*| < 2.5 are limited
only by statistical uncertainties in the data. These
uncertainties are small and range from 0.002
at low p* to 0.008 at p,* = 150 GeV. The experi-

mental systematic uncertainties are much smaller
in almost all cases. The theory systematic uncer-
tainties are minimized through the template-bu-
ilding procedure, so that the PDF uncertainties,
which are the dominant source of theoretical uncer-
tainties, are below 0.004 in all cases.

The measurements are compared to the most
precise fixed-order calculations currently available
(O(ag)) and to theoretical predictions embedded in
Monte Carlo generators. These comparisons are
precise enough to probe QCD corrections beyond
the formal accuracy of these calculations and
to provide discrimination between different par-
ton-shower models.

The results of measurements of angular coef-
ficients show a significant deviation observed for
A,-A, (Lam-Tung relation) from fixed-order predic-
tion (Fig.), indicating that higher-order QCD correc-
tions are required to describe the data. Evidence
at the 3o level is found for non-zero A,  , coeffi-
cients (Fig.), consistent with the expectations from
DYNNLO at O(ocg).

The measurements of the A coefficients, in par-
ticular through the correlation of the angular distri-
butions with the lepton transverse momentum dis-
tributions, are an important ingredient to the next
steps in precision measurements of electroweak
parameters at the LHC, both for the effective weak
mixing angle sin’0,, and for the W-boson mass.
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1. ATLAS Collaboration // JHEP. 2016. V. 8. P. 159.
2. Ezhilov A., Fedin 0. // PoS.DIS2016. P. 121.
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The search for high mass resonances in the ATLAS experiment

ATLAS Collaboration

V.T. Grachev, A.E. Ezhilov, O.L. Fedin, M.P. Levchenko, V.P. Maleev,
Y.G. Naryshkin, V.A. Schegelsky, V.M. Solovyev -
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

In 2015 the Large Hadron Collider (LHC) re-
sumed its work after a two-year technical stop (TS).
The TS was caused by the necessity of mo-
dernization of the accelerator complex and work
on increasing energy of the proton-proton colli-
sions. The energy of the proton-proton collisions
at a center-of-mass is 13 TeV after the TS.

ATLAS experiment continued to search for heavy
(with masses of the order of 1 TeV) resonances,
which are bosons, i. e. particles with integer spins.
A class of models designed to solve the problems
of the Standard Model (SM), such as the existence
of dark matter, the problem of gauge hierarchy,
etc., contains additional gauge bosons, commonly
referred as Z' (for a neutral gauge boson) or W
(for a charged gauge boson). The Hadron Physics
Laboratory of the High Energy Physics Division
of NRC “Kurchatov Institute” - PNPI participated
in this search.

The search was carried out in the W — [v and
Z' — [l channels, where [ is an electron or a muon.
No significant discrepancy between data and SM

predictions was found in 2015 dataset corres-
ponding to an integrated luminosity of 3.2 fb2.
In the absence of the detected signal from the
heavy boson decay, the upper limits on cross-sec-
tions for the production of new bosons times
branching ratio of the lepton decay channel (¢ x B)
are set at 95% CL as functions of their masses.
It was done for a few models. The Sequential Stan-
dard Model (SSM) has been chosen as the bench-
mark model for the search. In this model, the cou-
plings of the W' and Z' to fermions are assumed
to be identical to the couplings of the Z-bosons
and the W-boson of the SM. Results of the search
for Z' bosons are also interpreted in the context
of the GUT-inspired models based on E_ gauge
group, which includes two neutral gauge bo-
sons Z’w and Z’X. The Figure presents the expected
and observed limits for the combination of the
electron and muon channels. Masses below
4.07 and 3.36 TeV for the SSM W' and Z' bosons,
and masses below 2.74 and 3.05 TeV for Z’W and
Z’X bosons respectively are excluded at 95% CL.
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1. ATLAS Collaboration // Phys. Lett. B. 2016. V. 762. P. 334: arXiv:1606.03977.
2. ATLAS Collaboration // Phys. Lett. B. 2016. V. 761. P. 372-392: arXiv:1607.03669.
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Investigation of exotic hadrons at the LHCb experiment

LHCb Collaboration

G.D. Alkhazov, N.F. Bondar, A.A. Dzyuba, O.E. Maey,
N.R. Sagidova, Yu.A. Shcheglov, A.A. Vorobyev -

High Energy Physics Division of NRC “Kurchatov Institute” -

Investigation of exotic hadron states - tetra-
quarks and pentaquarks - is one of research
areas of the LHCb experiment at the Large Hadron
Collider (LHC). The discovery of pentaquarks, par-
ticles which consist of four quarks and one anti-
quark, was one of the main achievements of LHCb
in 2015. Two exotic states manifest themselves
in the decay A° — J/ypK~. In 2016, LHCb
announced an evidence for these states in ano-
ther A° decay channel: A° — J/ypn. The sta-
tistical significance for the evidence is slightly
larger than three standard deviations. The relati-
vely small value of the significance can be ex-
plained by suppression of this decay channel with
the |V | element of the Cabibbo-Kobayashi-
Maskawa matrix.

PNPI

Also, in 2016 new results on the amplitude ana-
lysis of B* — J/woK* decays were announced
by the LHCb collaboration. Four new heavy exotic
states are required to describe the angular and
mass distributions of the products of the B* me-
sons decays. The statistical significance of each
new exotic state is larger than five standard devi-
ations. The contributions of these states into the
J/ye invariant mass spectrum are presented in
the Figure. The corresponding quantum numbers
of the discovered states have been determined
with the statistical significance larger than four
standard deviations.

The invariant mass distribution
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1. LHCb Collaboration // Phys. Rev. Lett. 2016. V. 117. P. 082002.
2. LHCb Collaboration // Phys. Rev. Lett. 2016. V. 117. P. 082003.
3. LHCb Collaboration // Phys. Rev. Lett. 2017. V. 118. P. 022003.

4. LHCb Collaboration // Phys. Rev. D. 2017. V. 95. P. 012002.
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Evidence for the CP-violation in decays of baryons

LHCb Collaboration

G.D. Alkhazov, N.F. Bondar, A.A. Dzyuba, O.E. Maey,
N.R. Sagidova, Yu.A. Shcheglov, A.A. Vorobyev -
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

One of the goals of the LHCb experiment is stu-
dies of the CP invariance violation in various
processes. As it was shown for the first time by
Andrey Sakharov, the CP invariance violation ac-
counts for the baryon asymmetry of the Universe.
In the Standard Model (SM), the effects of the
CP violation are predicted and observed in the de-
cays of the particles which contain s- or b-quarks.
These effects are explained by the complex phase
for some elements of the quark mixing (Cabibbo-
Kobayashi—-Maskawa) matrix. So far, the CP vio-
lation was observed only in decays of the K and
B mesons.

In 2016, the LHCb experiment presented the
data analysis devoted to the decay of the beauty
hyperon /\bO — prnn*n and demonstrated for
the first time an evidence for the CP violation
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in the baryon sector. During the LHC RUN 1, in
which the LHCb experiment has collected an expe-
rimental data set corresponding to the integrated
luminosity of 3 fb?, 6646 *+ 105 candidates
for the /\bO — pn n'n- decay were selected (Fig.).
Two observables (a,* and a_ ), which have
to be consistent with zero in case of the parity (P)-
and CP-conservation, were determined for different
parts of the phase space for the decay of inter-
est. Two variants of the phase space partitioning
have been studied in the presented analysis. For
both types of partitioning there were places in
the phase space with the significant deviation of
a, and a_ " from zero values. The statistical
significance for the first evidence of the CP viola-
tion in the baryon decay consists in 3.3 standard
deviations.

Invariant mass distribution for pr-n*n~ system. Points
demonstrate the data obtained by LHCb. Red solid curve
corresponds to the contribution of A ° decay of interest;
dashed, dotted and dash-dotted lines correspond

to different background sources, blue solid line
corresponds to the full model

LHCb Collaboration // Nat. Phys. 2017: doi:10.1038/nphys4021.
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Anomalous yield of charmonium
in peripheral lead-lead collisions at the Large Hadron Collider

ALICE Collaboration

V.V. Ivanov, A.V. Khanzadeeyv, E. L. Kryshen, M.V. Malaev,
V.N. Nikulin, V.G. Riabov, Yu.G. Riabov, V.M. Samsonov, M.B. Zhalov -
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

Quarkonium (J/wy, w(2s), Y) production in ultra-
relativistic heavy ion collisions is one of the key
probes of a medium created in the interaction
zone. To date, bulk of the inclusive J/y — p*u data
in PbPb collisions has been accumulated in the
rapidity range -4 < y < -2.5 with the muon spec-
trometer of the ALICE detector. The NRC “Kurcha-
tov Institute” PNPI team contributed signifi-
cantly to design of this spectrometer, its success-
ful operation, data assembly and analysis. Pro-
bably the most intriguing result which has been
obtained analyzing the data from muon spectro-
meter is the large excess of J/y with very small
p, < 0.3 GeV/c in the events of PbPb peripheral
collisions with small multiplicity. To characterize
this effect the inclusive J/y nuclear modification
factor R,,, defined by the ratio of the charmonium
yield in nucleus-nucleus collision to that in nucle-
on-nucleon one scaled by the number of binary ine-
lastic NN collisions N_  in nucleus-nucleus interac-
tion geometry, is shown in Fig.

Centrality is expressed in terms of the number
of nucleons Npart participating in the nucleus-
nucleus collision. The measurements have been
made for three intervals of the J/y transverse
momentum: p, < 0.3 GeV/c, 0.3 < p, < 1 GeV/c
and 1 < p_ < 8 GeV/c. For central collisions
(Npart > 200) yield of J/y in AA collisions is sup-
pressed R,, ~ 0.5-0.8 and rather weakly depends
on p,. Together with observation of strong hadro-
nic elliptic flows and jet quenching in such events
this is considered as clear evidence of Quark-
Gluon Plasma formation. Small excess of events

ALICE Collaboration // Phys. Rev. Lett. 2016. V. 116. P. 222301.

with low p. < 1 GeV/c at Npart > 300 is treated as
revealing of regeneration mechanism of J/y for-
mation in kinematics of the Large Hadron Col-
lider (LHC). Looking at the region of peripheral col-
lisions (Npart < 50) one finds large excess of J/y
with small p. < 0.3 GeV/c both comparing to
the yield with larger transverse momenta and to
the yield in NN collisions scaled by correspon-
ding N_,. So far, production of J/y in strong in-
teraction processes failed to explain such signif-
icant effect and the only reasonable suggestion
is possible contribution of the coherent charmo-
nium photoproduction on heavy fragments of inte-

racting nuclei.
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Thermal photon emission in ultrarelativistic gold-gold collisions
in the PHENIX at Relativistic Heavy lon Collider

PHENIX Collaboration

V.V. Baublis, D.A. Ivanischey, A.V. Khanzadeev, B.G. Komkov,
D.O. Kotov, L.M. Kochenda, V.G. Riabov, Yu.G. Riabov, V.M. Samsonov -
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

One of the most impressing results published
by PHENIX Collaboration in 2016 is the measure-
ment of the yield and anisotropic flows of direct
photons in the central gold-gold collisions at the
Relativistic Heavy lon Collider (RHIC). Photons were
detected through their conversion into e*e™ pairs
by the central tracking system of the PHENIX detec-
tor which was designed with significant contribu-
tion of NRC “Kurchatov Institute” - PNPI.

Spectra of direct photons in proton-proton
(black and red points approximated by black dash
line) and gold-gold collisions measured in the wide
range of the photon transverse momenta from O to
15 GeV/c are shown in the Figure (left panel).

The green line demonstrates what spectrum
of direct photons in AuAu interaction can be ex-
pected basing on their yield in pp collisions scaled
by the number of binary inelastic NN collisions
in the corresponding geometry of AuAu interac-
tion. Strong excess of soft photons seen at
p, < 2 GeV/c is well described by exponential

function specific for the thermal radiation from hot
equilibrated medium. The effective temperature
T ~ 240 MeV, extracted from the data fit, is much
higher than critical temperature of hadron-par-
ton phase transition ~ 175 MeV. This observation
suggests fast thermalization of partonic medium
created in the interaction zone of colliding nuclei
and radiation of direct photons at the early stage
of reaction. Fourier analysis of the measured
spectrum of direct photons in gold-gold collisions
revealed significant azimuthal anisotropy. Elliptic
and triangular flows extracted from the data are
shown in the Figure (right panel). Up to now, cal-
culations in different theoretical models (blue,
red and green curves) failed to describe the data.
Progress in theoretical models and new meas-
urements of the direct photon yield in ultrarela-
tivistic heavy ion collisions will result in improving
of our understanding of the space-time evolution
of medium created in the central zone of ion inte-
raction.

Spectrum and collective flows of direct

photons measured by PHENIX in gold-
gold collisions at RHIC
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Decay energy for “astrophysical” nuclide *3Te

SHIPTRAP Collaboration
S.A. Eliseev, P.E. Filianin, Yu.N. Novikov -

High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

An investigation of modes of some astrophysi-
cal processes is based on the abundances of very
long-lived nuclides with half-lives comparable with
the age of the Universe. However, in stellar con-
ditions, the life times of some of these nuclides
can be very different from the earth values. There
are two reasons for that: In hot stellar conditions
besides the ground states also nuclear excited
states in nuclides can be populated. These excited
states can undergo beta-transitions, resulting in
a considerable decrease of the effective lifetime.
The second factor concerns the decay of these
states in highly ionized atoms that influences
the transition probabilities, which are especially
large for small transmission energies. These ener-
gies can be measured precisely and, which is
of importance, reliably only in a Penning trap.

Such a type of experiments was started at
the SHIPTRAP-facility at GSI (Darmstadt) some
time ago and one result for ¥’Re has already been
published recently. In 2016 we published the result
of the decay energy measurement for the beta-de-
cay of 12Te. This nuclide can be synthesized only
during the s-process, therefore the knowledge of

its “stellar” features is of paramount importance for
a description of this process itself.

The first excited state of 2%Te with the
159 keV excitation energy is populated at a ty-
pical process temperature of 4 - 10® K with a pro-
bability of 2% with respect to the ground state
(Fig. 1). Meanwhile, due to the opening of
an allowed electron capture transition channel
the effective half-life becomes superior over the
ground state transition for many orders of magni-
tude (see Fig. 2).

The determination of the decay energy Q of
123Te has been done via a measurement of the
mass difference with the daughter nuclide ?3Sbh.
The measurements of the resonance frequen-
cies, which are in a direct connection to the
masses, have been implemented with utilization
of a new phase imaging method. The result bet-
ween the neutral ground state transition
Q = 51.912(67) keV was used to obtain the pic-
ture of the temperature dependence of the effec-
tive half-life of *23Te which showed dramatic, up to
14 orders of magnitude, enhancement in compari-
son to the earth conditions.
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Fig. 2. The scheme of the decay for the isobaric nuclides with the mass number A = 123 in “stellar” conditions
when excited states with the energy 159 keV undergo beta-transitions with a probability that is 10 orders
of magnitude greater than the ground state transition (in earth conditions)
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1. Filianin P. ..., Eliseev S., Novikov Yu. et al. // Phys. Lett. B. 2016. V. 758. P. 407-411.
2. Takahashi K. ..., Novikov Yu.N. // Astroph. J. 2016. V. 819. P. 118.
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Laser resonance ionization scheme development

for tellurium and germanium

D.V. Fedorov

High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

Beams of ionized 'Te and 8Te are required
for the Coulomb excitation experiment investigat-
ing change of shell-structure in the region near
Z = 50. Earlier, tellurium beams at ISOLDE (CERN)
have been produced using arc discharge ion
sources, which do not offer the element selec-
tive capabilities. A laser ion source could provide
the isobar-clean ion beam of tellurium. Search for
an efficient scheme of laser ionization of Te has
been carried out in 2016 (Fig. 1).

Laser ionized germanium beams are required
for the study of the B*/EC decay of %*Ge and ®¢Ge
by total absorption spectroscopy. This is of impor-
tance for investigation of the rp-process develop-
ment, responsible for nucleosynthesis in the as-

Fig. 1. The optimal
tellurium RILIS
scheme using
autoionizing
resonance
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trophysical events. The experiments on the effi-
cient laser resonance ionization scheme for ger-
manium atoms have been carried out at RILIS faci-
lity. In Fig. 2 the most efficient of the tested ger-
manium ionization schemes is presented.

An efficiency measurement has been perform-
ed for this scheme using a calibrated mass marker
of germanium. During the sample evaporation,
the laser ion signal was measured on a Faraday
cup located after the mass-separator magnet.
A ratio of the ion current integrated over the meas-
urement time to the amount of atoms in mass
marker gives the ionization efficiency value of 2%.

The work was performed in collaboration with
colleagues from Switzerland, the UK and Germany.
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Day Goodacre T., Fedorov D., Fedosseev V.N. et al. // Nucl. Instr. Meth. Phys. Res. A. 2016. V. 830. P. 510.
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Investigation of the shape coe

xisting phenomena

in the light thallium isotopes by laser spectroscopy

A.E. Barzakh, D.V. Fedorov, P.L. Molkanov, M.D. Seliverstov
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

Hyperfine structure (hfs) parameters and isotope
shifts have been measured for the neutron-defi-
cient thallium isotopes (A = 179-184) using the
276.9 nm atomic transition. The measurements
were performed at ISOLDE (CERN) using the in-
source resonance-ionization spectroscopy tech-
nique and Windmill setup for photoion current
monitoring. From the analysis of the hfs, spins for
179, 181, 183T|¢ were determined to be | = 1/2. Mag-
netic moments and changes in the nuclear mean-
square charge radii have been deduced. A detail-
ed analysis of the hyperfine structure patterns
produced by different o and y lines following
the decay of 2Tl confirms the existence of
a low-spin isomer in *¥Tl. Magnetic moments
of 179 18L18Tl¢ (] = 1/2) and ¥#TI" [| = (9/2)] fol-
low the respective parabolic and linear trends
for the heavier Tl nuclei with the same spins
(Fig. 1). The application of the additivity relation

for magnetic moments of the odd-odd Tl nuclei
enables us to confirm leading configuration as-
signments and spins: [3s,, x vlhg ], for 1807]
and **2TI™; [n3s , x v1i, ], for ¥¥2TI"2 and **4T1m%
[n1hy, x vii,,l, for 1B4T|m3, The charge radii
of the 17°-184T| ground states follow the trend pre-
viously observed for isotonic (spherical) lead nuclei
(Fig. 2). A significant difference in charge radii
for ground and isomeric (intruder, 9/27, and 107)
states of 83 184T| is observed (Fig. 2, 3). The greater
charge radii for the isomers suggest a larger defor-
mation of these isomers compared to the ground
states. The unexpected increase in the isomer shift
for 83T| (Fig. 3) points to a possible prolate-oblate
mixture.

The o decay of 82 ¥4T| was studied at the
ISOLDE facility. The o decay of the three long-
lived states in 84T, (10-), (7*) and (2°), has been dis-
entangled and for the first time, a-decay branches
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for the (107) and (7*) states were identified. New ferent underlying structure of the mother and
a-decay lines were identified also for 82Tl. Only daughter isotopes.

the ¥4TI (10°) state is a decaying unhindered to The work was done in collaboration with scien-
a state in 8°Au, all other a-decay channels ob- tists from Japan, the UK, Belgium, Switzerland, Ger-
served in this study are hindered, indicating a dif- many, France and Slovakia.

1. Beveren C. van ..., Barzakh A.E. ..., Fedorov D.V. et al. // J. Phys. G: Nucl. Part. Phys. 2016. V. 43. P. 025102.
2. Barzakh A.E. ..., Fedorov D.V. ..., Molkanov P.L. ..., Seliverstov M.D. et al. // Phys. Rev. C. 2017. V. 95. P. 014324.
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Beta-delayed fission and alpha decay of 1°¢At

A.E. Barzakh, D.V. Fedorov, M.D. Seliverstov

High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

We investigated the o-decay fine-structure and
B-delayed fission (BDF) of the neutron-deficient
isotope %At produced by using the laser ioniza-
tion and mass-separation techniques at ISOLDE
(CERN). By exploiting the purity of the 1°6At sample
due to the high selectivity of the laser system and
a sensitive detection system, which also included
HPGe detectors, new and significantly improved
data were collected. In particular, several new
excited states in the daughter 1°2Bi were identified
and multipolarities of y rays from their decay were
deduced (Fig. 1), which could be helpful for further
in-beam studies of this isotope.

The systematics of the BDF in the astatine chain
was extended to %At and includes now three
BDF isotopes 192194 19€At A mixture of symmetric
and asymmetric fission-fragment mass distribu-
tions (multimodal fission) of the daughter isotope
196Pg (populated by B decay of '°°At) was deduced
based on the measured fission-fragment ener-
gies (Fig. 2). This work extends the previous stu-
dies of the multimodal fission phenomenon

in the transactinides to the very neutron-defi-
cient nuclei in the lead region. A BDF probability
PBDF(i%At) = 9(1)- 10°° was determined.

The work was done in collaboration with scien-
tists from Japan, the UK, Belgium, Slovakia, Swit-
zerland, France and Germany.
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Fig. 1. Decay scheme of *°At deduced in this work
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Truesdale V.E. ..., Barzakh A.E. ..., Fedorov D.V. ..., Seliverstov M.D. et al. // Phys. Rev. C. 2016. V. 94. P. 034308.
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Search for narrow resonances in mtp elastic scattering

from the EPECUR experiment

A.B. Gridney, Ye.A. Filimonov, N.G. Kozlenko, V.S. Kozlov, A.G. Krivshich,
V.A. Kuznetsov, D.V. Novinsky, V.V. Sumachey, V.. Tarakanov, V.Yu. Trautman
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

The analysis of high-precision np elastic cross
section data from the EPECUR Collaboration based
on the multichannel K-matrix approach is pre-
sented. In total, about 10000 new data points
have been included in analysis. The sharp struc-
tures seen in these data are studied in terms of
both opening thresholds and new resonance contri-
butions. The results are shown in Figure. Some pro-
minent features are found to be due to the open-
ing KX channel. However, a complete description
of the data is improved with the addition of two

narrow resonant structures at W = 1.686 and
W =~ 1.720 GeV. These structures are interpreted
as manifestations of S11 and P11 resonances.
Both resonances have the small widths and the
small couplings to the elastic =N channel. This
is in agreement with the predicted properties
of the non-strange pentaquark state. We consider
the P11(1724) resonance which has the nucleon
quantum numbers to be the best candidate
for the non-strange member of an exotic antide-
cuplet.

Differential ntp elastic

1.686

TT T [ T T T [T T T [T T T[T T T [ TTT]

scattering. Red solid
line gives the present
calculation with added
resonances

D036

EPECUR Collaboration and GW INS Analysis Center // Phys. Rev. C. 2015. V. 91. P. 025205.
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The structure effects in polarization
and cross section in inelastic A(p, p’)X reaction

with the *?C and #°Ca nuclei at

1 GeV

G.M. Amalsky, V.A. Andreev, G.E. Gavrilov, A.A. Izotov, A.Yu. Kisseley,
N.G. Kozlenko, P.V. Kravchenko, M.P. Levchenko, O.V. Miklukho,

D.V. Novinskiy, A.N. Prokofiev, A.V. Shvedchikov, S.I. Trush, A.A. Zhdanov
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

The structure effects in the polarization and
cross section of the inclusive A(p, p’)X reaction
with nuclei (Figure - scattering off the *2C nucleus)
were for the first time observed [1]. The dotted
line segments correspond the momentum inter-
vals I, lll, and IV where the polarization doesn’t
depend practically on the secondary proton
momentum (K). An averaged value of the polari-
zation increases from the interval Il to interval IV.
The onset of each momentum interval is close
to momentum (marked in Fig. by arrow) which
corresponds to a slowing down of the cross sec-
tion drop. The observed behaviour of polarization
and cross section in the momentum ranges I, 1,
and IV can be related to proton quasi-elastic scat-
tering off nucleon associations (correlations)
which consist of two, three, and four nucleons, re-

spectively. A contribution from the scattering off
the uncorrelated nuclear nucleons is strongly
suppressed in the intervals lll and IV, since these
nucleons have a momentum upwards of the Fermi
momentum (K. ~ 250 MeV/c). K,, K., and K, cor-
respond to the final proton momenta in quasi-elas-
tic scattering off the 2H, 3He (®H), and “He - like
immovable nucleon clusters. In these calculations
the masses of real light nuclei were used as the
nucleon correlation masses. The residual nuclei (X)
in the reactions were assumed to be in a ground
state. A width of the momentum intervals menti-
oned above is determinated by a motion of the cor-
relations. Note that a high momentum range, just
following the momentum interval 1V, possibly corre-
sponds to quasi-elastic scattering off the residual
nuclei X of the reactions considered above.
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Miklukho O.V., Kisselev A.Yu., Amalsky G.M., Andreev V.A., Gavrilov G.E., Izotov A.A., Kozlenko N.G.,
Kravchenko P.V., Levchenko M.P., Novinskiy D.V., Prokofiev A.N., Shvedchikov A.V., Trush S.I., Zhdanov A.A. //

Yad. Fiz. 2017. V. 80. No. 2. P. 175-182.
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Investigation of fragmentation (Z = 2)
of relativistic nuclei **0 and 2°¢Pb

E.A. Kotikov

Knowledge Transfer Division of NRC “Kurchatov Institute” — PNPI

For investigation of fragmentation (Z = 2) of
relativistic nuclei the angular distributions of do-
uble charged fragments of a nucleus 160 with
the momentum 4.5A GeV/c and 2°Pb with the
momentum 160A GeV/c are used during their in-
teraction with photoemulsion nuclei. The primary
measurements of oxygen and lead were made
in High Energy Physics Division. In this work the
events with two and more double charged frag-
ments of a primary nucleus are reviewed sepa-
rately.

The results of the approximation of experimen-
tal distribution of paired angles in events with
two, three, and four double charged fragments
of a nucleus 160 by normal probability distribu-
tion using the software program Origin Pro 7.0 is
shown in the Table.

According to the statistical model c((p,.j) equals
14.45 mrad, which does not correspond to the
obtained experimental results. Therefore, not in
a single group of the investigated events the sta-
tistical model of nuclei fragmentation describes
the momentum distribution of double charged
fragments in a fragmentation of a 160 nucleus.

In the search for events (with 2-4 o particles) the
“pure” events of a type 0 — o + 1°C, 0 — Li + B
and %0 — p + N were also observed. The excited
states of Li, B, *2C and N can contribute to the do-
uble charged fragments under consideration.

The visual observation of the 160 nuclei frag-
mentation with four double charges fragments
suggests that 160 nucleus itself can represent one
of: (p + N), (Li + B), (Be + Be) n (He + C) virtual

cluster structures in a dynamic state. The observed
ensembles of the 160 nucleus clusters emerge
as a result of the electromagnetic effect of a tar-
get nucleus (virtual y quantum) and the nuclear
interaction inside 160.

The obtained values G((p,.j) in all groups of events
differ significantly (with respect to the measure-
ment value) from those (520 prad) expected
from the statistical model. Therefore, not in a sin-
gle group of the investigated events the statisti-
cal model of nuclei fragmentation describes the
momentum distribution of double charged frag-
ments in a fragmentation of a 2°Pb nucleus.

This work has yielded the result that is an alter-
native to a common belief that fragmentation of
relativistic nuclei in a wide range of masses and
energy conforms to the statistical model. The work
also suggests that entire and minute investiga-
tion of fragmentation of relativistic nuclei can
impart information about their structure frame.
This being said, the investigation has to begin
from lightest nuclei moving to heavier ones step
by step.

Table. Parameters of approximating functions

o(¢,) = 9.3+ 0.5 mrad ¥x2=0.95 (2a)
o(e,) = 9.5 + 0.5 mrad x2=0.94 (3a)
o(p,) =6.1+ 0.5 mrad x?>=0.86 (4a)

Kotikov E.A. // Proc. of Int. Conf. on Astrophys. and Part. Phys. 2016. P. 63.
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Search for low-energy neutrino and antineutrino signals
of Borexino correlated with gamma-ray bursts

BOREXINO Collaboration

A.V. Derbin, I.S. Drachnev, V.N. Muratova, D.A. Semenov, E.V. Unzhakov -
Neutron Research Division of NRC “Kurchatov Institute” — PNPI

Gamma-ray burst (GRB) is a large-scale explo-
sive energy emission of the cosmic nature ob-
served in distant galaxies in the hard part of the
electromagnetic spectrum. The duration of a typi-
cal GRB is a few seconds. The Borexino Collabo-
ration analyzed correlations of Borexino detector
data collected in the period from December 2007
to November 2015 with 2350 GRBs. Employees
of NRC “Kurchatov Institute” - PNPI proposed to
search for correlations not only with the events
of inverse beta decay for electron antineutrinos,

but also with the events of neutrino-electron scat-
tering for all neutrino flavors. No statistically signi-
ficant correlations have been found. The most
stringent upper limits on the fluence in neutrinos
and antineutrinos associated with a GRB have
been obtained for energies below 7-8 MeV (Fig.).
The results were obtained with active participa-
tion of Russian researchers from NRC “Kurchatov
Institute” - PNPI, NRC “Kurchatov Institute”, JINR
and INP MSU. The work is supported by RFBR
grants No. 15-02-02117 and No. 16-29-13014.
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On the left: fluence upper limits for electron antineutrinos from GRBs versus antineutrino energy. Borexino results are shown
in comparison with results from Super-Kamiokande, SNO, and KamLAND.

On the right: Borexino 90% C.L. fluence upper limits obtained through neutrino-electron elastic scattering for v, v, A

o

and Vw. The limits obtained for ve by SNO and Super-Kamiokande are also shown

Borexino Collaboration // Astropart. Phys. 2017. V. 86. P. 11-17.
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The first results of dark matter search
with low-radioactivity argon in DarkSide-50 detector

DarkSide Collaboration

A.V. Derbin, V.N. Muratova, D.A. Semenov, E.V. Unzhakov -
Neutron Research Division of NRC “Kurchatov Institute” — PNPI

The DarkSide-50 experiment searches for dark
matter in the form of weakly interacting massive
particles (WIMPs), whose collisions with argon
nuclei would produce nuclear recoils with recoil
energy of tens of keV. These argon nuclei can be
registered by the detector (Fig. 1). NRC “Kurcha-
tov Institute” - PNPI participates in the DarkSide
Collaboration since its inception in 2010. Dark-
Side-50 is a two-phase liquid-argon TPC with
46 kg mass. In 2016, an underground argon with
the content of radioactive %°Ar isotope contamina-
tion 1400 times less than the atmospheric argon

was used in the detector for the very first time
ever. As a result of new measurement that lasted
for 71 days, the most stringent limits on the spin-
independent cross sections and masses of mas-
sive weakly interacting particles have been
obtained for argon-based detectors (Fig. 2).

The results were obtained with active participa-
tion of Russian researchers from NRC “Kurchatov
Institute” - PNPI, NRC “Kurchatov Institute”, JINR
and INP MSU. The work is supported by RFBR
grants No. 15-02-02117 and No. 16-29-13014.

Fig. 1. DarkSide-50 scheme. The central detector is inside

a steel sphere filled with the scintillator with the addition

of boron to absorb neutrons. The entire structure is placed
inside a water tank for suppression of external gamma activity

1. DarkSide Collaboration // Phys. Lett. B. 2015. V. 743. P. 456.
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Fig. 2. Spin-independent WIMP-nucleon cross section

90% C.L. exclusion plots for the DarkSide-50 (red lines).
There are also results from LUX and XENON100 that obtained
more stringent limits with liquid Xe-detectors

2. DarkSide Collaboration // Phys. Rev. D. 2016 V. 93. P. 081101.
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Recovery method of gas discharge detectors
at appearance of the malter effect

G.E. Gavrilov, O.E. Maev, D.A. Maisuzenko, S.A. Nasybulin
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

The problem of aging of the gas discharge par-
ticle detectors still remains relevant to modern
physical facilities, including experiments at the
Large Hadrons Collider (LHC). This work is devoted
to the development of an anti-Malter effect (ME)
method, which is one of the most common types
of cathode aging, leading to the emergence of
zones of the spontaneous self-sustaining current
in the detector.

Today when working on the LHC beam a signi-
ficant number of multiwire proportional chambers
(MWPC) of the LHCb muon detector demonstrate
recurrent appearance of Malter currents. This
leads to the distortion of the output data, to the ac-
cumulation of the huge local doses in the detector
and to the alarm resets of high-voltage power sup-
ply sources.

Usually the emergence of the ME is associated
with the zone growing on the cathode surface,
which consists of high resistive silicon-compound
film that is charged by positive ions and stimu-
lates the secondary electron emission in the
MWPC. To suppress the ME, the working gas mix-
ture is added to water vapor, or various alcohols,
which stop the polymerization and remove the
charge from the film. However, these additives
do not eliminate but only quench Malter currents,
and during the work a permanent use of the mod-
ified gas mixture is needed. As a result, there is
a risk of chemical interaction of the additives
with MWPC structural materials. Therefore, given
methods of ME extinguishing cannot be applied
to all proportional chambers.

Then in the LHCb experiment the proportional
chambers are recovered from ME with long-term
training at high Malter current in the working gas
mixture of 55% Ar + 40% CO, + 5% CF,. The reco-
very procedure of the Malter current zone can
vary from one to several weeks. To accelerate
and improve the efficiency of the recovery a new
the method based on training in the working mix-
ture supplemented with 2% oxygen has been devel-
oped. The method was tested at four MWPCs dis-
mounted from the LHCb muon detector due to the
high Malter currents. ME suppression procedure
consisted in localization of the self-sustaining cur-
rent ignition zones by scanning of the chamber with
B-source °°Sr and then in training of these zones
at high Malter current under °°Sr electron irradia-
tion. As a result, the removal of the ME took just
4-6 hours.

Figure 1 shows the Malter currents during
the training procedure by the working gas mix-
ture (——) and by the new mixture with addition
of 2% oxygen (—-). The growth of the ME ignition
voltage during MWPC workout without adding
oxygen and with 2% oxygen in the gas mixture is
demonstrated in Fig. 2.

The results of the LHCb chambers recovery
have the long-term character: all MWPC recov-
ered by the new method are successfully working
on the LHC beam. It is evident that the use
of the MWPC recovery method presented above
can be widely applied to the detectors in other
experiments.
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Fig. 1. Malter currents
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Gavrilov G.E., Maisuzenko D.A., Fetisov A.L., Shvetsova N.Yu. Non-Invasive Recovery Method of Gas Discharge Detectors
After Degradation in Intense Radiation Fields // Phys. Part. Nucl. 2017. In print.
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Partially assembled nucleosome structures
at atomic detail: molecular dynamics model
and experimental data interpretation

A.V. llatovskiy, V.V. Isaev-lvanov, A.Yu. Konev, D.V. Lebedev, G.N. Rychkov, A.V. Shvetsov -
Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” — PNPI

A.V. llatovskiy — Skaggs School of Pharmacy and Pharmaceutical Sciences

I.B. Nazarov - Institute of Cytology RAS

A.V. Onufriev - Virginia Polytechnic Institute and State University

For the first time, we built full-atom models of par-
tially assembled nucleosome structures (PANS)
(Figure 1: the disome (a), the tetrasome (b) and
the hexasome (c)), that are believed to be impor-
tant for key biological processes related to process-
ing and maintenance of genetic information carried

by the DNA. Structural characteristics of PANS
were compared with the core nucleosome parti-
cle - the octasome (d). Potential DNA accessibility
for nuclear factors in PANS were revealed (Figure 1,
top left). We have also illustrated utility of the atom-
istic models of subnucleosomal states for in vitro
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Fig. 1. Nucleosome particles: the disome (a), the tetrasome (b), the hexasome (c) and the octasome (d).
Full-atom models of PANS and computational data on protected DNA lengths
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studies, including interpretation of AFM (Figure 1,
bottom), FRET, and SAXS experiments. Further, we
suggested an alternative interpretation of a recent
genome-wide study of DNA protection in active
chromatin of fruit fly, leading to a conclusion that
the three PANS are present in actively transcrib-

ing regions in a substantial amount. The pres-
ence of PANS may not only be a consequence, but
also a prerequisite for fast transcription in vivo.
The results of the study were published in the spe-
cial issue of Biophysical Journal devoted to chro-
matin biophysics.
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Fig. 2. Representative images of PANS observed in AFM experiment:
the disome (a), the tetrasome (b), the hexasome (c) and the octasome (d)

Fig. 3. The graphical review of the work published at the cover
of Biophysical Journal (2017, No. 112(3)) - the nucleosome
particles are arranged to form the abbreviation “PANS”

Rychkov G.N., llatovskiy A.V. ..., Shvetsov A.V., Lebedev D.V., Konev A.Y., Isaev-Ilvanov V.V. et al. // Biophys. J. 2017. V. 112.

Iss. 3. P. 460-472.



96 Molecular and Radiation Biophysics

Characterization of a new a-L-fucosidase isolated from Fusarium
proliferatum LE1 that is regioselective to a-(1 — 4)-L-fucosidic
linkage in the hydrolysis of a-L-fucobiosides

K.S. Bobrov, E.V. Eneyskaya, D.R. Ivanen, A.A. Kulminskaya,

S.N. Naryzhny, K.A. Shabalin, S.V. Shvetsova -

Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” — PNPI

A.A. Kulminskaya, K.A. Shabalin, S.V. Shvetsova -

Peter the Great St. Petersburg Polytechnic University

V.B. Krylov, N.E. Nifantiev, N.E. Ustyuzhanina — N.D. Zelinsky Institute of Organic Chemistry RAS
S.N. Naryzhny, V.G. Zgoda - V.N. Orekhovich Research Institute of Biomedical Chemistry of RAMS

Here, we report the biochemical characteriza-
tion of a novel a-L-fucosidase with broad substrate
specificity (FpFucA) isolated from the mycelial
fungus Fusarium proliferatum LE1. Highly puri-
fied a-L-fucosidase was obtained from several
chromatographic steps after growth in the pre-
sence of L-fucose. The purified o-L-fucosidase
appeared to be a monomeric protein with an iso-
electric point of pl = 5.21 + 0.05 and molecular
mass of 67 + 1 kDa. The enzyme is sufficiently
stable in a wide pH range of 4.5-6.0 demonstrat-
ing the optimum pH at 5.5. The optimal value
of the temperature in the hydrolysis of a synthetic
substrate pNPFuc is equal to 45 °C, but after in-
cubating the enzyme for 20 minutes at this tem-
perature, the activity was reduced by half. En-
zyme is able to hydrolyze the synthetic substrate
p-nitrophenyl o-L-fucopyranoside (pNPFuc), with
K,= 11+ 01 mMand k_ = 398 + 1.8 s™
L-fucose, 1-deoxyfuconojirimycin and tris(hydrox-
ymethyl)aminomethane inhibited pNPFuc hydro-
lysis, with inhibition constants of 0.2 £ 0.05 mM,
7.1 £ 0.05 nM, and 12.2 + 0.1 mM, respectively.
The analysis of the divalent metal ions influence
on the enzyme activity shows a significant inhibi-
tory effect of Hg?*, which may indicate the presence
of sulfhydryl groups in the catalytic site respon-

sible for enzyme activity. We assumed that the
enzyme belongs to subfamily A of the GH29 fam-
ily (CAZy database) based on its ability to hydrolyze
practically all fucose containing oligosaccharides
used in the study and the phylogenetic analysis.
Among pNP-o/B-glucosides enzyme FpFucA was
specific only for pNPFuc. A set of fucose-containing
substrates including specifically synthesized difu-
cosides with “pure” L-fucosidic linkage as well as
natural fucooligosaccharides (Le, Le?, L-Fuc-a-OPr,
L-Fuc-a-(1 — 4)-D-GIcNAc-PAA and 6-O-a-L-Fuc-
N,N'-diacetyl-chitobiose) was used to determine
the substrate specificity. We found that this en-
zyme was a unique a-L-fucosidase that preferen-
tially hydrolyzes the a-(1 — 4)-L-fucosidic linkage
present in a-L-fucobiosides with different types
of linkages. As a retaining glycosidase, FpFucA
is capable of catalyzing the transglycosylation
reaction with alcohols (methanol, ethanol, and
1-propanol) and pNP-containing monosaccharides
as acceptors. These features make the enzyme
an important tool that can be used in the various
modifications of valuable fucose-containing com-
pounds.

Part of the research was supported by the Rus-
sian Science Foundation (RSF) grant No. 16-14-
001009.

1. Shvetsova S.V., Zhurishkina E.V., Bobrov K.S., Ronzhina N.L., Lapina I.M., Ivanen D.R. ..., Kulminskaya A.A. //

J. Basic Microbiol. 2015. V. 55. No. 4. P. 471-479.

2. Shvetsova S.V., Shabalin K.A., Bobrov K.S., Ivanen D.R. ..., Krylov V.B. ..., Naryzhny S.N. ..., Eneyskaya E.V.,
Kulminskaya A.A. // Biochimie. 2017. V. 132. P. 54-65: doi: 10.1016/j.biochi.2016.10.014.
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DNA metabolism in balance:

rapid loss of a RecA-based hyperrec phenotype

\V.A. Lanzov|, D.M. Baitin, I.V. Bakhlanova, A.V. Dudkina -
Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” — PNPI
M.M. Cox, E.A. Wood - University of Wisconsin-Madison

The RecA recombinase of Escherichia coli has
not evolved to optimally promote DNA pairing and
strand exchange, the key processes of recombina-
tional DNA repair. Instead, the recombinase func-
tion of RecA protein represents an evolutionary
compromise between necessary levels of recombi-
national DNA repair and the potentially deleterious
consequences of RecA functionality. A RecA vari-
ant, RecA D112R, promotes conjugational recom-
bination at substantially enhanced levels. We de-
monstrated that the frequency of recombination
exchanges (FRE) is increased over fiftyfold when
RecA D112R replaces the wild type RecA protein
in E. coli. Cells expressing RecA D112R thus exhi-
bit a hyperrec phenotype. However, expression
of the D112R RecA protein in E. coli results in a re-
duction in cell growth rates. This report documents
the consequences of the substantial selective
pressure associated with the RecA-mediated hyper-
rec phenotype. With continuous growth, the de-
leterious effects of RecA D112R, along with the
observed enhancements in conjugational recom-
bination, are lost over the course of 70 cell ge-
nerations (Fig.). The suppression reflects a decline
in RecA D112R expression, associated primarily
with a deletion in the gene promoter or chromo-
somal mutations that decrease plasmid copy num-
ber. The deleterious effects of RecA D112R on cell
growth can also be negated by over-expression
of the RecX protein. The effects of the RecX proteins

in vivo parallel the effects of the same proteins
on RecA D112R filaments in vitro. The only known
function of RecX protein is the removal of RecA
protein from the DNA. The capacity of RecX to eli-
minate the growth deficiency in cells expressing
RecA D112R implies that this RecA variant sim-
ply binds to chromosomal DNA too persistently.
The results indicate that the toxicity of RecA
D112R is due to its persistent binding to duplex
genomic DNA, creating barriers for other processes
in DNA metabolism. A substantial selective pres-
sure is generated to suppress the resulting barrier
to growth.

AFRE

80

Number of generations

Loss of hyperrec phenotype in cells expressing RecA D112R
upon continuous culture

Bakhlanova I.V., Dudkina A.V. ..., Lanzov V.A. ..., Baitin D.M. // PLoS One. 2016. V. 11. No. 4.

P. e0154137: doi: 10.1371/journal.pone.0154137.
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The structural disorder of oligomers of intrinsically disordered
brain proteins BASP1 and GAP-43

0.S. Forsova, V.V. Zakharov

Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” — PNPI

BASP1 and GAP-43 are presynaptic membrane
proteins participating in axon guidance, neuroregen-
eration and synaptic plasticity. They are presumed
to sequester phosphatidylinositol-4,5-diphosphate
(PIP,) in lipid rafts. Previously we have shown that
the proteins form heterogeneously-sized oligomers
in the presence of anionic phospholipids or sodium
dodecyl sulfate (SDS) at submicellar concentration.
BASP1 and GAP-43 are intrinsically disordered
proteins (IDPs). In light of this, we investigated the
structure of their oligomers. Using partial cross-link-
ing of the oligomers with glutaraldehyde, the aggre-
gation numbers of BASP1 and GAP-43 were esti-
mated as 10-14 and 6-7 monomer subunits res-
pectively. The cross-linking pattern indicated that
the subunits are circularly arranged. The circu-
lar dichroism (CD) spectra of the monomers were
characteristic of coil-like IDPs showing unordered
structure with a high population of polyproline-ll

conformation. The oligomerization was accompa-
nied by a minor CD spectral change attributable
to formation of a small amount of a-helix. The num-
ber of residues in a-helical conformation was esti-
mated as 13 in BASP1 and 18 in GAP-43. However,
the overall structure of the oligomers remained dis-
ordered. It was confirmed by measuring the hydro-
dynamic dimensions of the oligomers using size-
exclusion chromatography and polyacrylamide
gradient gel electrophoresis, and by assaying their
sensitivity to proteolytic digestion. Based on the
obtained results we have suggested the model
of “the electrostatic core”, describing the structure
of BASP1 and GAP-43 oligomers (Fig.). According to
the model, the short basic effector domains, which
are presumably tethered together via molecules
of PIP2 or SDS, form the a-helical core of the com-
plex, while the bulk of the protein molecules pre-
serve the disordered structure.

1 Effector domain
® PIP,or SDS

i Disordered structure

The model of “the electrostatic
core”, describing the structure
of BASP1 and GAP-43
oligomers

Forsova O.S., Zakharov V.V. // FEBS J. 2016. V. 283. No. 8. P. 1550-15609.
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Detection of experimental myocardium infarction
in rats by MRI using heat shock protein 70 conjugated
superparamagnetic iron oxide nanoparticle

V.A. Ryzhov - Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” - PNPI
G. Multhoff, M. A. Shevtsov - Technische Universitat Mlinchen

Ya.Yu. Marchenko, B.P. Nikolaev, L.Yu. Yakovleva -

Research Institute of Highly Pure Biopreparations

A.V. Dobrodumov - Institute of Macromolecular Compounds of RAS

I.V. Guzova, B.A. Margulis - Institute of Cytology of RAS

E. Pitkin — University of Pennsylvania

A.L. Mikhrina - Sechenov Institute of Evolutionary Physiology and Biochemistry of RAS

It is known that magnetic nanoparticles (MNP)
based on iron oxides (SPIONs) may be used as
a promising T -negative contrast agent for diagnos-
tics of myocardial infarction by magnetic resonance
imaging (MRI). Furthermore, it is a well-estab-
lished fact that CD40, which is a specific recep-
tor for stress-inducible 72 kDa heat shock protein
Hsp70, is well expressed on cardiac myocytes.
So, the functionalization of the SPION surface with
Hsp70 as biological ligand can increase the speci-
ficity of infarction targeting, providing its MRI diag-
nostics in detail. The assessment of this assump-
tion, together with the study of Hsp70-SPION
conjugate biodistribution were the main goals
of this work.

Measurements of the second harmonic of non-
linear response to a weak ac magnetic field
(NLR-M,) in dc field H parallel to it, indicated
a 30-fold increase in Hsp70-SPION uptake in in-
farction zones of rats as compared to SPIONs
(Fig. b). This provided the essential increase of their
contrast in MRI (Fig. a). Biodistribution analysis
using NLR-M, data showed that retention of the
magnetic conjugates in the infarction zones is
5 times larger than in liver and at least 10 times
higher than in other organs and tissues. This
shows the possibility of targeted drug delivery to
the infarction zone by Hsp70-SPION conjugate. The
necessary drug may be placed, for example, into
dextran shell of SPIONSs.
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T,-weighted and FLASH (gradient echo) MR scans of heart for rats treated by Hsp70-SPION (a).
The infarction regions with accumulated MNPs are seen as hypotensive zones on MR images
(indicated by red arrows). Panels b (left, right) present the biodistribution of MNPs in heart tissue
of control rats and animals treated with SPIONs and Hp70-SPION particles from NLR-M2 data

Shevtsov M.A. ..., Ryzhov V.A. et al. // Nanomed.: Nanotech. Biol. Med. 2016. V. 12. P. 611-621.
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Microbiology of the subglacial Antarctic Lake Vostok:

borehole-frozen lake water

S.A. Bulat, M.V. Doronin, D.S. Karlov, M.O. Khilchenko -
Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” - PNPI
D. Marie - Station biologique de Roscoff, National Centre for Scientific Research (CNRS) (France)

The objective was to discover whether microbes
(and in which forms) thrive in the subglacial An-
tarctic Lake Vostok, buried beneath a 4-kilometer
polar glacial sheet. The molecular-microbiologi-
cal analysis of the only available samples of lake
water, which came up into the borehole following
two lake drilling sessions and got frozen after-
wards, has given the first results (1). The earlier
obtained data on the microbial content of the na-
tural lake water ice (dubbed accretion ice) were
used for the comparison. Amongst the findings
of that time, an unknown unidentified (92% si-
milarity with closest taxa in Genbank) bacterium
AF532061 was discovered. The present-day DNA
analysis (sequencing of 16S rRNA genes followed
by phylogenetic inferences) of borehole-frozen
water samples, which were all contaminated with
the microbiologically dirty kerosene-based drill
fluid in a various ratio, has resulted in revealing

Bulat S.A. // Phil. Trans. R. Soc. A. 2016. V. 374. P. 20140292.

yet another unknown (unidentified and unclas-
sified) (< 86% similarity with closest taxa) bacte-
rium w123-10. It has successfully passed all pos-
sible control tests for contamination and showed
a rather far relatedness with the above-men-
tioned unidentified bacterium AF532061 origi-
nated from the accretion lake ice. Thus, these two
bacteria both representing populations may re-
present unknown microbial communities thriv-
ing in the lake water body under the ice ceiling
in the uppermost water horizons. Such a sugges-
tion requires to be confirmed by collecting unfro-
zen lake water samples as clean as possible.
The given discovery proved to be possible due
to the use of certified clean room facilities and
the on-site constructed Contaminant Library that
at present embraces 300 bacterial contaminant
phylotypes. The Library is used to test all the find-
ings.

The “drill-bit’ frozen water sampling in a field. The drill fluid
outflow is obvious
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Proteomic profiling of high-grade glioblastoma

using virtual-experimental 2DE

N.V. Belyakova, M. V. Filatov, O.A. Kleyst,

O.K. Legina, S.N. Naryzhny, R.A. Pantina, N.L. Ronzhina -

Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” - PNPI
M.A. Maynskova, S.N. Naryzhny, S.E. Novikova, V.G. Zgoda -

V.N. Orekhovich Research Institute of Biomedical Chemistry of RAMS

Identification and quantitative analysis of diffe-
rent proteoforms (protein species) presented in
a cell line generated from high grade glioblastoma
were performed using two-dimensional electropho-
resis (2DE), mass spectrometry (ESI LC-MS/MS),
and immunodetection. A 2DE protein map contain-
ing an extensive data set comprising 937 spots with
1542 unique protein identifications (proteoforms)
of 600 genes was obtained (Fig. 1). Additionally,
another set of experiments was performed, where
16012 proteoforms coded by 4050 genes were
identified by MS/MS according to their position
in 96 gel sections (pixels) (Fig. 2). Special attention

has been paid to the proteins that are the poten-
tial biomarkers of glioblastoma. The list of these
biomarkers was compiled from literature. Next, we
generated the graphs with theoretical and expe-
rimental information about proteoforms coded by
the same gene. Such a virtual-experimental repre-
sentation allowed better visualization of the state
of these gene products. Many proteins, potential
biomarkers of glioblastoma as well, are charac-
terized by high numbers of protein species. We as-
sume that these species could be a potential source
of highly specific biomarkers of glioblastoma.
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Fig. 1. 2DE, identifications of proteoforms,
located in spots (spot-picking approach)
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Fig. 2. Identification of proteoforms located
in selected sections (pixel-picking approach)

1. Naryzhny S.N. ..., Ronzhina N.L., Kleyst O.A. et al. // J. Proteome Res. 2016. V. 15. P. 525-530.
2. Naryzhny S.N. ..., Ronzhina N.L. et al. // Electrophoresis. 2016. V. 37. P. 302-309.
3. Naryzhny S.N. ..., Ronzhina N.L. et al. // J. Proteom. Bioinf. 2016. V. 9. Iss. 6. P. 158-165.
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A role for tuned levels of nucleosome remodeler subunit ACF1

during Drosophila oogenesis

A.Yu. Konev - Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” - PNPI
P.B. Becker, K. Borner, D. Jain, N. Steffen, S. Vengadasalam -
Biomedical Center and Center for Integrated Protein Science Munich (CIPSM),

Ludwig-Maximilian University of Munich

B. Suter, P. Vazquez-Pianzola - Institute of Cell Biology - University of Bern
D.V. Fyodorov - Albert Einstein College of Medicine
P. Tomancak - The Max Planck Institute of Molecular Cell Biology and Genetics (MPI-CBG)

The Chromatin Accessibility Complex (CHRAC)
consists of the ATPase ISWI, the large ACF1 subunit
and a pair of small histone-like proteins, CHRAC-
14/16. CHRAC is a prototypical nucleosome slid-
ing factor that mobilizes nucleosomes to improve
the regularity and integrity of the chromatin fiber.
This may facilitate the formation of repressive
chromatin. Expression of the signature subunit
ACF1 is restricted during embryonic development,
but remains high in primordial germ cells. There-
fore, we explored roles for ACF1 during Drosoph-
ila oogenesis. ACF1 is expressed in somatic and
germline cells, with notable enrichment in germline
stem cells and oocytes. The asymmetrical localiza-
tion of ACF1 to these cells depends on the trans-
port of the Acf1 mRNA by the Bicaudal-D/Egalitar-
ian complex. Loss of ACF1 function in the novel
Acf1(7) allele leads to defective egg chambers and
their elimination through apoptosis. In addition,
we find a variety of unusual 16-cell cyst packaging
phenotypes in the previously known Acf1(1) allele,
with a striking prevalence of egg chambers with two
functional oocytes at opposite poles. Surprisingly,
we found that the Acf1(1) deletion—-despite disrup-
tion of the Acfl reading frame--expresses low lev-
els of a PHD-bromodomain module from the C-ter-
minus of ACF1 that becomes enriched in oocytes.
Expression of this module from the Acfl genomic
locus leads to packaging defects in the absence
of functional ACF1, suggesting competitive inter-
actions with unknown target molecules. Remarka-
bly, a two-fold overexpression of CHRAC (ACF1 and

CHRAC-16) leads to increased apoptosis and pack-
aging defects. Evidently, finely tuned CHRAC levels
are required for proper oogenesis.
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Cover of the journal “Developmental Biology”.
Egg chamber of Acf1! with two oocytes at opposite poles

Boéner K. ..., Konev A. et al. // Dev. Biol. 2016. V. 411. Iss. 2. P. 217-330.
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Nuclear Medicine (Isotope Production, Beam Therapy, Nano- and Biotechnologies for Medical Purposes)

Effect of low doses of radiation *°Yb on proliferation
and cell death in human cells in culture

N.Ya. Giliano, L.V. Konevega, L.A. Noskin, S.I. Stepanov, E.V. Zhurishkina -
Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” — PNPI
S.V. Akulinichev, S.A. Chaushanskii, V.I. Derzhiev, I.A. Yakovlev -

Institute for Nuclear Research of RAS

Due to its radiation properties, 169 Ytterbium
(*°Yb) is a radionuclide with great potential for
the use in cancer brachytherapy. We studied
ytterbium sources developed by LLC “Delis” and
the Institute for Nuclear Research RAS (patent
No. 131302-RU). These sources are composed
of a dense ceramic core of enriched ytterbia
in a hermetic titanium container.

In this work, the effect of sources of *°Yb on the
proliferation, progression of the cell cycle, apop-
totic death and the level of chromosome aberra-
tions in carcinoma (HeLa G63) and endothelial
(ECV304) human cells in culture was studied. It has
been shown that exposure of cells to *°Yb - with
doses 0.33-1.2 Gy leads to cell blocking in G2/M
phases of the cell cycle. We found that the block-
ing of the progression of cells is dose dependent
and becomes irreversible, resulting in repopula-
tion changes. The °Yb radiation also inhibited

¢ (control)

d (apoptosis)

the growth of cells in a dose dependent manner
(Fig. a, b). Morphological analysis of the cells iden-
tified an apoptotic form of cellular death (d), not
only and not so much in irradiated cells, as in their
descendants. In the latter case we also recorded
an abnormal mitosis (f), a damage of the mitotic
apparatus of cell division. Necrotic form of cellular
death (e) was registered only after prolonged expo-
sure of ytterbium irradiation. Observation of the ir-
radiation effects for several cellular generations
indicates that low doses of radiation induced sys-
temic changes of cellular metabolism, which was
accompanied by activation of mechanism of “check-
point” control and apoptosis. The observed mani-
festation of the damaging effect late after the irra-
diation by ytterbium sources may significantly con-
tribute to the total effect of treatment, which is
important in clinical practice.

e (necrosis) f (k-mitosis)

Cytometric (a and b) and morphological (c-f) analysis of the cell population before
and after the exposure of cells HeLa *%°Yb-sources

1. Giliano N.Ya., Konevega L.V., Stepanov S.I., Zhurishkina E.V., Noskin L.A. // Pathogenesis. 2015. V. 13. No. 4. P. 57-61.
2. Giliano N.Ya., Zhurishkina E.V., Konevega L.V., Stepanov S.I. et al. 3¢ deKTMBHOCTb reHO- U LIUTOTOKCUYECKOTO AENCTBUA
Y-U3AYUEHUA UTTepbUs-169 Ha KAETKM YeroBeKa B KyAbType // Paanal. 61oA. Paanoakon. 2017. In press.
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Oligomeric a-synuclein and glucocerebrosidase
activity levels in GBA-associated Parkinson’s disease

P.A. Andoskin, A.K. Emelyanov, L.A. Garaeva, A.E. Kopytova, D.G. Kulabukhova,
A.O. Lavrinova, M. A. Nikolaev, S.N. Pchelina, K.A. Senkevich, T.S. Usenko -
Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” - PNPI
E.Yu. Zakharova - Medical Genetics Research Center

In 2014-2015 we have demonstrated the
increased levels of blood oligomeric alpha-synu-
clein in patients with Gaucher disease (GD), caused
by mutations in the gene encoding glucoserebrosi-
dase 1 (GBA). We have also reported an inverse
correlation between plasma oligomeric alpha-syn-
uclein levels and leukocyte GBA activity in patients
with GD. GBA mutations have been identified as
the most common known genetic risk factor for the
development of Parkinson’s disease PD, however
the molecular basis of high PD risk in GBA mutation
carriers remains unknown. Besides the most com-
mon GBA mutations (N370S, L444P), several GBA
polymorphic variants (E326K, T369M) that did not

lead to GD in homozygous state have been associ-
ated with increased risk of PD development have
been described. We suggested that altered GBA
activity in GBA-PD patients could be accompanied
by an increase in alpha-synuclein oligomerization.
GBA enzymatic activity and plasma oligomeric
alpha-synuclein levels were assessed in sPD pa-
tients (N = 84), in GBA-PD patients (N = 22)
and controls (N = 62) by LC-MS/MS and ELISA
(Human Alpha-Synuclein PATHO ELISA kit (Ana-
lytik Jena, Germany)) methods accordingly. GBA-
PD patients showed lower GBA enzymatic activ-
ity compared to controls (p = 0.001) and to sPD
(p = 0.0001). At the same time plasma oligomeric
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TabAuua. AKTUBHOCTb TAOKOLLEPebpOo3nAa3bl M YpOBEHb OAMTOMEPHOTO anbda-CUHYKAEWHA KPOBU Y HOCUTEAEN MyTaLmi
M MOAMMOP®HbIX BapuaHToB B reHe GBA

AkTMBHOCTb GBA OAV?IrZiABeeHHboro
06crepoBaHHbIE (meanaHa, P P P
anbda-CUHYKAEUHA
rpynmnbl NaUMEHTOB MWUHUMYM — N (Mo cpaBHEHUIO N (Mo cpaBHEHUIO
MUHUMYM —
c bl MaKCHUMyM), ¢ cbl) c cbl)
MKMOAb/A/M RELELFLY,
NKr/MA
Hocutean myTaumi
LA44P, N3TOS 4.47 (1.76-12.78) 11 < 0.0001 5.3 (1.38-2 518.81) 11 0.008
Hocutean
MOAMMOPHBIX 6.38 (2.14-15.78) 10 0.05 3.50 (0.95-623.22) | 11 0.017
BapuaHToB
E326K, T369M
MauneHTbl
€ OTCYTCTBUCM 9.33(3.91-21.83) 84 - 0.85 (0.32-47.12) 23 -
MyTauui
B reHe GBA (cbl)

alpha-synuclein levels were increased in GBA-PD Thus, we showed that GBA-PD is characterized
group compared to sPD and controls (p = 0.002 by a decrease in GBA activity and an increase
and p < 0.0001, respectively) (Fig.). The most sig- in plasma oligomeric alpha-synuclein levels. Our re-
nificant GBA activity reduction was detected in car- sults support the notion that enzyme-enhanc-
riers of GBA mutation (L444P, N370S) as compared ing therapies could have merit for the treatment
to controls (p = 0.001) and to sPD (p < 0.0001). of atleast GBA-PD.

However, in PD carriers of GBA polymorphic vari- The work was supported by Russian Founda-
ants (E326K, T369M) associated with PD but not tion for Basic Research (RFBR) No. 16-04-00764,
with GD, GBA enzymatic activity was also reduced No. 16-54-76009 (ERA.Net RUS Plus Group of Fun-
at the level of statistical significance (p = 0.053 ding Parties ID230).

compared sPD).

1. Nuzhnyi E., Emelyanov A., Boukina T., Usenko T., Yakimovskii A. ..., Pchelina S. // Mov. Disord. 2015. V. 30. Iss. 7.
P. 989-991.

2. Pchelina S., Emelyanov A. ..., Andoskin P. ..., Nikolaev M. ..., Usenko T., Kulabukhova D., Lavrinova A.,
Kopytova A., Garaeva L. et al. // Neurosci. Lett. 2017. V. 636. P. 70-76.
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New production method for 8Sr
and the other medical radionuclides

A.E. Barzakh, L.Kh. Batist, D.V. Fedorov, V.S. Ivanov, A.S. Krotov,
P.L. Molkanov, F.V. Moroz, S.Yu. Orlov, V.N. Panteleev, Yu.M. Volkov
High Energy Physics Division of NRC “Kurchatov Institute” - PNPI

Recently at NRC “Kurchatov Institute” - PNPI
the cyclotron C-80 with the planned parameters
of the beam energy 40-80 MeV and intensity up to
200 pA has been launched. The C-80 parameters
allow producing the broad nomenclature of radio-
isotopes and pharmaceticals which are very prom-
ising for diagnostics and therapy. The radioisotope
complex RIC-80 (Radioactive Isotopes at cyclotron
C-80), which is presently constructed at the beam
of C-80, offers the opportunity of obtaining sour-
ces of a high activity practically for the whole list
of radionuclides produced at accelerators. An es-
sential peculiarity of the RIC-80 is the use an on-
line mass-separator connected to one of the tar-
get stations, that will allow the production of sep-
arated radionuclides of high purity. The unique
parameters of the RIC-80 will give the possibil-
ity to produce a broad range of radioisotopes.
They include ®8Ge, #Sr, 11n, 123 124] 223 224R3 and
nuclides, which are at present considered to be
the promising candidates for diagnostics and the-
rapy: 4Cu, ®’Cu, ¢’Ga, "’Br and 8!Rb. The produc-
tion of radionuclides that decay with emission
of positrons, allowing their use for PET (Positron
Emission Tomography), is very important for diag-
nostics of different diseases. Isotope-generator
823r which is utilized for PET diagnostics of heart
and brain diseases is the one of the most needed
radionuclides for PET diagnostics in the world. For
production of the radioisotope #Sr a new method
of a high temperature separation of produced radi-
onuclides and irradiated target has been devel-
oped. The general idea of the method is the usage
of the evaporation speed difference of the target
material and produced radioactive species. This

method of complete target material evaporation
into a specially constructed separated volume,
when the required nuclides do not escape from
the target vessel appeared to be very effective.
In the case of separation of strontium radioisotopes
from RbCl or metallic rubidium target material,
the efficiency of 82Sr production was 90%. In Fig-
ure the gamma-spectra demonstrating the pro-
cess of separation of the irradiated target material
and produced #Sr are presented.

The new presented method of a high temper-
ature separation of the target material and pro-
duced radionuclides is rather universal and can be
used for production of other medical radioisotopes.
The promising results have been obtained when
separating ¢’Cu (radionuclide for therapy) from zinc
target material.
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The spectrum of the vessel with the irradiated RbCl

after the heating at a temperature 500 °C (upper part).

The spectrum after one hour vessel heating at a temperature
(900-1000) °C (lower part)

The Method of Radionuclide Strontium-82 Rroduction: RF Patent for Invention No. 2598089 / V.N. Panteleey;

Priority of 09.06.15.




a..._,

-

v..h..

L AT




111

Nuclear Reactor
and Accelerator Physics

112

114

115

117

118

Burnable neutron poison
for modernized fuel assemblies of PIK reactor

Determination of platinum amount in catalysts
by neutron activation method

The operating experience of heavy water reactor PIK reflector
from 2010 to 2016

The specification of postulated initiating events
for safety analysis of PIK reactor

Fuel charging control during PIK reactor energy start-up




112 Nuclear Reactor and Accelerator Physics

Burnable neutron poison

for modernized fuel assemblies of PIK reactor

S.R. Fridman, K.A. Konoplev, I.M. Kosolapov, A.S. Zakharov -
Department of Reactor Physics and Technology
A.S. Poltavsky - Department of Nuclear and Radiation Safety

M.S. Onegin - Theoretical Physics Division

S.L. Smolsky - Deputy Director for Exploitation of Nuclear Installations

NRC “Kurchatov Institute” — PNPI

The concept of the operational set of PIK-2
fuel assemblies (FA) stipulates 20% increase of
fuel load as it was realized at SM reactor and the
installation of burnable poison rods (BPR) with
the purpose of increasing the duration of a reac-
tor cycle. PIK and SM fuel elements fabrication
should be unified. The PIK fuel element differs
from the SM one only in height of an active fuel
layer. The FA set consists of 12 hexagonal and
6 square FAs. The square FAs can be delivered
in a standard version or with a cavity for placing
the irradiated surveillance specimens or additional
BPR blocks (Fig. 1).

The designed semi-cylindrical BPRs are destined
to replace the steel displacers. The reactivity worth
of this BPR version is limited. In view of increase
of fuel loading some options of refueling cannot
be realized.

The concept of PIK-2 fuel assemblies allows
the installation of BPR instead of the part of fuel
elements. In 2016 some design and organizational
decisions were considered to provide more efficient
refueling and loading of surveillance specimens. It
is useful to install the cruciform BPR with low use-
less reactivity loss due to the reduced water dis-
placement effect instead of selected fuel elements
(FE) (Fig. 2). This option increases BPR efficiency
and provides reduced non-uniformity of power
distribution in the reactor core. Another variant is
the installation of BPR of any shape in FA cavities
(channels) that allows increasing their reactivity
worth. The optimization of water-uranium ratio
makes it possible to reduce FE quantity in the reac-
tor core without an evident reduction of the reactor
cycle duration.

Fig. 1. The scheme of PIK reactor core with additional
cavities: 1 - hafnium absorbing shutters; 2 - burnable
poison rods Gd,0, + ZrO,; 3 - zirconium casings of FA;
4 - fuel elements with the reduced fuel content

(0.48 of nominal value); 5 - fuel elements with

the nominal fuel content; 6 - fuel assemblies with

the surveillance specimens; 7 - irradiated samples;

8 - additional cavities for irradiated samples or BPR;

9 - reflector control rods

The possibility to use PIK-2 FAs in the reactor PIK
has been confirmed. The maximum reactor cycle
duration can be increased from 30 to = 38 days
with due account for the reactivity loss due to
the irradiation of surveillance specimens (Fig. 3).

It is necessary to develop the hexagonal FA ver-
sion with additional BPR not only to increase the
reactor cycle but also to equalize the power distri-
bution and to provide new possibilities for irradia-
tion of materials in a reactor core. The FA produc-
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Fig. 2. BPR arrangement pattern:
1 - standard BPR; 2 - additional BPR;
3 - fuel profiling zone
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Fig. 3. Change in K_ under burn-up of a core
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tion with new BPR versions is not changed es-
sentially; the needed FE quantity will be a little re-
duced.

The future improvement of reactor parameters
is connected with the use of a modern fuel com-

position. New BPR variants are suitable for dif-
ferent refueling schemes including full core reload-
ing and its variants can be used in case of use
of new FEs with a low-absorbing matrix.

Zakharov A.S., Konoplev K.A., Kosolapov I.M., Onegin M.S., Poltavsky A.S., Smolsky S.L., Fridman S.R. //
Book of Reports of the IV Int. Scientific and Technical Conf. Moscow: JSC NIKIET, 2016. V. 1. P. 338-349.
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Determination of platinum amount in catalysts

by neutron activation method

I.A. Alekseev, S.A. Panasenko, P.A. Sushkov - Department of Reactor Physics and Technology

V.G. Zinovyev - Neutron Research Division
NRC “Kurchatov Institute” - PNPI

To remove a radioactive isotope of hydrogen -
tritium that is produced in the heavy-water mode-
rator of the PIK reactor, a method of counter-flow
isotopic exchange between water and hydrogen in
columns filled with packing and platinum hydro-
phobic catalyst, combined with electrolysis, will
be used.

One can use the mass-exchange coefficient
divided by the amount of platinum to compare
the platinum use efficiency in catalysts of isotopic
exchange.

Since the data provided by the catalyst manu-
facturer was insufficient and undetailed, it was
decided to develop the method of platinum amount
measurement by neutron activation analysis at
WWR-M reactor for RCTU catalysts, which are
supposed to be used at the tritium removal unit
of the PIK reactor.

The measurements were carried out by compar-
ing the platinum activity in samples under study
with the activity in the standard sample. The neu-
tron irradiation of catalyst grains was done at
the V-4 vertical channel of WWR-M reactor
at NRC “Kurchatov institute” - PNPI. The size and
brightness distribution of grains was determined
additionally by analyzing the photos of grains.

As a result of measurements, it was discov-
ered that the platinum amount in catalysts differs
from the quantity that was provided by the manu-
facturer (0.8% wt.) and equals 1.11 + 0.02% wt.
for RCTU-SM catalyst and 1.33 + 0.02% wt. for
RCTU-3SM catalyst (Fig.). It was determined that

Grains amount

2 3 a 5 6 7 8 9 10
Platinum amount, ug

Platinum amount distribution of grains

there is a linear correlation with the multiple corre-
lation coefficient equaling 0.89 between platinum
amount, its volume and brightness.

The obtained results could be used to compare
the platinum use efficiency in RCTU catalysts with
the efficiency of foreign analogues. A developed
method allows the determination of platinum
amount not only for catalysts on organic substrate,
but also for the other most common substrates,
since atoms of chemical elements of natural iso-
topic abundance that comprise these substrates
(aluminum, oxygen, silica and fluorine for hydropho-
bization) do not become radioactive after neutron
irradiation.

Panasenko S.A., Sushkov P.A., Alekseev ILA., Zinoviev V.G. Preprint PNPI NRC KI 2995. Gatchina, 2016, 23 p.
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The operating experience of heavy water reactor PIK reflector

from 2010 to 2016

S.D. Bondarenko, K.A. Konoplev, A.S. Zakharov - Department of Reactor Physics and Technology

V.N. Tischenko, D.Y. Tugusheva, T.V. Voronina -

Department of Nuclear and Radiation Safety

V.P. Maschetov, G.I. Pereverza - Department of Commissioning of PIK Neutron Research Center

NRC “Kurchatov Institute” — PNPI

The physical start-up of the PIK reactor with a
capacity of 100 W was carried out on 28 February
2011. A necessary condition for neutron flux ob-
taining was filling the heavy water reflector (HWR)
tank with highly-concentrated heavy water with
the deuterium a  content not less than 99.80%.
For this reason, the filling of the HWR tank with
heavy water was carried out from 12 to 25 May
2010.

According to the project, the HWR tank is filled
up by means of the HWR circuit filling system.
But HWR tank was cut off from the HWR circuit
in the period of the physical start-up of the PIK
reactor. Therefore, the filling operation was carried
out according to the temporary scheme - direct
decanting of heavy water from the canisters to
HWR tank under nitrogen atmosphere. This sche-
me of the heavy water filling operation was very
successful for two reasons: 1) the tank filling was
done quickly - for 3 working days, much quicker
than the standard scheme. The minimum number
of reactor staff took part in that work. 2) the pro-
bability of heavy water isotopic dilution in such
a scheme of tank filling was minimal, because the
heavy water from the canisters got directly into
the HWR tank, escaping working tanks and long
pipelines of the filling system. As a result, the iso-
topic and chemical composition of heavy water in
the HWR tank corresponded to the design stan-
dards. Therefore, the main task to preserve the
high concentration (a,) of deuterium in heavy water
was achieved.

From the tank filling of heavy water (in 2010)
until the tank draining (in 2016), the HWR tank (see
Figure) was in operation, which included: 1) peri-
odic quality control of heavy water in the tank;

Vertical cross-section of the PIK reactor. The colored areas
mark the equipment filled with heavy water during the period
from 2010 to 2016

2) carrying out of technological draining of heavy
water from the tank.

In that period of time the equipment and piping
of the HWR tank were at atmosphere pressure of
0.1 MPa, temperature of (20 + 5)°C; there was
no circulation of coolants, the cleaning system of
heavy water was not put into operation. In fact, it
was the storage of heavy water in the tank with
periodic quality control and technological drain-
ing. The content of deuterium in the heavy water of
HWR tank remained invariable (99.856 + 0.005%)
during the entire period of operation and the vo-
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lume activity of tritium decreased in accordance
with the tritium half-life. This being said, it is pos-
sible to claim that the HWR tank was hermetically
tight and the quality of the nitrogen that was used
to maintain the pressure in the tank was high. How-
ever, the chemical quality of heavy water for 2010-
2016 became significantly worse. Almost all the
indicators grew several times, the content of corro-
sion products in 2016 exceeded the norms estab-
lished by Regulation standards. The reasons of
heavy water contamination were: 1) corrosion pro-
cesses; 2) insufficient washing of HWR tank before
filling. Therefore, the commissioning of the cleaning
system of heavy water at the stage of preparation
for power start-up of PIK reactor is highly necessary.

Heavy water draining out of HWR tank of the
PIK reactor was performed during the period from
15 March to 28 April 2016. All the heavy water
drained from HWR tank was registered.

The loss of heavy water during the operation
time of HWR tank including filling, quality control of

heavy water, technological draining, the complete
heavy water draining out of HWR tank and tank
drying did not exceed the established norms and
equaled 0.46% of the total.

However, there was a dilution of heavy water
from 99.86 to 99.58% (for the deuterium content)
during the heavy water draining from the HWR tank.
It is most likely that the reason for this dilution was
the draining of water with high content of protium
and impurities from “dead zones” of HWR tank
such as: 1) control seal lines and blowing gap li-
nes; 2) cavities of control rod; 3) gaps between the
horizontal channels and the HWR tank. The heavy
water dilution showed that it is necessary to im-
prove the drying procedure of the HWR tank. Con-
sidering the quality of the heavy water in cans it is
necessary to make its isotope and chemical clean-
ing before the following filling of the HWR tank.

The authors are grateful to the staff of the PIK
reactor, who participated in the work.

1. Voronina T.V., Pereverza G.I. The Operating Experience of Heavy Water Reactor PIK Reflector from 2010 to 2016.
Technical Report, Inv. No. 16AY-11 Department of Nuclear and Radiation Safety. Gatchina, 2016. 63 p.

2. Bondarenko S.D., Voronina T.V., Zakharov A.S., Konoplyov K.A., Pereverza G.I., Tischenko V.N., Tugusheva D.Yu.
The Operating Experience of Heavy Water Reactor PIK Reflector from 2010 to 2016. // Mat. of VIII Scientific and Technical
Conf. “Problems and Prospects for the Development of Chemical and Radiochemical Control in Nuclear Power Engineering”

(Atomenergoanalyrics-2017). 2017. Preparing for Printing.
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The specification of postulated initiating events
for safety analysis of PIK reactor

S.R. Fridman, A.S. Zakharov - Department of Reactor Physics and Technology
A.V. Korotynsky, A.S. Poltavsky - Department of Nuclear and Radiation Safety
S.L. Smolsky - Deputy Director for Exploitation of Nuclear Installations

NRC “Kurchatov Institute” — PNPI

In the framework of the PIK reactor power
start-up preparation, the specialists of the Coope-
ration that consists of NRC “Kurchatov Institute”,
NRC “Kurchatov Institute” - PNPI, JSC “NIKIET”,
JSC “Atomtechenergo” and JSC “Alliance-Gamma”
have developed base documents for safety analy-
sis of PIK: “The Statement of Work under prepara-
tion of Safety Analysis Report of PIK reactor” and
“The Specification of postulated initiating events
for safety analysis of possible accidents at PIK re-
actor”.

The developed Statement of Works determines
the scope of works, authority and responsibility
of participants, and general requirements to the
analysis of possible design and beyond design-ba-
sis accidents in accordance with requirements of
regulations NP-049-03 under preparation of cor-
responding sections for “Safety Analysis Report
of PIK reactor”.

The developed Specification sets up the com-
pliance of postulated initiating events stated in
the Safety Analysis Report with the requirements
of NP-049-03 as well as other federal rules and
regulations in the atomic energy use: NP-061-05,
NP-033-11, NP-009-04.

The Specification includes the following sections
involving all postulated initiation events, which can
potentially result in abnormal conditions of the re-
actor:

- Initiating events resulting in insertion of excess
reactivity;

- Initiating events resulting in heat removal fail-
ure;

- Pressure change in reactor primary circuit;

- Degradation of heat removal by a secondary
circuit (auxiliary circuit and recycling water supply
circuit);

- Failure in nuclear fuel handling;

- Initiating events of design accidents for fuel
storage systems;

- Natural phenomena and man-caused events;

- Initiating events for design analysis of beyond
design-basis accidents.

The developed Specification takes into account
specific design features, neutronic and technical
characteristics of the PIK reactor during the tran-
sient analysis. In total 85 postulated initiating
events have been considered. The preliminary cal-
culations show that part of initiating events requ-
ires clarification of accident scenarios, additional
organizing and engineering decisions to reduce
radiological consequences: leakage of maximum
diameter pipelines, insertion of positive reactivity,
and loss of off-site power with subsequent addi-
tional failures.

This Specification will be used as the basis for
design analysis in design maintenance of high-
priority works for commissioning support of the
PIK reactor facility and safety substantiation under
the first power program and commissioning with
stage-by-stage increase of reactor power and its
experimental possibilities.

Zakharov A.S., Korotynsky A.V., Poltavsky A.S., Smolsky S.L., Fridman S.R. The Specification of Postulated Initiating Events
for Safety Analysis of PIK Reactor of NRC “Kurchatov Institute” - PNPI. Annex to “The Statement of Work Under Preparation

of Safety Analysis Report of PIK Reactor” No. 16 PK - 045.00B.




118 Nuclear Reactor and Accelerator Physics

Fuel charging control during PIK reactor energy start-up

S.R. Fridman, V.P. Stulov, A.S. Zakharov. - Department of Reactor Physics and Technology
A.A. Lankovich, G.T. Potapenko - Department of Commissioning of PIK Neutron Research Center
NRC “Kurchatov Institute” - PNPI

The data obtained from standard detectors of
control and protection system (CPS) and additional
start-up channels during the reactor loading in
2011 under the first criticality program were ana-
lyzed in order to prepare the PIK reactor equipment
for energy start-up. The data analysis has been
carried out in cooperation with the chief reactor
designer JSC “NIKIET”. The experiments with tests
of standard control channel at a full-scale critical Y

“~._Bak oTpaxarens
TonwwuHa 30 Mm

facility (Fig. 1) were used as well. The proposals 233 D,0
which provide a more reliable registration of the @3@
change of core states during fuel charging were z

developed.
Neutronic calculations were performed using

the precision code MCU-KS with a library

MDBKS50, which represents the evolution of pro- Fig. 1. The placement of detector blocks with an adjustable

grams MCU-RFFI/A and MCU-REA. The sub-mo- water clearance in the mockup iron-water protection tank
) o at a critical facility

dule FIMTOEN was applied for simulation of neu-

tron interaction in the region of neutron therma-
lization. The reactor simulation model includes Pb
the simulated channels of the control and protec-
tion system (CPS) (Fig. 2, 3).

The calculated simulation of the first criticality
program in 2011 showed that the acceptable le-
vel of neutron flux and signal flow will be obtain-
ed after charging of seven fuel assemblies (FA).
The needed level is defined as the level exceeding
the certificate sensitivity of a standard detector.
The calculation results correspond to the actual
ones. At the first stage, the additional start-up
channel equipment beside of sub-criticality control
should be used at the critical experiments for data
processing and calculation of reactor characteris- g5 EEaa
tics at the lowest possible power level. The various 180 x 4
configurations of the reactor core, arrangements

B0 =3

of detectors and types of external neutron sources
have been considered. Fig. 2. CPS channel in the reactor simulation model
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Fig. 3. The placement
of detector blocks

in CPS channels

with displacers

in the reactor
simulation model:
irregular-shaped
displacer (a);

ring-shaped
displacer (b)
Table. Change of counting rate for standard detector at the first stages of fuel loading
Variant Effect
Replacement of plutonium-beryllium neutron source of 4.5 - 107 s~* intensity to californium source
o 4 ; x 10.0
of 1.0- 10° st intensity
Displacement of water from a core by aluminum displacers x 2.2
Movement of detector channels closer to HWR tank (minimal gap 10 mm) x 3.9
Full water displacing between HWR tank and lead shielding of detectors x 10
Installation of annular displacer (aluminum alloy AD1) of 3.5 cm thickness around
o x 3.6
of detector lead shielding
Replacement of steel claddings to zirconium/aluminum ones for lead shielding and detectors x 3.6/3.4
Installation of detectors into HWR tank > 100
Use more sensitive detectors 5-10

The physical analysis of neutron transmission
from a neutron source in the core to detectors
takes into account four significant stages: 1) neu-
tron transmission in the reactor core volume;
2) neutron transmission in a heavy-water reflector
(HWR); 3) neutron transmission in HWR casing and
a gap between HWR and lead shielding of detec-
tors; 4) neutron transmission in the lead shielding
and channel cover of detectors. The Table presents
conceptual actions for the increase of standard
detector units during loading of first fuel portions.
The required effect can be obtained by combina-
tion of several actions.

The simplest way for improvement of statistics
of detector counting is the temporary installation
of reserve standard detectors based on ionization
chambers KNK-15 into inclined experimental chan-
nels of HWR. At a later stage, these channels must
be handed over for free use.

The received results are necessary for designing
the equipment for the refueling monitoring system.
The detectors of this system are different from the
instrumentation of the first reactor start-up, since
they have low sensitivity to gamma radiation from
irradiated FAs and they must be installed behind
the reflector.

Substantiation of Arrangement of CPS Additional Equipment Detectors for Refueling Monitoring and Intensity
of an External Neutron Source. Report PIK - Ot - 1801. JSC NIKIET - NRC “Kurchatov Institute” - PNPI, 2016. 27 p.
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Investigation of conditions for scientific research
in the ice borehole of Lake Vostok in Antarctica

V.F. Ezhov, A.A. Zakharov - Knowledge Transfer Division
S.A. Bulat - Molecular and Radiation Biophysics Division
Yu.O. Chetverikov, V.A. Solovei - Neutron Research Division

NRC “Kurchatov Institute” — PNPI

The first unsealing of subglacier Lake Vostok
in Antarctica was performed on 5 February 2012,
however the scientific research of the lake has not
started to date. The drilling fluid loaded in a bore-
hole comprises aviation kerosene TS-1 and freon
R-141b. The temperature in the borehole gradually
increases from -55°C on the surface to the water
freezing point of -2.7°C at the depth of 3 769 me-
ters. Freon R-141b remains liquid at low tempera-
tures. It is used as a densifier for the drilling fluid
to maintain the hydrostatic pressure in the bore-
hole, which is a bit lower than the pressure inside
the lake. While unsealing Lake Vostok with a drill-
ing tool the water goes upward into the borehole
due to a pressure difference between the pressure
inside the lake and the drilling fluid hydrostatic
pressure.

In the process of the recurrent drilling of frozen
water in the borehole a white plug was discovered
inside the borehole. A drilling tool has extracted
10.5-meter-long core containing R-141b clathrate
hydrates. The clathrate hydrates are formed when
water contacts the drilling fluid containing freon
R-141b. The clathrate plug in the borehole hin-
ders the immersion of scientific instruments into
the lake and it can cause the pollution of lake water.

Several experiments were carried out at
NRC “Kurchatov Institute” - PNPI to study the for-
mation of R-141b clathrate hydrates. Three types
of clathrate macrostructures were discovered
(Fig. 1).

To prevent the contact of drilling fluid with water
in the borehole a hydrophobic silicone (polymethyl-
siloxane) fluid can be used as a buffer layer. Fluid
levels in the borehole are shown in Fig. 2. Ecolog-
ically inert silicone fluid is loaded in the borehole
before drilling of the last meter of ice remaining un-
til reaching the lake (Fig. 2a). The height of the buff-
er layer of silicone fluid, which is located under
the drilling fluid shall not be less than 45 meters.

The compensation of the lake pressure is pro-
duced by the column of fluids in the borehole
in such a way that the rise of water would be ap-
proximately 10 meters when the lake is unsealed.
Levels of different fluids in the borehole after un-
sealing of the lake are shown in Fig. 2b.

There is an additional 43-meters rise of the wa-
ter level in the borehole when removing the carry-
ing cable with a drill tool (Fig. 2c). The overall wa-
ter level in the borehole reaches 53 meters. Water
washes the borehole walls, where silicone fluid
was located, not the drilling fluid. In turn, when the

Fig. 1. R-141b clathrate
hydrate macrostructure:
crystal film between water
and R-141b (a); clathrate
hydrate structure in water (b);
clathrate hydrate structure

in a volume with R-141b (c)
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Fig. 2. Fluid levels in the borehole:

before the lake unsealing with 45 meter
buffer layer of silicone fluid (a); after
unsealing and the 10-meters rise of water
in the borehole (b); after extracting the
equipment from the borehole followed by
additional 43-meters rise of water (c)
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column of silicone fluid rises 43 meters, it wash-
es the surface, where the drilling fluid was located.
The drilling fluid remaining on the walls of the bore-
hole, dissolves in the silicone fluid.

Laboratory experiments have demonstrated that
when the drilling fluid contacts the water, the for-
mation and growth of clathrate hydrates are not ob-
served, if the drilling fluid contains more than 20%
of silicone fluid.

In the first stage of scientific research, the lake
water risen to the borehole will be investigated. Af-
ter the extraction of the carrying cable with a drilling

tool, the scientific instruments are immersed se-
quentially in the borehole. The change of fluid
levels in the borehole during these immersions is
shown in Fig. 2b and Fig. 2c.

Experiments at NRC “Kurchatov Institute”
PNPI provided the opportunity to study the pro-
cesses of formation of R-141b clathrate hydrates
and justify the need for the use of the hydrophobic
silicone fluid, which allows to avoid the formation
of a clathrate plug in the borehole and carry out
an environmentally friendly delivery of scientific
equipment to the lake water.

Zakharov A.A., Bulat S.A., Ezhov V.F., Solovei V.A., Chetverikov Yu.O. Preprint PNPI NRC Kl 2992. Gatchina, 2016. 22 p.
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Two-section ionization chambers for monitoring
of variable energy proton beams

D.A. Amerkanov, G.I. Gorkin, E.M. Ivanov, N.A. Ivanov, E.A. Kotikov,

Zh.S. Lebedeva, O.V. Lobanov, V.V. Pashuk

Knowledge Transfer Division of NRC “Kurchatov Institute” — PNPI

The absolute program-controlled proton monitor
working in real time is used in studies of radiation
resistance of electronics at the NRC “Kurchatov
Institute” - PNPI synchrocyclotron with proton en-
ergies 64-1000 MeV. It is a two-section ioniza-
tion chamber (TSIC), filled with air at atmosphere
pressure, with various interelectrode distances
in each section. TSIC of various modifications with
apertures of 10 cm and 20 cm were designed and
manufactured. For shielding from external radia-
tion, they were placed in case made of duralumin.
The signal and high voltage electrodes are made
of aluminum foil with a thickness of 10 um and sol-
dered on panels made of one-sided foil Teflon plate
with a thickness of 1.5 mm using the self-devel-
oped technology at Radiation Physics Laboratory.
Interelectrode distances was chosen to be 2.1 cm
and 4.2 cm. Aperture electrodes are made of dura-
lumin with the thickness of 0.2 mm.

The background contribution to ionization
of the sensitive area of TSIC due to od-electrons
emitted from Al-foil electrode irradiated by protons,
was estimated. The coefficients that determine
the contribution of d-electrons from the electrodes
to the total ionization for the three modifications
of the TSIC (6, 10 and 20 cm) were calculated us-
ing the program complex Geant4. The maximum
contribution was 6% at the energy of 60 MeV
and a minimum contribution of 4% at the energy
of 1000 MeV.

The testing of cameras with the aperture elec-
trodes 10 cm and 20 cm in diameter was carried
out at the proton beam of energy 1000 MeV.
The proton beam was formed by a collimator with
a diameter of 20 mm. Control of the constancy
of the proton flux was carried out by a large ioni-
zation chamber placed in the main hall of the ac-
celerator. Studies have shown that the response
of the cameras to the impact of protons with
the same flux is identical in both central and pe-
ripheral areas of the cameras (range up to 5%).

Algorithm to calculate the number of protons
corresponding to any given region of the beam
cross section was proven experimentally using
“photos” of different energy proton beam. To this
end, the photographic image was processed using
standard software (MathCad, Origin, etc.) to find
the distribution of the blackening and conseg-
uently, of the distribution of the proton flux den-
sity.

Simultaneously with the TSIC-based monitor,
the proton fluxes were measured by method of in-
duced activity of carbon and polyethylene foils
with a diameter of 3 cm. Using the proposed
method, the proton fluxes were calculated within
the same region. Taking into account measure-
ment errors, the measurement results are prac-
tically the same in the energy range of protons
64-1000 MeV.

Amerkanov D.A., Gorkin G.l., Ivanov E.M., Ivanov N.A., Lobanov O.V., Pashuk V.V. // Pribory i Tekhnika Eksperimenta. 2016.

No. 3. P. 11-12.
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3D coordinate nano measuring machine “3D NANO CMM”

V.V. Dobyrn, O.G. Ermolenko, S.N. Khanov, L.A. Konstantinov, V.E. Kormin, Yu.M. Lavrov,
R.P. Sinelshchikova, V.G. Tolchin, B.G. Turukhano, N. Turukhano, N.A. Schipunova, E.A. Vilkov
- PNPI

Knowledge Transfer Division of NRC “Kurchatov Institute”

3D coordinate nano measuring machine
(3D NANO CMM) contains nano-encoders of li-
near movements with a high precision measuring
element in the form of a metrological holograph-
ic diffraction grating (HDG), which is designed for
high-precision measurement of linear movements
and the definition of a real-time geometry of com-
plex products, processing and storage of measure-
ment results while working with automated sys-
tems (Fig. 1).

A study of the volumetric accuracy of the ma-
chine (obtained value + 1.6 ym) is demonstrated
in Fig. 2. Figure 3 shows the measurement of to-
roidal mirrors by 3D NANO CMM. First, four an-
gles were measured, and then the automatic ma-
chine was turned on, and the picture was printed
out.

To implement the synchronous movement
of two heads within the accuracy of a few tens
of nanometers on the Y-axis, the hysteresis delay
of the right side of the bridge with respect to its
left-hand part will be observed. With the pur-
pose of correcting this phenomenon, in addition
to the encoder Y, the second encoder - Y, with

Fig. 1. 3D NANO CMM

its own measuring grating and the head is instal-
led on the Y-axis. The calculation of the final
value of the Y-axis is performed under software
control and represents a position function
of the X-axis corresponding to the axis of vertical
holographic lengthmeter measuring the Z-axis.
Thus, the values of Y, and Y, counted by measu-
ring encoders Y, and Y, allow us to find the true
value of the coordinate Y:

Correction result
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Fig. 2. Corrections of 3D NANO CMM

Fig. 3. Scan picture of toroidal mirror with the help
of 3D NANO CMM
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Y=1/L[(L - X)Y, + XY,],

where L - the total length on the X-axis.

The introduction of the fourth coordinate Y,
shifts the measuring machine into the “nano” cat-
egory.

The second design feature of the 3D NANO
CMM is that the lengthmeter with a touch sen-
sor (TS) combines the principles of operation
of an encoder of linear movements along
the Z-axis with a TS (since TS is made in the form
of an encoder of linear movements on the ba-
sis of the diffraction gratings). Moreover, it has
the same HDGZ measuring grid and the same
guide for the sensor along the Z-axis and TS.

Main features of 3D NANO CMM are:

- the use of four ultraprecision nanomeasuring
linear holographic sensors (UNLS);

- availability of internal autonomous high-preci-
sion guides;

- the use of lightweight and hard glass bridg-
es that serve for fixing of the measuring system -
the X- and Z-axes. Considerable weight of a dia-
base bridge, usually used in 3D-CMM by various

companies as an accurate guide of the X-axis,
leads to an increase in deformation, the inertia
of the system and, as consequence, to reduction
of the precision of the measuring machine;

- installation of two sensors Y, and Y, on the
Y-axis simultaneously.

Technical specification of 3D NANO CMM are
shown in the Table.

As a result, owing to the use of UNLS, the co-
ordinate measuring machine with nanoreso-
lution and a record precision was created for
the first time.

Table. Technical specification of 3D NANO CMM

Dimensions, mm 550 x 550 x 200
Volumetric accuracy, um +1,6

Resolution, nm 10
Communication interface CAN-USB
Environment temperature, °C 20+ 2

Turukhano B.G., Vilkov E.A., Dobyrn V.V., Ermolenko O.G., Konstantinov L.A., Kormin V.E., Lavrov Yu.M., Sinelshchikova R.P.,,
Tolchin V.G., Turukhano N., Khanov S.N., Schipunova N.A. // Instruments and Systems: Monitoring, Control and Diagnostics.

2016. No. 9. P. 44-52.
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Universal proton and neutron center
for radiation resistance of avionic, space electronics
and other applications at the 1 GeV synchrocyclotron
in NRC “Kurchatov Institute” - PNPI

D.A. Amerkanov, S.A. Artamonov, E.M. Ivanov, J.S. Lebedeva, G.F. Mikheev, G.A. Riabov -
Knowledge Transfer Division

O.A. Shcherbakov, A.S. Vorobyev — Neutron Research Division

NRC “Kurchatov Institute” - PNPI

V.S. Anashin, L.R. Bakirov, P.A. Chubunov, A.E Koziukov -

Institute of Space Device Engineering

The report presents a short description of Proton test facilities

the proton (IS SC-1000 and IS OP-1000) and neu-

tron (ISNP/GNEIS) test facilities developed At present, two of three proton beam lines
at NRC “Kurchatov Institute” - PNPI in collabora- of the SC-1000 are used for radiation testing
tion with the Branch of JSC “United Rocket and of electronics. The IS SC-1000 test facility has
Space Corporation” - “Institute of Space Device fixed proton energy of 1000 MeV and is located
Engineering”, a Head Organization of the ROS- on the P2 beam line. At the IS OP-1000 facility
COSMOS Interagency Testing Center. A unique located on the P3 beam line, proton energy can
conjunction of proton beams with variable ener- be varied from 1000 MeV down to 60 MeV by
gy 60-1000 MeV and atmospheric-like neutron means of a system of copper degrader (absorber)
beam with broad energy range (1-1000 MeV) of variable thickness from 73 mm (at 900 MeV)
enable to perform complex testing of the semicon- to 530 mm (at ~ 60 MeV). A scheme of the pro-
ductor electronic devices at the SC-1000 within ton beams and irradiation workstations placed
a single testing cycle. in the experimental room, as well as a photo

T 4,
SC-1000

Degrader __ g >

| | o—

Fig. 1. Scheme of the proton beam lines: P2 - protons with the energy of 1 000 MeV; P3 - protons with variable energy
of ~60-1000 MeV (left). Device for remote variation of the absorber length and the proton energy (right)
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Table. Parameters of the proton test facilities

Parameter IS SC-1000 IS OP - 1000
::rg?]?jii?iti)cr)\g Atmosphere Atmosphere
Particle Protons Protons
Energy, MeV 1000 60-1000
Flux,cm=2.s* 10°-108 10°-10°®
Ir;r;diation area, 3> 25 3> 25
Uniformity, % <10 <10
Status In operation (1998) | In operation (2015)

of the degrader system located in the SC-1000
main room are shown in Fig. 1. The parameters
of both proton test facilities are given in Table.

Parameters of the proton beam at the outlet
of copper absorber of variable thickness have
been evaluated by means of the Geant-4 code
calculation. Beam diagnostics is carried out us-
ing a set of standard tools which includes: 1) thin
scintillator - screen coupled with a CCD-sensor
for rapid evaluation of the beam profile image;
2) 2D-moving Se-stripe-type beam profile meter;
3) double-section ionization chamber for “on-line”
control of the proton intensity (fluence); 4) Al-foil
activation technique in conjunction with a high-
resolution HPG-detector as absolute “off-line” mon-
itor of proton fluency.

Neutron test facility

The ISNP/GNEIS test facility has been in oper-
ation since 2010 at the neutron TOF-spectrome-
ter GNEIS. Its main feature is a spallation source
with neutron spectrum resembling that of terrest-
rial neutrons in the energy range of 1-1 000 MeV.
The water-cooled lead target located inside the
accelerator vacuum chamber (Fig. 2) produces
short 10 ns pulses of fast neutrons with a repe-
tition rate of 45-50 Hz and average intensity up
to 3 - 10 cm=2 - s% The ISNP/GNEIS test facility
is located inside the GNEIS building on the neu-

tron beam No. 5, which has the following parame-
ters: neutron energy range: 1-1 000 MeV; neutron
flux: 4 - 10° cm=2 - s7* (at 36 m flight path); beam
diameter: 50-100 mm (at 36 m flight path); unifor-
mity of the beam profile plateau: + 10%.

The neutron flux of 4 - 10° cm=2 - st is an inte-
gral over neutron spectrum in the energy range
1-1000 MeV. It corresponds to the maximum
value of 3 pA of the internal average proton beam
current. The neutron flux and shape of the neu-
tron spectrum are measured using FIC (neutron
monitor) and TOF-technique (Fig. 4). The FIC is
a fast parallel-plate ionization chamber which
contains two targets of 2%°U and 2%%U. The neu-
tron fission cross sections of these nuclei are
recommended standards in the energy range
1-200 MeV. The neutron beam profile is meas-
ured by means of MWPC - the 2-coordinate po-
sition sensitive multiwire proportional counter
used for registration of fission fragments from
the 2%°U target deposited on the MWPC's cathode.
The neutron spectrum F (E) is shown in Fig. 2
together with the JEDEC standard terrestrial neu-
tron spectrum from JESD89A referenced to New
York City and multiplied by scaling factor 7 - 107,
as well as the neutron spectra of leading test
facilities. Both the shape of the neutron flux and
neutron intensity demonstrates that the ISNP/
GNEIS is successfully competing with the other
first-grade test facilities with the atmospheric -
like neutron spectrum. The SC-1000 possess-
es a potential of the neutron intensity growth.
A new irradiation station located at a distance
of 5-6 m from the neutron-production target oper-
ated on the extracted proton beam enables to in-
crease neutron flux at least 10 times at the DUT
position. Simultaneously, an irradiation of the bul-
Ky equipment will be possible.

A versatile complex of test facilities has
been developed at the SC-1000 accelerator of
NRC “Kurchatov Institute” - PNPI. At present,
a growing number of Russian research organiza-
tions specialized in radiation testing of the elec-
tronics conduct their research on the proton and
neutron beams under direct agreements with
the NRC “Kurchatov Institute” - PNPI or with
the Branch of JSC “URSC” - “ISDE".
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Fig. 2: General layout

of the neutron time-of-
flight spectrometer GNEIS
and ISNP test facility (up).
Neutron spectrum F, (E)
of the ISNP/GNEIS facility

in comparison with standard
terrestrial neutron spectrum
and spectra of other world-
class test facilities (down)

Amerkanov D.A., Artamonov S.A., Ivanov E.M., Lebedeva J.S., Mikheev G.F., Riabov G.A., Shcherbakov O.A.,
Vorobyev A.S. et al. // Proc. of XXV Russ. Part. Accel. Conf. (RUPAC-2016). 2016. P. 105-107.
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Status of the 1 000 MeV synchrocyclotron in 2016

S.A. Artamonov, E.M. Ivanov, G.F. Mikheev

Knowledge Transfer Division of NRC “Kurchatov Institute” — PNPI

The synchrocyclotron SC-1000 for a proton
energy of 1000 MeV with intensity of the extracted
beam of 1 pa is the basic installation
of the NRC "Kurchatov Institute" - PNPI since
1970. It is widely used for fundamental research
in the field of particle physics, structure of atomic
nuclei (including nuclei far from stability) and me-
chanisms of nuclear reactions in them, solid state
physics, as well as in applied studies on radiologi-
cal tests and nuclear medicine studies.

In 2016, the accelerator was in operation for
3225 hours in total. The diagram shows the distri-
bution of SC-1000 operating time in various areas
of research on its beams.

Furthermore, this year marked the creation
of a universal center for tests of radiation resist-
ance of the electronics used in space, aviation
and other application areas. The center includes
two test stands to work at a proton beam with
an energy of 1000 MeV, and at proton beams

of variable energy ~ 60, 100, 200, 300, 400,
500, 600, 700, 800, 900, 1000 MeV, as well as
the test stand at a neutron beam of an atmos-
phere-like range. A series of contractual projects
with third parties has been successfully executed
on the basis of the created center.

In collaboration with the staff of the Russian
Institute for Power Radiobuilding (RIPR), the inves-
tigation was carried out to determine the feasibi-
lity of the replacement of obsolete electrical
machines of SC-1000 with their modern and
highly compact analogs. The results of the research
showed that the development of power supplies
for the magnetic elements of the synchrocyclo-
tron is possible.

Together with Molecular and Radiation Biophys-
ics Division (MRBD), we started the development
of methods of diagnosis and treatment of oncology
diseases using irradiation of laboratory rodents
with a modified proton beam.

RFBR
2%

Studies at 5C Test of HEFD
2% 1%

T1-channel
T%

Channeling
8%

0. Mikhlukha
10%
13%

Agreements
1%

Preparation of SC
19%

Directions of work carried out on beams
of synchrocyclotron SC-1000

GNEIS
16%

1. Amerkanov D.A., Artamonov S.A., Ivanov E.M., Lebedeva J.S., Mikheev G.F., Riabov G.A., Shcherbakov O.A.,
Vorobyev A.S. et al. // Proc. of XXV Russ. Part. Accel. Conf. (RUPAC-2016). 2016. P. 105-107.
2. Synchrocyclotron Focusing Device: the Patent for the Utility Model No. 165907 / E.M. Ivanov, G.F. Mikheev;

Priority of 16.02.2016.
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Isochronous cyclotron C-80. Status and prospects

D.A. Amerkanov, S.A. Artamonov, V.P. Gres, E.M. Ivanov, G.F. Mikheev,
I.A. Petrov, A.S. Pokrovsky, G.A. Ryabov, V.A. Tonkikh, V.I. Yurchenko
Knowledge Transfer Division of NRC “Kurchatov Institute” — PNPI

On 8 November 2016 in NRC “Kurchatov Insti-
tute” - PNPI the isochronous cyclotron C-80 for
the acceleration of negative ions of hydrogen with
the energy of the extracted proton beam ranging
40-80 MeV was brought to its design parameters
for the first time (Fig.).

The creation of a cyclotron C-80 opens tempting
opportunities for the start of production of radio-
isotopes at a totally new level both in terms
of production growth and in terms of expansion
of the assortment of the produced radioisotopes.
Practically all requirements of the medical institu-
tions of the north-west of the Russian Federation
which are engaged in introduction of new radiop-
harmaceuticals into medical practice will be sat-
isfied in this respect. At the same time, this pro-
ject provides for a strategic opportunity of not only
producing the isotopes, but also preparing the iso-
tope-based radiopharmaceuticals.

The variable energy of an accelerated beam
combined with its high intensity allows the pro-

duction of high-quality radioactive isotopes and
radiopharmaceuticals that cannot be produced
at commercial cyclotrons, in particular genera-
tor isotopes of #Sr u %8Ge. The project provides
the possibility of isotope separation by means
of a magnetic separator.

The use of a mass-separator for electromag-
netic separation of the produced radionuclides will
ensure the production of a wide range of ultra-pure
radionuclides (better than 1 - 10-4) for the diagno-
sis and therapy.

The high energy of the proton beam will allow
the creation of an ophthalmology center for radi-
ation therapy of eye cancer disease. It will be
the first center of this kind in Russia and CIS coun-
tries. Such technology of treatment of eye can-
cer diseases is highly effective, it is widely used
abroad and it is in demand in the medical commu-
nity. The center will be used by clinics of St. Peters-
burg and Leningrad region.

Isochronous
cyclotron.

Top level

(left). Paths

to target stations.
Lower level (right)

1. Artamonov S.A., Chernov A.N., Ivanov E.M., Riabov G.A., Tonkikh V.A. // Proc. of XXV Russ. Part. Accel. Conf.
(RUPAC-2016). 2016. P 176-178. http://accelconf.web.cern.ch/AccelConf/rupac2016/

2. Amerkanov D.A., Artamonov S.A., Ivanov E.M., Riabov G.F., Yurchenko V.I. et al. // Proc. of XXV Russ. Part. Accel.
Conf. (RUPAC-2016). 2016. P. 179-181. http://accelconf.web.cern.ch/AccelConf/rupac2016/
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Awards. Prizes

NRC “Kurchatov Institute” - PNPI is an actively functioning institute which keeps pace with the current
scientific trends. Numerous prizes and grants of its employees attest to this statement.

Winners of 2016 Kurchatov prize

According to the results of 2016 Kurchatov prize, an active participation in this competition has become
a good tradition among the employees of the Institute. It is notable that the competition participants are
represented not only by the leading and young scientists and engineers, but also by students. For this
purpose, the Regulations of the competition contain special terms and conditions for their application.
This year, 11 scientific works of the Institute employees were recognized as the best ones.

In the area of scientific research:

- “10 years of neutrino research in Borexino experiment” - A.V. Derbin, V.N. Muratova, (E.A. Litvinovich,
I.N. Machulin, M.D. Skorokhvatov - NRC “Kurchatov Institute”);

- “Study of delayed fission and nuclear shape coexistance by methods of resonant ionization in a laser
ion source” - A.E. Barzakh, D.V. Fedorov, M.D. Seliverstov, P.L. Molkanov, V.N. Panteleevy;

- “Penning traps for high-precision measurements of the mass of nuclides for a wide range of problems
of the fundamental physics” - S.A. Eliseev.

The following young employees of NRC “Kurchatov Institute” - PNPI got the 2016 Kurchatov prize
in the nomination for the best work among young staff scientists and R&D engineers:

- “Development of theoretical methods of calculation of the electronic structure of molecules and crys-
tals for experiments in physics beyond the standard model” - L.V. Skripnikov;

- «“Defects in helical magnets with the Dzyaloshinskii-Moriya Interaction” - O.l. Utyosov, A.V. Sizanov;

- “High-order oligomers of intrinsically disordered brain proteins BASP1 and GAP-43 preserve the struc-
tural disorder” - O.S. Forsova.

Five students who conducted their research in NRC “Kurchatov Institute” - PNPI were awarded
the 2016 Kurchatov prizes in the category “Best student works”:

- “The development and commissioning ofthe bunched beam current measurement system at
the COSY accelerator” - L.D. Eltsov;



PNPI Scientific Highlights 2016 137

- “Diffraction studies of the crystal structure of lay-
ered honeycomb oxides” - S.Yu. Podchezertsey;

- “Channeling and volume reflection of 1 GeV protons
in bent silicon crystals” - M.V. Malkov;

- “Low-energy nuclear isomerism” - N.S. Martynova;

- “The study of the structure of carbon nanotubes” -
A.N. Matveeva.

The winners of a competition for the prize named
after academician A.P. Alexandrov

Young researchers of NRC “Kurchatov Institute” -
PNPI became the winners in the category for young sci-
entists of an annual competition of scientific works - 2016 Alexandrov prize of NRC “Kurchatov Institute”:

- “Development of gas-discharge neutron detectors for experimental set-ups for condensed matter
physics and fundamental physics” - D.S. llyin;

- “Launch of a full-scale model of UCN source. Analysis of the results” - V.A. Lyamkin.

The administration of Leningrad Oblast continued to support 11 papers of NRC “Kurchatov Insti-
tute” - PNPI researchers, who were formerly awarded the scientific scholarships of the governor
of Leningrad Oblast: two employees were awarded a personal scholarship of the governor of Leningrad
Oblast in the category “Young scientist”, and 9 employees in the category “Leading scientists”.

In 2016 the head of the laboratory of Human Molecular Genetics of Molec-
ular and Radiation Biophysics Division of NRC “Kurchatov Institute” - PNPI
Sofia N. Pchelina got the prize of the governor of Leningrad oblast for efforts
in development of science and technology and achievements in fundamental
research in the category “Natural and technical sciences” for her work “Genetic
and biochemical markers of Parkinson’s disease”.

The scholarships in honor of distinguished scientists S.E. Bresler, V.N. Gribov,
G.M. Drabkin, V.M. Lobashev, whose scientific activity was connected with the
Institute, were established in NRC “Kurchatov Institute” - PNPI for young scien-
tists and specialists demonstrating significant advances in research. In 2016,
four young employees of the Institute became
the holders of these scholarships. Scholar- 3ACE[JAHVE YYEHOIO COBETA
ships were awarded in the following nomina- n,..s:f::".:f.'ti..,
tions:

- S.E. Bresler Scholarship for works in
the field of biology - O.S. Forsova;

- V.N. Gribov Scholarship for works in
the field of theoretical physics - O.l. Utyosov;

- G.M. Drabkin Scholarship for works
in the field of condensed matter physics -
N.M. Chubova;

- V.M. Lobashev Scholarship for works in
the field of nuclear physics - V.M. Samoilov.
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Seminars

Schedule of seminars

All-Institute seminars:

- General seminar - once a month, on Thursdays;

- Seminar on condensed state physics - every Thursday (except the General Seminar Day);

- Seminar on biology - 1-2 times a month, on Wednesdays;

- Joint seminar of High Energy Physics Division ans Theoretical Physics Division - once a month,
on Thursdays.

Seminars in Divisions:
- High Energy Physics Division - every Tuesday;
- Neutron Research Division - once a month, on Wednesdays;
e Condensed State Research Department - every Tuesday;
* X-and y-Ray Spectroscopy - once a quarter, on Wednesdays;
¢ Neutron Research Division on atomic and molecular physics - once a quarter, on Thursdays;
- Theoretical Physics Division - on Mondays in Euler International Mathematical Institute
(Saint Petersburg); on Thursdays - in NRC “Kurchatov Institute” - PNPI (Gatchina);
- Molecular and Radiation Biophysics Division (on the to-be-published articles) - 1-2 times a month,
on Wednesdays;
e Laboratory of Genetics of Eukaryotes - once a week, on Fridays;
e Laboratory of Biophysics of Macromolecules - every two weeks, on Wednesdays;
e Laboratory of Cell Biology - once a week, on Thursdays;
e Laboratory of Protein Biosynthesis - every two weeks, on Fridays;
e Laboratory of Proteomics - every two weeks, on Mondays;
e Laboratory of Experimental and Applied Genetics - once a week, on Wednesdays;
e Laboratory of Enzymology - every two weeks, on Tuesdays;
e Laboratory of Molecular Genetics - once a month, on Wednesdays;
e Laboratory of Human Molecular Genetics - once a week, on Wednesdays;
- Knowledge Transfer Division - every third Tuesday, monthly;
e Accelerator Department - every Tuesday, monthly.
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All-Institute Seminars

14 January. V.A. Schegelsky (High Energy Physics Division of NRC “Kurchatov Institute” - PNPI) -
“Bose-Einstein femtoscopy, proton structure and the “pomeron size”.

26 January. D.Yu. Minkin (NRC “Kurchatov Institute” - PNPI) - “Particularities of use of modern missile
armament”.

4 February. 0.A. Shcherbakov (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -
“Test stand at the NRC “Kurchatov Institute” - PNPI synchrocyclotron for neutron radiation testing

of electronics”.

11 February. I.V. Golosovsky (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -
“Magnetic structures in the CoO nanoparticles with a “wurtzite” and “zinc blende” crystalline structure
existing only in the form of nanoparticles. Neutron and X-ray diffraction”.

24 March. M.I. Eides, A.A. Vorobyov (Theoretical Physics Division, High Energy Physics Division

of NRC “Kurchatov Institute” - PNPI) - “The proton radius puzzle: discussion of the problem

and project of new elastic ep-scattering experiment”.

24 March. A.O. Sorokin (Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI) -
“Topological defects in two-dimensional helical magnetic material and the method

of non-perturbative renormalization group”.

7 April. V.Yu. Petrov (Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI) -

“Quantum wire with an impurity as O-dimensional field theory”.

14 April. A.S. Sukhanov (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -

“The measurement of spin-way stiffness in helimagnets studied by small-angle neutron scattering”.
14 April. .M. Belyaev (NRC “Kurchatov Institute” - ITEP) - “Search for possible tetraquark state X(5568)
with LHCb data”.

28 April. A.V. Nakin (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -
“Mathematical modeling of anisotropic lattices of Josephson contacts in the inhomogeneous
magnetic field”.

11 May. M.G. Khrenova (Lomonosov Moscow State University) - “Supercomputer molecular modeling
for interpretation and prediction of properties of protein systems”.

12 May. S.I. Tutunnikov (Joint Institute for Nuclear Research) - “EXAFS-spectroscopy at Kurchatov
Synchrotron Radiation Source (KSRS)".

19 May. B.N. Gikal (Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research) -
“The cyclotron complex of heavy ions in the FLNR JINR for research and applications (current status
and development plans for the next 7 years)”.

23 May. Yu. Polikanov (University of lllinois at Chicago) - “From the ribosome structure to antibiotics”.
26 May. V.A. Matveev (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -

“Study of titanium nano-layers by neutron and X-ray reflectometry”.

9 June. Jan K. Kruger, Martine Philipp (University of the Saarland, Saarbrucken) -

“The role of nonlinearities at phase transitions and glass transitions in polymers”.

9 June. M.G. Ryskin and V.A. Schegelsky (Theoretical Physics Division, High Energy Physics Division
of NRC “Kurchatov Institute” - PNPI) - “Two zooms in Bose-Einstein correlations. First observation

of the “radiating pomeron” by ATLAS”.

15 June. T.A. Isaev (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -

“Prospects for studies with cold molecules in NRC “Kurchatov Institute” - PNPI”.

16 June. A.A. Szhogina (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -

“Structure and magnetic relaxation properties of iron-carbon endohedral complexes”.

16 June. M. Strikman (Pennsylvania State University) - “Color fluctuation phenomena in high energy
proton- and photon-A collisions at the LHC”.



140 Management and Research

23 June. S. V. Maleev (Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI) -
“Interaction of spin waves in B20 (MnSi etc.) magnetic materials”.

30 June. M.V. Suyasova (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -

“The aggregation and self-organization mechanisms of fullerenols in aqueous solutions”.

6 October. Ya.M. Beltukov (loffe Institute RAS) - “Random matrix theory approach to describe vibrations
of granular media”.

13 October. A.V. Syromyatnikov (Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI) -
“Spin-flop transition accompanied with changing the type of magnetic ordering”.

27 October. A.Yu. Aktersky (Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI) -
“Low-energy singlet sector in the spin -1/2 J1-J2 Heisenberg model on a square lattice”.

2 November. D.S. Karlov (Molecular and Radiation Biophysics Division of NRC “Kurchatov Institute” -
PNPI) - “A variety of bacteria in pelagic and benthic zones of freshwater Antarctic Radok lake

(Amery oasis)”.

3 November. A.B. Arbuzov (Joint Institute for Nuclear Research) - “Radiative corrections to elastic
electron-proton scattering”.

10 November. A.Yu. Goikhman (Functional Nanomaterials Research & Educational Center, Immanuel
Kant Baltic Federal University) - “Mobile growth units for the in situ formation and studies of unique
nanostructures and systems at megascience installations”.

17 November. 1.V. Golosovsky (Neutron Research Division of NRC “Kurchatov Institute” - PNPI) -
“Spin waves and exchange interactions in a multiferroic NdFe,(BO,),. Inelastic neutron scattering”.

1 December. |.A. Babintsev (Theoretical Physics Division of NRC “Kurchatov Institute” - PNPI) -
“Degeneracy of eigenvalues of an operator of a Becker-Ddring kinetic equation”.

8 December. M.G. Ryskin, V.A. Schegelski (Theoretical Physics Division, High Energy Physics Division
of NRC “Kurchatov Institute” - PNPI) - “The boiling QCD vacuum: BEC study with ATLAS LHC experiment
from 900 GeV till 13 TeV”.

29 December. A.V. Titov (Knowledge Transfer Division of NRC “Kurchatov Institute” - PNPI) -
“Theoretical studies of molecules and solids with heavy atoms in the laboratory of quantum chemistry
of NRC “Kurchatov Institute” - PNPI: development of methods and calculations”.
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Conferences

NRC “Kurchatov Institute” - PNPI acts as an organizer of its own conferences, lectures and workshops
in the framework of a wide range of research subject matters. The events bring together participants
from the leading research centers of Russia and abroad.

In 2016 the Institute organized 13 scientific events (workshops, conferences and schools), which were
attended by over 1 500 people, including more than 300 foreign representatives of the world scientific
community from such countries as Germany, Sweden, the USA, Switzerland, Japan, China, the Nether-
lands, Italy, Belgium, Ireland, etc.
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Organized events

1. Workshop «Neutron Diffraction - 2016». 18-19 February.

2. 50" Winter School of NRC “Kurchatov Institute” - PNPI on Nuclear and Particle Physics,
Theoretical Physics, Reactor Physics and Technologies, Accelerator Physics and Technologies.
29 February - 5 March.

3. XVII Winter School on Biophysics and Molecular Biology. 29 February - 5 March.
. L Winter School of NRC “Kurchatov Institute” - PNPI on Condensed State Physics. 14-19 March.

5. Fourth workgroup meeting on the project of reconstruction of instruments at the PIK reactor
“PIK-GGBase”. 26-27 May.

. International Conference “Quarks-2016”. 29 May - 4 June.

N

. Workshop on enalastic neutron scattering “Spectrina-2016“. 23-24 June.
. International conference “Hadron Structure and QCD (HSQCD’2016)”. 27 June - 1 July.
. Il Reactor PIK School for Young Scientists (Professionalism. Intellect. Carrier. “PIK-2016"). 3-8 July.

10. International meeting of the FAIR/NuSTAR/R3B collaboration “R3B Collaboration Meeting”.
19 September - 23 September.

11. IV Workshop on Small-Angle Neutron Scattering “MURomets-2016". 28-30 September.
12. Youth Scientific Forum “Open Science - 2016”. 16-18 November.
13. V School on Polarized Neutron Physics. 15-16 December.

© 00 N O

In addition, in the course of 2016 the researchers of NRC “Kurchatov Institute” - PNPI participated
in 130 Russian and international conferences, where they presented 350 talks.




