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The Joint Institute for Nuclear Research (JINR) is an international centre for
experimental and theoretical investigations in the fields of elementary particle physics,
nuclear and neutron physics, condensed matter research and related topics.

The JINR structure is determined by the fact that it is governed internationally and
has many research specializations. Current scientific and financial affairs of the Institute’s
Laboratories, common services as well as the work of specialized departments are guided by
the Institute Directorate.

The Frank Laboratory of Neutron Physics is one of the eight JINR Laboratories. It
was established in 1956, soon after the foundation of JINR.

In 1960 a principally new source of neutrons - the IBR fast pulsed reactor of periodic
operation - was created at FLNP under the leadership of Prof. D.I.Blokhintsev (11.01.1908 -
24.01.1979). The birth of this reactor gave rise to a new direction in the development of
research neutron sources.

An extended scientific program with this reactor was initiated under the leadership of
Nobel Prize Winner and Laboratory Director Prof. I.M.Frank (23.10.1908 - 22.06.1990) and
Deputy Director Prof. F.L.Shapiro (06.04.1915 - 30.01.1973). Since 1960, a whole family
of unique pulsed neutron sources for nuclear physics and condensed matter physics has been
developed and constructed. The latest in the family, the IBR-2 high flux pulsed reactor, was
commissioned in February 1984. The Laboratory was named after Prof. I.M.Frank in 1992.
In the same year, in JINR the 1.M.Frank Prize for Neutron Physics was established.

At present, the scientific activity of the Laboratory focuses on two fields of physics,
namely nuclear physics and condensed matter physics. The first involves investigations of
the neutron as an elementary particle and studies of compound states in neutron induced
reactions. The second investigates pressing problems in the physics and chemistry of solid
states, surfaces and liquids, and in molecular biology. Applied investigations are also

carried out using nuclear physics methods.



PREFACE

We would like to offer the readers the report on the scientific activity of the Frank
Laboratory of Neutron Physics for 2007. The first part presents a brief review of the
experimental and theoretical results achieved in the main scientific directions — condensed
matter physics, neutron nuclear physics and applied research. The second part includes the
reports on the operation of the IBR-2 pulsed reactor and realization of the IREN project. The
third part is concerned with the development and creation of elements of neutron
spectrometers for condensed matter investigations. The fourth part presents the experimental
reports that cover the main scientific directions in greater detail. The list of publications for
2007 completes the report.

Starting in December 2006 after the reactor shutdown the works on the modernization

of IBR-2 were mainly focused on:

o defueling of the IBR-2 reactor core and the removal of sodium from the extracted fuel

assemblies (FA);

e manufacturing of a standard ASCS, reactor control panel (SNIIP-SYSTEMATOM) and
CM system (INEUM);

e manufacturing of a new reactor vessel;

e manufacturing of rolling shielding, stationary reflectors and regulation blocks for the

stationary reflector;
e detail design of CM and manufacturing of cryogenic pipelines.

The IREN Project. The main tasks of the Frank Laboratory of Neutron Physics and

the Laboratory of Particle Physics in 2007 were the development of engineering infrastructure
and the installation of the available equipment of the 1st stage of the LUE-200 accelerator.
In 2007 in accordance with the approved plan-schedule the works on the construction and
installation of power supply systems, water-cooling and thermostabilisation systems, control
and alarm systems of the 1* stage of the IREN facility were performed. The installation of the
accelerator systems was carried out in accordance with the corrected plan-schedule after the
accident with the klystron SLAC 5045.

In spite of the IBR-2 reactor shutdown the activities of the Department of Condensed
Matter Research and the Department of Spectrometers Complex were focused both on
modernization of the spectrometers and scientific research in allied centers in Russia and

abroad.



In 2007 on IBR-2 the reconstruction of the neutron guide system of the SCAT,
EPSILON and NERA spectrometers was started. The work is conducted within the
framework of the BMBF project in cooperation with the personnel of the Spectrometers
Complex Department. On channel 10 of IBR-2 the multifunctional reflectometer GRAINS
will soon be constructed in place of the available spectrometer KDSOG. In 2007 a detail
scheme of the reflectometer was developed and model calculations were made. A special
feature of the reflectometer, a vertical scattering plane, will make it possible to study
reflection from liquid media. The reflectometer will operate in the time-of-flight mode, which
will allow the experiments to be conducted at fixed orientations of the incident beam and the
sample. Additional modes of the GRAINS reflectometer will comprise off-specular reflection
and small-angle polarized neutron scattering.

In the framework of the Protocol on Cooperation with RRC KI the designing of
neutron diffractometer with complementary possibilities as to the available stress-
diffractometer FSD on IBR-2, for studying internal stresses in bulk samples on the IR-8
reactor has been started.

For further development of the experimental base on IBR-2 and within the framework
of cooperation with the NECSA Corporation (Republic of South Africa) a contract for the
purchase of an automated materials testing machine has been concluded. The machine allows
on-line experiments to be performed with a wide set of loading (stationary or cyclic) modes
on any type of neutron diffractometers with bulk samples of metals and alloys.

Structural changes, spin-state transitions of Co>" ions and insulator-metal transitions in
lanthanum cobaltite LaCoOj3; have been studied in a wide range of temperatures (10-900 K)
and pressures (0-20 GPa). It has been found that pressure induces sharp suppression of
magnetic intermediate-spin state (S = 1) and stabilization of nonmagnetic low-spin state (S =
0) of Co®" ions. The insulator-metal transition temperature significantly increases under
pressure.

The possibility of using short chain length mono-carboxylic acids (C;2H240, and
C14H230;) for stabilization of magnetite nanoparticles in magnetic fluids on the basis of non-
polar organic solvents has been studied. It has been demonstrated that they can be used to
obtain highly stable magnetic fluids.

At the REMUR spectrometer the ferromagnetic-superconducting layered structure
V(39nm)/Fe(3.2nm)/10x[V(3.2nm)/Fe(3.2nm)] consisting of a superconducting layer of
vanadium V(39nm) and periodic structure 10x[V(3.2nm)/Fe(3.2nm)] has been studied by

neutron reflectometry using standing waves of polarized neutrons. For the first time, the



phenomena of formation of a domain structure in the vicinity of vanadium-iron interface and
antiferromagnetic ordering in a periodic structure have been observed. Thus, it has been
demonstrated that the magnetic state of nanostructures can be controlled using the
superconducting transition. This opens up possibilities of designing principally new logic
elements for nanoelectronics, in which the state can be encoded both by the magnetic moment
value and the resistance.

The magnetic and magnetotransport properties of composite nanogranulated cobalt-
based films have been investigated. In nanocomposite alloys (Co)«(SiO2),x near the
percolation threshold a magnetic phase transition with the formation of fractal structures has
been detected. The obtained experimental data testify that in nanocomposite granulated
systems in the range of the structural percolation threshold the magnetic fractal structures are
formed, which, in fact, determine the magnetic properties of composites including
magnetoresistance.

Neutron diffraction is an exceptionally powerful method for studying structures of
biological and model lipid membranes. In particular, by varying the relative content of light
and heavy water, it is possible to reliably determine phases of structural factors. One more
favourable point is the possibility to carry out in-Situ experiments in real time. On the DN-2
diffractometer one can follow changes in the membrane structure in the course of hydration
with time resolution at a level of 1 min. In 2007 experimental evidences for the phenomenon
of reinforcement of the lipid matrix of the outermost layer of mammalian skin, the stratum
corneum (SC) by ceramide 6 molecules were obtained. In a series of neutron diffraction
experiments it has been found that the extremely strong intermenbrane attraction created by
ceramide 6 molecules cannot be destroyed either by long-chain ceramides or long-chain fat
acids. The small-angle neutron scattering experiments have shown that the interaction created
by ceramide 6 molecules is short-range. The stability of the developed SC membrane to
variation of biochemical composition of lipids and water solutions has made it possible to
begin experiments to study the substances that can increase the permeability of human skin
for drug delivery.

Antibiotic amphotericin B (AmB) widely used in medicine has been studied by small-
angle neutron scattering, X-ray diffraction and Fourier spectroscopy. The results of the
experiments have shown that AmB is located predominantly in the headgroup region of the
membrane at concentrations below 1 mol%. At concentrations above 1 mol% the process of
AmB aggregation takes place. The effect of association arises and AmB incorporates into the

hydrophobic membrane core.



For the first time the existence of open inner cavities in the effective dendrimer
volume accessible to a solvent has been demonstrated and their volume fraction has been
estimated. It has been shown that the end groups of a dendrimer are located in its surface
layer. The small-angle scattering data have made it possible to determine sizes and to restore
the external shape of dendrimers of various generations for three and four functional
dendrimers. From a new model of dendrimer structure it follows that its inner sphere is
permeable to the solvent, and its density decreases by a factor of at least 2.

Complex investigations into the physical properties of synthetic quartz single crystals
and quartz powders in the temperature range of the a-p transition with the use of neutron
diffraction and mechanical spectroscopy have been carried out. New data on the behaviour of
parameters of a unit cell of quartz powders of two fractions with different average sizes of
grains at room temperature and in the temperature range of 540-620°C, as well as atomic
coordinates in a unit cell have been obtained. It has been found that the lattice parameters of
the powders that vary in the size of grains by an order of magnitude, differ significantly. The
o-f phase transition temperature of a fine-grained powder is higher than that of a coarse-
grained one by =15 °C (lies in the range of 580-585 °C).

In 2007 a number of experiments were carried out and some interesting results were
obtained in the field of nuclear physics.

The treatment of the results of the experiment on the measurement of the gravitational
force Fg = mga, experienced by a neutron in the Earth’s gravitational field (mg is the
gravitational mass of the neutron, and a is its free fall acceleration) has been completed.

A new experiment to study the effect of a refracting medium in neutron optics has
been carried out. The effect consists in a change in the frequency of the wave upon passing
through a refracting sample moving with acceleration. For the first time it was detected in
2005. In the experiment in 2007 new convincing data were obtained, thus allowing us to
speak with full confidence that the existence of the effect is proved.

In 2007 the main result achieved within the framework of activities on the preparation
and carrying out of the experiment on the direct measurement of the neutron-neutron
scattering cross section at the YAGUAR reactor (RFNC-VNIITF, Snezhinsk) was the
construction of a neutron detector meeting all requirements of the experiment. The detector
was installed on the experimental setup and successfully underwent tests in calibration
measurements on gases in a pulsed operating mode of the YAGUAR reactor. Thus, at the

present time the facility for measuring the nn-scattering is ready for operation.



In 2005 it was experimentally demonstrated that diamond nanoparticles could be used
as an effective reflector of very cold neutrons. In 2007 the precision measurements of the
albedo of very cold neutrons from a diamond nanoparticle layer were carried out by storing
them in a trap with the walls made of nanodiamonds.

Within the framework of the experiments to search for neutral currents in nucleon-
nucleon interactions and to determine weak m-meson coupling constant the measurements (in
collaboration with PNPI, ILL and TU of Munich) of P-odd asymmetry of y-quanta from the
reaction 10B(n,a1)7Li*—7Li+y were conducted on the polarized cold neutron beam PF1B
(ILL, Grenoble). The asymmetry coefficient averaged over three cycles (preliminary value) is
ay=(4.5+£2.7)-10-8.

The first results of the experiment to study the reaction 235U(nth,f) conducted in 2006
at the IBR-2 reactor using the two-arm time-of-flight heavy ion spectrometer mini-FOBOS
were obtained. In the «mass-mass» distribution of fission fragments various peculiarities were
revealed, which can be interpreted as the existence of a new channel of many-body decay
similar to that observed earlier in 252Cf(sf). In the distribution «total kinetic energy —
fragment mass» fine structures similar to those found earlier for other fissioning systems were
revealed as well.

The complex analysis of experimental data on cascade y-decay of neutron resonances
was continued. The approximation of experimental data on partial widths of primary dipole y-
transitions in the same energy interval substantiated this conclusion: the properties of the
nucleus are determined by the coexistence and interaction of excitations of fermion and boson
types in the nucleus.

In conclusion, it might be well to point out that great interest is being expressed by the
JINR Member States in the work in the field of neutron investigations. It is also significant
that in the last few years a lot of young people have come to the Laboratory. All these facts
confirm that the Laboratory continues to develop successfully and dynamically, carrying out

investigations in the interests of the JINR Member States.

A.V .Belushkin

Director



1. SCIENTIFIC RESEARCH

1.1. CONDENSED MATTER PHYSICS

In view of the IBR-2 reactor shutdown for the next stage of reconstruction, the tasks of the
department personnel and work plans under the theme in 2007 differed noticeably from the
traditional program of activities. Namely, the scientific work was transferred to the allied centers in
Russia and abroad, and the work on the IBR-2 was focused on the realization of the program of
modernization of the spectrometers. Out of fundamental and applied research activities developed
by the employees of the NICM department, in 2007 several major scientific directions were chosen
and preserved. Work in these directions was carried out in other research centers (first of all in
neutron and synchrotron centers) under the existing cooperation agreements. In 2007 the first stage
of modernization of the spectrometers at the IBR-2 reactor started.

1. Scientific results

The results of the long-term investigations of equilibrium structural-magnetic
inhomogeneous states in complex magnetic manganese oxides have been summarized. The
quantitative characteristics of the effect of the polaronic narrowing of the bandwidth and the crystal
lattice microstrains on the volume fraction of the mesoscopic ferromagnetic and antiferromagnetic
clusters have been obtained. In (La;.yPry)o7Cag3MnO3; compound a well-defined dip (Fig. 1) in the
temperature of transition to the ordered magnetic state and the suppression of all the types of long-
range magnetic ordering near the metal-insulator transition point at »=0.9 indicate a key role of the
chemical disorder in the structure for the formation of the phase-separated state at the mesoscopic
scale. It has been found that the value of internal microstrains is one more important factor
influencing phase separation effects [1].
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Fig. 1. The Curie (T¢) and Néel (Ty) temperatures
as a function of the Pr content in (La,_,Pry);Cag3MnOs
(left). The Néel temperature is independent of the '°O or
O content in the sample, whereas for the Curie ,
temperature the dependence is clearly visible. A dipinthe ~"_( 2 -0.1 0.0 0.1 0.2
transition temperatures at y = 0.9 is in agreement with the J.=J
predictions of the model of quenched chemical disorder 2 T
(J. Burgy et al., Phys. Rev. Lett. 2004) resulting in
transfer integral fluctuations and mesoscopic phase
separation into antiferromagnetic insulating (AFM) and
ferromagnetic (FM) phases. The phase diagram obtained
on the basis of model calculations is given at the right.




A series of neutron diffraction experiments to determine crystal and magnetic phase states of
perovskite-like manganites Reo sSrosMnO; (Re = '*2Sm, Ndg.772Tbo22s and Ndo s44Tbo.4se) has been
carried out [2]. The experiments have been performed to reveal the microscopic origins of the giant
oxygen isotope effect discovered recently in Sm;SriMnOs for x = 0.5. It has been shown that at
low temperatures in all the studied compositions there occurs a separation into two crystalline
phases P/ and P2, which have identical space symmetry, but different types of Jahn-Teller
distortions of MnOg octahedra and magnetic ordering of Mn atoms. Unusually great differences in
the parameters of unit cells of the coexisting phases have contributed to the success of the structural
analysis. The phase P/ is ferromagnetic and the MnOg octahedra are only slightly distorted. The
phase P2 is antiferromagnetic (A-type of ordering) and the MnOs octahedra are strongly
compressed along the apical direction. The volume fractions occupied by phases P/ and P2 in a
crystal depend on the average radius of A-cation and upon substitution of '*O for '°O the balance
between the phases is shifted towards the phase P2. The obtained data unambiguously point to a
percolation nature of metal-insulator transition in compositions with Sm upon oxygen isotope
substitution due to a sharp (from 65 to 13%) decrease in the volume of the ferromagnetic phase PI.
The value of the ordered magnetic moment of Mn in phases P/ and P2 varies from 1.7 to 3.5 pg in
all studied compounds. The data on the evolution of microstructural characteristics at a phase
transition into a separated state testify that both the initial spread in A-cation radii and internal
microstrains have a critical impact on the formation of mesoscopic phase separation.

A detailed neutron diffraction study of atomic and magnetic structure of 314-cobaltite
Sr3YCo040105+5 (01 Srg75R025C0012625+54), Wherein A-positions are perfectly ordered, has been
carried out. Two compounds with different oxygen content: close to optimal (“as prepared”, & = 0)
and with increased 6 (“oxidized”, 6 = 0.2) have been investigated. In addition, the data for the
compound, in which Co atoms are partially replaced by Fe, namely, Sr3YFe>Co0,0105+5, have been
obtained [3]. All three compositions have been found to have AFM structure of G-type (Fig. 2) and
Co atoms occupying different positions in a unit cell have different magnetic moments.
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Fig. 2. Magnetic structure of Sr;YCo0401¢54+5 at 8 = 0 and 0.2. The structure is antiferromagnetic of
G-type, i.e. the moments of neighboring Co atoms are oppositely directed. Its specific feature is that
Co atoms occupying different positions in a unit cell have different values of magnetic moment.



Structural changes, spin-state transitions of Co’" jons and insulator-metal transitions in
lanthanum cobaltite LaCoO; have been studied [4] in a wide range of temperatures (10-900 K) and
pressures (0-20 GPa) (Fig. 3). It has been found that pressure induces sharp suppression of
magnetic intermediate-spin state (S = 1) and stabilization of nonmagnetic low-spin state (S = 0) of
Co”" ions. The insulator-metal transition temperature significantly increases under pressure.

eg _ S ﬁ
A - _A - _A
by =4 - — —
Low spin Intermediate spin High spin
(LS,S=0) (IS,S=1) (HS, S=2)
3000 — : : : .
1.0 —0GPa || X 2500} .
—— 2. 8 GPa|] y E (LS-HS
@ 08} ——4.5GPa | é 2000} "2 ¢ ) .
S 1 E P ]
T 06} 1S 70}1500,:‘ g
g 2 2
. ls| @ 4007 £ (s.15) '_
0.2¢ hsl o200} 1
0.0 : : : ] ol . . . . '
0 200 400 600 _ 800 0 1 2 3 4 5
T,K P, GPa
Temperature dependencies of LS, IS and HS  LS-IS and LS-HS energy splittings as
states populations in LaCoOy at different functions of pressure
pressures

Fig. 3. Illustrations to the studies of structural changes, spin-state transitions of Co’" ions and insulator-metal
transitions in lanthanum cobaltite LaCoO; in a wide range of temperatures (10-900 K) and pressures (0-20
GPa). Possible spin configurations for Co’" ion including low spin (S=0), intermediate spin (S=1) and high spin
(S=2) states are shown at the top left.

Preliminary studies of high pressure effects on the crystal and magnetic structure of some
compositions of manganites and cobaltites have been conducted. Under high pressures in
Pry7Bag3sMnOj; the suppression of the initial FM state and the appearance of A-type AFM state are
observed. At normal pressure in Pro;Bayg3;MnO,6 an intermediate G-type AFM state and ground
spin-glass state have been revealed. Under pressure the magnetic phase transitions have not been
observed. For the cobaltite PrCoOs at high pressures up to 8.7 GPa at room temperature it has been
found that this compound retains orthorhombic structure over the whole studied pressure range. A
weak anisotropy of compression of CoOg oxygen octahedra has been revealed.



Fig. 4. Nuclear scattering curves <Fy’(g)>z
averaged over the size distribution function of
magenetite nanoparticles for magnetic fluids
stabilized with oleic (OA) and myristic (MA)
acids. The curves are obtained from the
treatment of 2D scattering data for polarized
neutrons (GKSS). Solid lines show the best
fits of the model of non-interacting core-shell
particles using the size distribution function of
log-normal type. The obtained polydispersity
functions are given in the inset.
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The analysis of the structural data obtained using small-angle scattering of non-polarized and
polarized neutrons for magnetic fluids in organic non-polar media has been performed. The
possibility to use short chain length mono-carboxylic acids (lauric, Ci,H»40,, and myristic,
Ci14H250,, saturated acids) for stabilizing magnetite nanoparticles has been studied [5]. It has been
demonstrated that these acids can be used for the synthesis of highly stable magnetic fluids. The
structure of new fluids have been compared with that of magnetic fluids stabilized by unsaturated
oleic acid CigH340, with a C=C double bond kink in the middle of its tail. Great differences have
been revealed in the size distribution function of stabilized magnetite, particularly a decrease in the
mean particle radius and polydispersity index when short chain length acids are used instead of
oleic acid (Fig. 4). Thus, if oleic acid stabilizes magnetite over a wide radius interval of 1-10 nm,
shorter acids stabilize only a fraction of smaller particles from this interval. It follows from the
comparison of the effective thickness of acid shells (obtained by fitting) about the magnetite (~1.4
nm in both cases) that the origin of the observed size regulation effect is connected with different
acid organization on the magnetite surface, which determines elastic properties of the stabilizing
shell. The study has been carried out in cooperation with the GKSS Research Centre (Geesthacht,
Germany), the Budapest Neutron Center (Hungary) and the Center of Fundamental and Advanced
Technical Research of the Romanian Academy of Sciences (Timisoara Branch, Romania).

On the basis of small-angle neutron scattering experiments on magnetic fluids the verification
of the new basic functions approach in the contrast variation technique for polydisperse
multicomponent and superparamagnetic systems [6] has been continued. In cooperation with the
GKSS Research Centre (Geesthacht, Germany) and the Center of Fundamental and Advanced
Technical Research of the Romanian Academy of Sciences (Timisoara Branch, Romania) the
comparative experiments on the magnetite/oleic acid/benzene and magnetite/myristic acid/benzene
ferrofluids have been carried out. The analysis of the behaviour of squared radius of gyration versus
the inverse contrast from the contrast variation data (Fig. 5, a, b) makes it possible to specify
parameters of the particle size distribution function for stabilized magnetite as well as estimate the
thickness of the surfactant shell. The contrast variation data have been compared with the results of
the direct modeling in the polarized neutron scattering experiments [5, 7]. In cooperation with the
University of Pierre and Marie Curie (France) and the GKSS Research Centre the analogous
analysis has been made [8] for the data of contrast variation on water-based ferrofluids with ionic
stabilization (Fig. 5, ¢). Due to the small effect of the scattering from the stabilizing shell (citrate
molecules) it is possible in a more explicit way to separate the nuclear and magnetic sizes of
particles in the fluid by means of contrast variation.



(a) Magnetite / myristic acid / benzene
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Fig. 5. Contrast variation for different types of ferrofluids. Experimental curves for different content of deuterated
solvent in the liquid carrier (indicated in the sample labels) are given at the left. The behavior of the visible squared
radius of gyration versus the inverse contrast in the system is shown at the right. Lines correspond to theoretical curves.



The study of surfactant solutions used in stabilization of ferrofluids has continued. In
cooperation with the Budapest Neutron Center the experiments on small-angle neutron scattering
from solutions of surfactants (oleic, myristic, stearic acids) in a non-polar liquid (D-benzene) have
been performed. Using the dependence of the scattering on the concentration of the solute the
character of interaction between acid molecules has been analyzed. A significant influence of the
van der Waals attraction on the behavior of the acid molecules in solutions has been revealed,
which explains a shift towards small acid concentrations in the transformation from isotropic liquid
to liquid-crystal state, especially in the case of stearic acid solutions [9]. In cooperation with LRB
JINR the simulations of molecular dynamics of the solvent at the interface with the dissolved acid
molecule have been performed [10]. It has been shown that the organization of the solvent on the
molecular surface differs only slightly for three acids. This points out to the fact that the solvent-
solute interaction cannot explain the difference in the behavior of these acids in solutions. Thus, the
main component in the interaction, which determines such differences, is the van der Waals
interaction.

In cooperation with the Institute Laue Langevin (France) the studies of stable nanocomposite
lamellar films on the basis of symmetric diblock copolymers with Fe;O4 nanoparticles have
continued. The reflectometry and GISANS experiments have been carried out. It has been
determined that the nanoparticles form periodic layers within a polymer matrix. Depending on the
volume concentration and size of nanoparticles, new structural mesophases predicted earlier
theoretically have been revealed for the first time. A new structural transition has been observed and
it has been demonstrated that in complex nanocomposite systems not only the matrix structure
determines the ordering of the ensemble of nanoparticles, but also the nanoparticles influence the
morphology of nanocomposite films. By increasing the concentration of nanoparticles, the
conditions have been found under which the lamellar structure becomes unfavourable because of
the arrangement of nanoparticles only within polystyrene. This leads to morphological changes
resulting in the formation of cylindrical structure. The investigations have been conducted with
three sets of films of different thicknesses and volume fraction of nanoparticles from 0% to 50%.
The nanocomposite films based on asymmetric diblock copolymers and nanoparticles with the
volume fraction from 0% to 15% have been studied as well.

Within the framework of the studies of fullerene dispersions in low-polarity nitrogen-
containing solvents and their mixtures the experiments on time-of-flight mass-spectroscopy have
been carried out. The results of the investigations of cluster organization in the systems Cgo/N-
methil-2-pyrrolidone (Cqo/NMP) and Cgo/N-methil-2-pyrrolidone/water have substantiated the
conclusions about the sizes and density of the clusters in the system made earlier on the basis of
small-angle neutron scattering experiments. It has been shown that the cluster decomposition in the
system Cgo/NMP on addition of water is due to the detachment of monomers, but at the same time
the detachment of clusters with a number of fullerene molecules from 2 to 14 is not observed. The
modeling of experimental UV-Vis data has been performed to estimate the contribution of the Mie
scattering to optical curves. According to the results of modeling, the reason for the solvatochromic
effect in the system Cg/NMP is the transition of fullerene molecules into a new electron state
connected with the formation of donor-acceptor Ceo—NMP complexes in the solution. The formation
of Ceo—NMP complexes in the system has also been confirmed by the mass-spectroscopy
measurements [11-13].
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Fig. 6. a) Distribution of magnetization near the interface in the bilayer V(39nm)/Fe(3.2nm). At T =7 K >
Tc in a magnetic field of 1 kOe the area in the vicinity of the interface is magnetized. At the transition to the
superconducting state (T¢ = 3.7 K) at T= 3 K the state appears to be demagnetized. The demagnetized state is
energetically more favourable, since the magnetic field acting on the superconducting pair proves to be less
than in the case of the magnetized state.

b) Distribution of magnetization in the periodic structure. At the transition to the superconducting
state the magnetic ordering of both the magnetization of iron layers and the induced magnetization of
vanadium layers undergoes a change. The vanadium layers are ordered antiferromagnetically, which, in
principle, supports the theoretical conclusions.

At the REMUR spectrometer the ferromagnetic-superconducting layered structure
V(39nm)/Fe(3.2nm)/10x[V(3.2nm)/Fe(3.2nm)] (Fig. 6) consisting of a superconducting layer of
vanadium V(39nm) and periodic structure 10x[V(3.2nm)/Fe(3.2nm)] has been studied by neutron
reflectometry using standing waves of polarized neutrons [14]. For the first time, at the transition of
a vanadium layer to the superconducting state, the phenomena of formation of a domain structure in
the vicinity of vanadium-iron interface and antiferromagnetic ordering in a periodic structure have
been observed. Thus, it has been demonstrated that the magnetic state of nanostructures can be
controlled using the superconducting transition. This opens up possibilities of designing principally
new logic elements for nanoelectronics, in which the state can be encoded both by the magnetic
moment value and the resistance.

The magnetic and magnetotransport properties of composite nanogranulated cobalt-based
films have been investigated. In nanocomposite alloys (Co)x(Si02);.« near the percolation threshold
a magnetic phase transition with the formation of fractal structures has been detected. The obtained
experimental data [15] testify that in nanocomposite granulated systems in the range of the
structural percolation threshold the magnetic fractal structures are formed, which, in fact, determine
the magnetic properties of composites including magnetoresistance.

At the YuMO spectrometer the influence of dimethyl sulfoxide (DMSO), a well-known
organic solvent, which is widely used in cell biology, cryobiology, pharmacology, medicine and



agriculture, on the structure of lipid membranes of phospholipids (DMPC) has been investigated
over a wide range of DMSO molar concentrations 0.0 < X puso < 1.0 in an excess of a solvent at
temperatures 7 = 12.5 and 55°C. The dependences of the repeat distance d of multilamellar
membranes and the thickness d, of single vesicles on the molar concentration X pmso in the L g gel
and L , liquid-crystalline phases in an excess of a water-DMSO solvent have been determined. The
intermembrane distance ds has been determined from the repeat distance d and the membrane
thickness dp. It has been shown [16] that an increase in the molar concentration Xpmso leads to a
considerable decrease in the intermembrane distance and that at Xpmso = 0.4 the neighboring
membranes are virtually in steric contact with each other, which results in the fusion of single
membranes into multilamellar structures. The use of the contrast variation method makes it possible
for the first time to determine the number of DMSO molecules strongly bound to the membrane.
The number of these molecules for one polar head of the lipid molecule is 6.9 and their total volume
is 820 A’, which is comparable to the volume of the polar head of the lipid molecule and accounts
for the previously observed phase transition of the lipid membrane to the phase characterized by
interdigitation of chains.

The ultrastructure of rat liver and heart mitochondria has been investigated by small-angle
neutron scattering [17] at the YuMO spectrometer. The influence of low tonicity of incubation
medium on the change in the inner mitochondrial membrane packing has been studied. The analysis
of interference peaks has revealed that under the effect of low tonicity the ordered lamellar packing
of the membranes undergoes a transition to an ordered nonlamellar (presumably hexagonal)
packing. The electron microscopy data also give evidence in favour of hexagonal packing.
Experiments to study the structure of mitochondrial mitoplasts by atomic-force microscopy have
been started. The purpose of the experiments is to prove the existence of multi-enzyme lipid-protein
complexes participating in oxidative phosphorylation.

Antibiotic amphotericin B (AmB) widely used in medicine has been studied by small-angle
neutron scattering, X-ray diffraction and Fourier spectroscopy. The results of the experiments [18]
have shown that AmB is located predominantly in the headgroup region of the membrane at
concentrations below 1 mol%. At concentrations above 1 mol% the process of AmB aggregation
takes place. The effect of association arises and AmB incorporates into the hydrophobic membrane
core.

Work to search for new experimental techniques complementary to neutron scattering for
studying the magnetic fluid properties has been carried out. For the first time the xSR-method has
been applied to investigate the magnetic fluid properties [19]. The ferrofluid on the basis of D,O
with Fe;O4 nanoparticles has been studied in the temperature range from 114 to 300 K in zero and
transverse magnetic field conditions. A distinct #SR-signal has been observed in both cases. In zero
field measurements a drop in the relaxation rate and muon spin polarization to zero level at 7= 230
K followed by fast increasing of the latter in the temperature interval of 240 - 255 K have been
observed. The investigation has been performed in cooperation with the Dzhelepov Laboratory of
Nuclear Problems.

For the first time the existence of open inner cavities in the effective dendrimer volume
accessible to a solvent has been demonstrated and their volume fraction has been estimated. It has
been shown [20] that the end groups of dendrimers are located in its surface layer. The application
of novel mathematical treatment techniques has made possible not only size determination but also
ab initio shape reconstruction for dendrimers of various generations for three and four functional
dendrimers (Fig. 7). A new model for interpreting the results of small-angle neutron scattering from
dendrimer solutions has been proposed. Within its frameworks the inner dendrimer sphere has been
demonstrated to be permeable to a solvent, whose density is lower than the density of the solvent
beyond the dendrimer by a factor of at least 2.
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Fig. 7. Small-angle neutron scattering data, structural chemical formula and 3D structural model of
four functional dendrimers.

Neutron diffraction is an exceptionally powerful method for studying structures of biological
and model lipid membranes. In particular, by varying the relative content of light and heavy water,
it is possible to reliably determine phases of structural factors. One more favourable point is the
possibility to carry out in-sifu experiments in real time. On the DN-2 diffractometer one can follow
changes in the membrane structure in the course of hydration with time resolution at a level of 1
min (Fig. 8). In 2007 the experimental evidences for the phenomenon of reinforcement of the lipid
matrix of the outermost layer of mammalian skin, the stratum corneum (SC) by ceramide 6
molecules were obtained. In a series of neutron diffraction experiments it has been found [21] that
the extremely strong intermembrane attraction created by ceramide 6 molecules cannot be destroyed
either by long-chain ceramides or long-chain fat acids. The small-angle neutron scattering
experiments have shown that the interaction created by ceramide 6 molecules is short-range
(Fig. 9). The stability of the developed SC membrane to variation of biochemical composition of
lipids and water solutions has made it possible to begin experiments to study the substances that can
increase the permeability of human skin for drug delivery.

Complex investigations [22] into the physical properties of synthetic quartz single crystals
and quartz powders in the temperature range of the a-f transition with the use of neutron diffraction
and mechanical spectroscopy have been carried out. New data on the behaviour of parameters of a
unit cell of quartz powders of two fractions with different average sizes of grains at room
temperature and in the temperature range of 540-620°C, as well as atomic coordinates in a unit cell
have been obtained. It has been found that the lattice parameters of the powders that vary in the size
of grains by an order of magnitude, differ significantly. The o~ phase transition temperature of a
fine-grained powder is higher than that of a coarse-grained one by =15 °C (lies in the range of 580-
585 °C).
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Fig. 8. Real-time diffraction makes it possible to efficiently investigate structure and phase transitions in lipid
membranes. On the DN-2 diffractometer one can follow changes in the membrane structure in the course of
hydration with time resolution at a level of 1 min.
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Fig. 9. Fourier neutron scattering density profile reconstructed from neutron diffraction data (left) in the
direction perpendicular to the membrane plane. Its peculiarity is a small gap (about 1 A) between
neighbouring bilayers (right).

At the DIN-2PI spectrometer the diffusion processes in liquid lithium (T = 500K and 830K)
and lithium-hydrogen melt (T = 830 K, content of hydrogen impurity ~ 1 % at.) have been
investigated by the quasi-elastic slow neutron scattering technique [23]. The found characteristics of
diffusion processes for pure lithium and, in particular, self-diffusion coefficient are in good
agreement with the calculations and the results obtained by the capillary method. It has been found
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Fig. 10. Examples of the experimental results obtained with the DIN spectrometer. The dependencies of
quasielastic scattering peak width on momentum transfer for Li-H mixtures (left) and of density of
phonon states in tantalum for various temperatures (right). For the first time we succeeded in performing
neutron inelastic scattering measurements at a temperature of 2300 K.

that the character of hydrogen diffusion processes in lithium-hydrogen melt is practically
indistinguishable from the diffusion of lithium atoms (Fig. 10a). This testifies that in the above-
mentioned conditions hydrogen is present in the melt as lithium hydride LiH.

For the first time, neutron inelastic scattering spectra have been obtained for Group V
transition metal Tantalum (Ta) in the temperature range from room temperature to 2300 K
(Fig. 10b). To obtain the required temperature of the sample, a recently constructed high-
temperature thermostat TS3000 was used. The accuracy of the obtained spectra appeared to be
sufficient to reconstruct the phonon state density G(g) of tantalum for all temperatures of the
measurement. The reconstruction of frequency spectra was performed by the successive iteration
technique with due regard for the multiphonon neutron scattering effect. No satisfactory explanation
of the temperature evolution of the frequency spectra has been provided yet and the problem calls
for further investigation, in particular, for the evaluation of influence of electron-phonon
interaction.

II. Instrument developments

In 2007 on IBR-2 the reconstruction of the neutron guide system of the SCAT, EPSILON
and NERA spectrometers was started. The work is conducted within the framework of the BMBF
project in cooperation with the personnel of the SC Department. According to the approved
requirements specification a sketch design of the mechanical and optical units of the neutron guide
system has been made and the tie-in of the available constructions of the neutron guide channels
located in the ring corridor and the experimental hall has been carried out with reference to real
building constructions.



In cooperation with the Research Centre Jiilich the neutron spin-echo technique based on the
rotation of magnetic field has been studied. The magnetic field was created by the system of two
perpendicular to each other coils with a foil sandwiched between them, whose magnetic properties
had been studied. The analysis of the dependence of internal magnetization of the foil on an
insignificant external magnetic field has been performed. The mathematical model of the behavior
of the spin as a neutron beam passes through a magnetic field created by the system of two coils
with a magnetic foil in between has been developed. It adequately describes the experimental data
[24].

On channel 10 of IBR-2 the multifunctional reflectometer GRAINS will soon be constructed
in place of the available spectrometer KDSOG. A special feature of the reflectometer, a vertical
scattering plane, will make it possible to study reflection from liquid media (including polarized
neutrons for investigations of interfaces with magnetic nanoparticles). The reflectometer will
operate in the time-of-flight mode, which will allow the experiments to be conducted at fixed
orientations of the incident beam and the sample. Additional modes of the GRAINS reflectometer
will comprise: (1) possibilities to study off-specular reflection and GISANS scattering; (2) angular
encoding in a horizontal plane with Larmor precession of neutron spin; (3) 3D polarimetry on the
basis of Larmor precession of neutron spin. In April of 2007 the concept of the reflectometer within
the framework of the respective project was supported by JINR PAC for Condensed Matter. The
design of the reflectometer and techniques to be realized on the facility have been reported and
discussed at a number of scientific Workshops and Conferences. Draft design (Fig.11) and
technical project have been completed.
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Fig. 11. General layout of the new neutron reflectometer GRAINS at the IBR-2M reactor. The neutron source is
at the right; the total flight path is about 30 m.
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Fig. 12. Principal schematic of a new neutron diffractometer at the IR-8 reactor in RRC KI intended to
study internal stresses in bulk samples. The diffractometer is designed according to a classical two-axis
scheme, but with the application of state-of-the-art technologies in primary neutron beam
monochromatization and scattered neutron detection.

In the framework of the Protocol on Cooperation with RRC KI the designing of neutron
diffractometer for studying internal stresses in bulk samples on the IR-8 reactor (Fig. 12) has been
started. The concept of the diffractometer supposes the use of modern technologies of forming
neutron beams and of detecting scattered neutrons. This diffractometer will provide complementary
possibilities as to the available stress-diffractometer FSD at IBR-2.

For further development of the experimental base on IBR-2 and within the framework of
cooperation with the NECSA Corporation (Republic of South Africa) a contract for the purchase of
an automated materials testing machine (Fig. 13) has been concluded. The machine allows on-line
experiments to be performed with a wide set of loading (stationary or cyclic) modes on any type of
neutron diffractometers with bulk samples of metals and alloys.

Fig. 13. External view of the materials testing
machine for on-line experiments with metals and
alloys. Machine operates in several static and
dynamic (cyclic) regimes.




Fig. 14. General view of the energy-dispersive EXAFS-spectroscopy station manufactured by JINR at the SIBIR-2
synchrotron radiation source in RRC KI.

In the spring of 2007 the physical startup of the energy-dispersive EXAFS-spectroscopy
station (Fig. 14) at SIBIR-2 was performed and the first results were obtained. Its distinctive feature
is the possibility to obtain absorption spectra in a very short time — less than 10~ s as compared to
classical EXAFS-stations where it takes ~ 10°+10" s. This opens up a possibility to study dynamic
processes proceeding under the action of external factors. The experimental procedure was trialed in
the measurements of X-ray absorption spectra (EXAFS-and XANES-regions) at the Co K-edge in
La;,Sr,CoOs3 (x = 0 and 0.5) carried out in the Hamburg Synchrotron Radiation Center in the
framework of the Agreement between the Laboratory HASYLAB (DESY) and Kurchatov Center of
Synchrotron Radiation.

The test experiments have been carried out at the MEDIANA station of the SIBIR-2
synchrotron source in RRC KI. In particular, at the MEDIANA station the possibilities to conduct
high-pressure experiments with sapphire anvil cells and in situ experiments to study hydrogenation
processes of electrolytic deposits in electrochemical cells have been explored. It has been
demonstrated that both types of experiments can produce valuable results.

The calculations to estimate the efficiency of use of the mirror neutron guide for various
geometries of the beam of the DIN-2PI spectrometer have been carried out, a draft design of the
neutron guide and main units for its assembling and positioning at the neutron beam has been
developed, the components for mirror segments of the neutron guide have been purchased. The
dismantling of radiation shielding of the spectrometer has been completed in order to install the
mirror neutron guide.

On the basis of the analysis of the results of these calculations a conclusion has been drawn
on the optimal variants of geometry and reflective coating of the planned mirror neutron guide,
namely:

- the coating with the double critical angle is optimal from the view point of the “gain/price” ratio;

- the mirror neutron guide 12.5 m long, with the input window 200x22 mm® and the output window
70x120 mm’ is optimal from the geometrical view point in the case of the DIN-2PI spectrometer;

- the proposed size of the output window makes it possible to work with samples of the investigated
material of the characteristic dimension 50x100 mm?” under the condition that such sample is in the
neutron flux of constant intensity both in the vertical and in the horizontal planes.

Thus, the projected mirror neutron guide will make it possible to solve two chief tasks: to
increase the intensity of cold neutrons (E < 5 MeV) on sample by a factor of 4-6 and,
simultaneously, to decrease the sizes of the investigated samples by a factor of 2-3. The solution of
both these tasks will allow significant improvement of quality of the DIN-2PI spectrometer and
enhancement of its characteristics to put it on par with the best foreign analogues.
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1. HAYYHBIE UCCJIEJOBAHUA

1.1. PU3NKA KOHAEHCHUPOBAHHBIX CPE/]

B cBs3u ¢ octaHoBkol peakTopa MBP-2 Ha npoBeneHne o4epeaHoro srana peKOHCTPYKLUHY,
3aJaud KOJUICKTHBA OTHENa W IUlaHel pador mo Teme Ha 2007 T. 3aMETHO OTIUYAIUCH OT
TpaJULMOHHBIX. A UMEHHO, Hay4yHas paboTa Oblja mepeHeceHa B poACTBEHHbIE IIGHTPhI B Poccun u
3a pyOexom. W3 ¢dyHoaMeHTaNbHBIX W TNPUKIAJHBIX HANpaBICHUH, pa3pabdaTbIBaeMbIX
corpynaukamu otaena HUKC JIH®, B 2007 r. Oblau OCTaBJIEHBI HECKOJIBKO OCHOBHBIX, paboTa 1o
KOTOPBIM B JAPYIMX HAayY4HbBIX LEHTpaX, MPEeXJe BCEr0 HEUTPOHHBIX W CHHXPOTPOHHBIX, ObLIa
o0ecrieyeHa CyLIECTBYIOIIMMHU COTJIAIICHUAMHU O coTpyaHuyectBe. B 2007 r. Hayar mepBblil 3Tan
IIPOrpaMMbl MOJEPHU3ALMH CIIEKTPOMETPOB Ha peakrope MBP-2.

I. Hay4nble pe3yabTaThl

[TonBeneHbl MTOTM MHOTOJIETHUX HCCIEI0BAaHUNM PaBHOBECHBIX CTPYKTYPHO-MarHUTHBIX
HEOJHOPOJHBIX COCTOSSHMM B  CJIOXKHBIX ~MAarHUTHBIX OKcHAax MapraHua. [lomyueHbl
KOJIMYECTBEHHBIE XapPaKTEPUCTUKU BIUSHHUS Ha TMOJSIPOHHOE CYXEHHE 30HBI IMPOBOAMMOCTH
MUKpDOHANpSOKEHUH B pelmerke W O0ObeMHOW  JIOMIM  ME30CKOomW4Yeckux  Qeppo- u
aHTU(eppOMAarHUTHBIX KiactepoB. B coemunenun (LajPry)o7CaosMnO3 oOHapyxeH Xopolilo
BBIpaXCHHBIN npoBall (puc. 1) B Temneparype nepexo/ia B ynopsi04eHHOE MarHuTHOE COCTOSTHUE U
MOJIaBJICHUE BCEX THIIOB JAAJbHETO MAarHUTHOTO TMOpsAKAa BOMU3M TOYKHM MEpexoaa MeTall —
u3osATop ¥ = 0.9, 4To yKas3pIBaeT Ha KIIOYEBYIO POJIb XUMHUECKOro Oecropska B CTPYKTYpe Ha
¢dopmupoBanue (ha30BO-PACCIOEHHOTO COCTOSHHUS Ha ME30CKONMYECKOM MacliTabe pa3MeposB.
VYCTaHOBIIEHO, YTO YpPOBEHb BHYTPEHHUX MHUKPOHANPSDKEHUH SBIISETCS €lle OJHUM Ba)KHBIM
dakxTopoM, BiusomMM Ha 3¢ dexTsl pazoBoro pacciaoenus [1].
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al., Phys. Rev. Lett. 2004), npuBoasmero k Gaykryanmsm
UHTETpajia MEepecKoKa M ME30CKONMUYeCKOMY (ha30BOMY
paccmoennro Ha ADM-mmdnektpudeckyto u  DM-
Merayumueckyio (a3l CrpaBa  mokazaHa — (azoBas
JUarpaMma, IIOJy4eHHas Ha OCHOBE  MOJCIBHBIX
pacyeros.




BoinosiHeHa cepusi  CTPYKTYpHBIX HEWTPOHHBIX OKCIEPUMEHTOB II0 ONPEICIIEHUIO
KPUCTANIMYECKUX M MAarHUTHBIX (Da30BBIX COCTOSHUH TEPOBCKUTONOJOOHBIX MaHTaHUTOB
ReosSrosMnO; (Re = *Sm, Ndg77Tbo22s 1 Ndos44Tboass) [2]. DKCIEPUMEHTHI BBIIOIHEHBI ISt
BBISIBJICHUS! MHUKPOCKONIMYECKUX NPUYMH TUTAHTCKOTO KHCIOPOJHOTO M30Tomuueckoro 3¢ddekra,
OTKPBITOr0 HeJaBHO B SmySrxMnOs3 s x = 0.5. IlokazaHo, 4TO IpHU HU3KUX TEMIIEpATypax BO
BCEX M3YYECHHBIX COCTAaBaxX MPOMCXOIUT PACCIOCHHE HA JBe Kpuctayumueckue ¢asel Pl u P2,
KOTOpbIE MMEIOT OJMHAKOBYIO NPOCTPAHCTBEHHYI0 CHUMMETPHUIO, HO Pa3IMYaroOlUecs] THUIIbI SH-
TEJUIEPOBCKUX UCKAXKEHUI OKTa’apoB MnOg U MarHUTHOIrO ynopsjaodeHus atoMoB Mn. Ycmexy
CTPYKTYpPHOTO aHajM3a CHOCOOCTBOBAJIM HEOOBIYHO OOJBLIME pasziIuuusi B IapaMerpax
AJIEMEHTApHBIX sf4YeeK cocymecTByommx ¢a3. Paza Pl ¢peppomaruutHa 1 MnOg OKTa3aPHI JUIIb
cierka uckaxensl. @aza P2 antudeppomarautHa (A-TUll ynopsaodeHus), B Heii MnOg OKTasapsl
CHJILHO C)KaThl B allMKaJIbHOM HarpaBiieHHH. OTHOCUTENbHBIE 00beMbl, 3aHUMaeMble (pazamu Pl u
P2 B KpHCTaie, 3aBHCAT OT CPEJHEr0o paimyca A-KaTHOHA ¥ OpH 3aMemeHud O Ha O
nepepacnpenensorces B noiab3y (aszel P2. [lonydeHHble JaHHBIE OJHO3HAYHO CBUICTEIBCTBYIOT O
NIEPKOJIALIMOHHON TPUPOJIE NMEPEXOAA METAI-U30JITOP B COEAMHEHUM C Sm IIPU KUCIOPOIHOM
M30TONMHMYECKOM 3aMelleHuH, BcieacTtBue peskoro (¢ 65% gm0 13%) yMmeHbIIeHUS A0NH
deppomarautHoi ¢aszel Pl. BennuuHa ynopsg0ueHHOT0O MarHUTHOro MoMeHTa Mn B ¢a3zax Pl u
P2 wsmensirorcss ot 1.7 mo 3.5 up BO BceX H3YYEHHBIX cocTaBax. JlaHHble 00 3BOIIOIUHN
MHUKPOCTPYKTYPHBIX ~XapaKTEpUCTHK TIpH (a30BOM Tepexojie B PACCIOCHHOE COCTOSIHUE
CBUJIETENIBCTBYIOT O TOM, YTO KaK MCXOJHBIM pa3dpoc B paauycax A-KaTHOHOB, TaK U BHYTPEHHHE
MUKPOHANPSKEHNUsI OKa3bIBAIOT KPUTHYECKOE BIMSHUE Ha (OPMHUPOBAHHE ME30CKOIMUYECKOTO
(a3oBOro paccioeHusl.

[TpoBeneHo AeTanbHOE HEUTPOHHOE JUPPAKIIMOHHOE UCCIEAOBAHUE AaTOMHOM M MAarHUTHOM
cTpykTyphl 314-kobanmbtuta Sr3YC040105+5 (M Sro75R025C0026251514), B KOTOPOM A-TIO3HUIHH
SBJIIOTCS UICAIBHO YIOPSAI0UYeHHBIMU. VI3ydeHbl 1Ba COCTaBa ¢ pa3HbIM COJIeP)KaHUEM KHUCIOpO/a:
OIM3KOT0 K onTUManbHOMY (“as prepared”, 6 = 0) u ¢ yBenuueHHbIM O (“oxidized”, & = 0.2). Kpome
TOT0, TIOJY4YEeHbI JaHHBIE IS COCTaBa, B KOTOPOM aTroMbl Co 4acTUYHO 3aMeHeHbl Ha Fe, a nMeHHo,
Sr3YFe;Co,0105+5 [3]. Hmst Bcex Tpex coctaBoB yctaHoBieH G-tun AFM cTpykTypsl (puc. 2),
npuueM atoMbl Co, HaxXoAsIIMeCs B PA3IHYHBIX TMO3HUIMSAX JIEMEHTApHOW SYEUKH, HMEIOT
Pa3IMYHYIO BEIMYNHY MarHUTHOTO MOMEHTA.
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Puc. 2. MarautHas crpyktypa coemuHeHHs Sr3YCo0401055 mpu 6 = 0 m 0.2. Crpykrypa
anTudeppomarautHast, G-Tumna, T.€. MOMEHTBI COCeIHNX aToMOB Co HampasJIeHb! IPOTHUBOIOJIOXKHO.
Ee ocobenHocTpio sBIsIeTCST TO, 4YTOo aToMbl CoO, HAaXOMAMIMECS B PA3IMYHBIX ITO3HIMAX
JJIEMEHTapHOU STYEUKH, UMEIOT Pa3IMYHYI0 BEJIMYMHY MArHUTHOIO MOMEHTA.



IIpoBeneHo uccienoBanue [4] CTPYKTYpPHBIX U3MEHEHUH, MEPEXOJ0B MEXKIY Pa3IMUYHBIMU
CITMHOBBIMH COCTOSHUSIMH MOHOB CO°' M Tepexoja JMIIEKTPUK-METaI B KOOalIbTHTE JaHTAHA
LaCoO; B mmpokom aumanazone temmeparyp 10-900K u npaBnenuit 0-20 I'Tla (pume. 3).
VY CcTaHOBIIEHO, YTO MO/ JAaBJIECHUEM MPOUCXOIUT PE3KOE MOJABIEHUE MarHUTHOIO IPOMEKYTOUHO-
CIIMHOBOTO cOoCTOsHUA (S = 1) U cTabMIM3anusi HEMarHuTHOTO HU3KOCIIMHOBOTO cocTosiHus (S = 0)
wonos Co>". Temmeparypa Iepexoja JMIICKTPUK-METAUI CYIIECTBEHHO BO3DACTACT MOJ
JIaBJICHUEM.
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Puc. 3. K uccieioBaHusM MepexoioB MeXTy Pa3IHUHBIMU CIIMHOBBIME COCTOSHMAMHU HoHOB Co° " 1 mepexona
JIMDIIEKTPUK-MeTa1 B KobansTuTe JantaHa LaCoOs; B mmpokom nuanaszone remneparyp 10-900 K n naBnenmii
0-20 I'Tla. BBepxy cieBa MOKa3aHbI BO3MOYXHBIC CIIMHOBBIE KOH(MHUIrypamuu i uoHa Co’', BKJIIOYAIOIIHE
Hu3KO- (S=0), mpoMexxyrodHo- (S=1) 1 BeICOKOCTIMHOBBIE (S=2) COCTOSIHUSL.

[IpoBenenbl mpeaBapuTENbHBIE UCCIAEAOBAHUSA BIUAHUS BBICOKOIO  JIaBJIGHHMsS HaA
KPUCTATMYECKYIO U MAarHUTHYIO CTPYKTYPY HEKOTOPBIX COCTABOB MAaHTaHHUTOB M KOOanbTUTOB. B
Pry7Bag3sMnQO; mpu BBICOKUX IaBIEHUSX HAOMIOAAETCS TOIaBIEHUE UCXOAHOTO (PepPOMArHUTHOTO
(®M) cocrostHuss u nosiBneHue aHtudeppomarautHoro (APM) cocrosnus A-tuma. B
Pry7BagsMnQO, ¢ pr HOpMaTEHOM JIaBJICHUH HaOMonan0ch nmpoMexkyrounoe AOM cocrosiaue G-
TUIIA U OCHOBHOE COCTOSIHME CIIMHOBOTO cTekia. [loa maBneHueM MarHUTHBIX ()a30BBIX MEPEX0I0B
He HaOmonanock. s kobanstura PrCoOs mpu BbicokoMm naBienuu ao 8.7 I'Tla mpu xkomHaTHON
TEMIIEpPaType YCTaHOBJIEHO, YTO 3TO COSMHEHHNE COXPAHSIET OPTOPOMOMUECKYIO CTPYKTYPY BO BCEM
uccienyeMoM nuana3zoHe naBiueHuil. OOHapyxkeHa crnabas aHH3OTPOMHS CXKATHUS KHCIOPOIHBIX
okta’apoB CoOg.



Puc.4. OpHOMEpHBIE KpUBBIE  SIAEPHOTO
paccesmus  <Fy'(q)>p, YCPEOHEHHOrO IO
GbyHKIMN MOJIMMCIIEPCHOCTH YaCTHIL
HAaHOMAarHeTHTa, KaK pe3ylbTaT o0paboTKH
JIByMEPHBIX KapTHH paccestHus
TIOJIIPU30BAHHBIX HEHTPOHOB (maHHBIC
I'’KCO), B MAaTrHUTHBIX JKHJIKOCTSIX,
CTa0WIM3MPOBAHHBIX € HCIIOJIb30BaHHUEM
onenHoBoii (OA) m wmupuctuHOBOii (MA)
kucnor. CIDIOIIHBIE JWUHUHA ——  JIydmnas
MOATOHKA MOJEIN HEB3aNMOIEHCTBYIOMINX
JaCTHIL THUIA «IIPO-000II0UKaY c
HCTIONIb30BAaHUEM JIOTHOPMAaJBbHON (YHKIHH
pacmpeseneHuss 1O pa3MepaM  siIpa.
: [Momyuennsle (QYHKIMH TOIMANCIEPCHOCTH
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[IpoBeneH aHanu3 CTPYKTYPHBIX JAHHBIX, MOJYYEHHBIX METOJIOM MAaJjOYrjOBOTO paccesHus
HETIOJISPU30BAHHBIX U TMOJIIPU30BAHHBIX HEUTPOHOB JUIsI MAarHUTHBIX XKUJKOCTEH B OPraHUYECKUX
HETOJISIPHBIX OCHOBAX. UccnenoBana BO3MOKHOCTh HCIOJIb30BAHUS KOPOTKHUX
MOHOKApOOKCHIBHBIX KUCIOT (HachiieHHble NaypuHoBas Ci,H24O0, u mupuctunoBas CisHz30;
KHUCTIOTHI) JUIsl cTa0MIn3anuu HaHouyacTHll MarHetuta [S5]. [loka3zaHo, 4TO JaHHBIE KUCIOTHI MOTYT
OBITh MCTONB30BaHBl JUIS TMOJYUYE€HHUS BBICOKOCTAOWIBHBIX 00pa3noB. IIpoBeneHo cpaBHEHHE
CTPYKTYPBI HOBBIX 00PAa3IOB C KIACCUYECKUMHU MATHUTHBIMU KHUJIKOCTSMH, CTAOMIN3UPOBAHHBIMU
HEHaChIeHHOW onenHoBoi kucinotoir CigH340, ¢ u3rubom B 1ieHTpe M3-3a ABorHON cBszu C=C.
OOHapyXeHBbl ~ CYIIECTBEHHbIE pa3inuuus B  (QYHKIUH  pacrlpeleNieHus 1o  pasMepam
CTaOMIM3UPOBAHHOTO MAarHETUTAa: UMEET MECTO YMEHBIIIEHHE CPEIHET0 paanuyca YacTHIl U UHAEeKca
MOJIMIUCIIEPCHOCTU MPU MEPEX0/I€ OT OJICMHOBOM KHUCIOTHI K KOPOTKHMM HACBIIEHHBIM KUCIOTaM
(puc. 4). TakuM 00pazoM, €cClid OJIEMHOBAas KHUCJIOTa CTAOMIU3HUPYET MArHeTUT B IIUPOKOM
nuana3zoHe pasmepoB 1-10 HM, To 0ojee KOPOTKHE KHUCIOTHI CTAOWIM3UPYIOT TOJIBKO (DPaKIUio
MajbIX YacTHUI[ M3 ITOTO HMHTepBayna. M3 CpaBHEHHUs MOJTYYCHHOW W3 TOATOHKU 3 eKkTHBHOIM
TOJIIUHBI 000JI0UEK KUCIOT BOKPYr MarHeTuTa (~1.4 HM B 000HX ciy4asx) cleayeT, YTO MPUIHHA
Habmoaemoro 3¢dexra perynmupoBaHus pasMepa CBsi3aHa C Pa3IMYHON OpraHU3alUeil KUCIOT Ha
MOBEPXHOCTH MArHETUTa, OMpPEACNSIONIe yIpyrue CBOWCTBA CTAOMIM3HPYIOIMIEH OOOJOUYKH.
Pabora BeimonHena coBmecTHO ¢ MccnenoBarenbckum neHTpoM ['mectxaxta 'KCC (I'epmanms),
bynanemTckum  HelTpoHHbIM  1leHTpoMm  (Benrpusi) wu  HccnenoBaTenbCKUM — IIEHTPOM
(byHIaMEHTAIBHBIX M TPHUKIAIHBIX HCClIeloBaHUN PymbiHCKOM Axagemun Hayk (OtaeneHue
Tumuimoapsl, Pymbiaus).

Ha ocHOBe JKCHEpMMEHTOB MO MAJOYIJIOBOMY pPAaCCESHHI0 HEUTPOHOB HA MAarHUTHBIX
JKUJKOCTSIX MPOJOJDKEHA POBEPKa HOBOTO MOAX0Aa 0a3uCHBIX (YHKIMH AJI1 BapUallid KOHTpacTa
Ha TMOJIMIUCIIEPCHBIX MHOTOKOMIIOHEHTHBIX M CylepnapaMarHuTHhIX cucteMax [6]. CoBmecTHO ¢
UccnenoBarensckum 1eHTpoM ['mectxaxta 'KCC (I'epmanms) u MccnemnoBaTenbcKUM LEHTPOM
(byHIaMEHTAIbHBIX M TPHUKIAIHBIX HCCieIoBaHUN PymbiHCKOoM Axagemun Hayk (OtaeneHue
Tumumoapsl, PyMmbiHMS) ObUIM NpPOBENEHBI CpPaBHUTENBbHBIE OJKCIEPUMEHThI Ha CHCTEMax
MarHeTHT/OJICMHOBAass KHUCIOTa/OEH301 M MAarHeTHT/MUPUCTHHOBAs KHUCIOTa/OeH301. AHamu3
MOBE/ICHUS KBAJPATUYHOTO pajryca MHEPLUUU OT OOpAaTHOTO KOHTpPACTa U3 JAHHBIX MO BapHalluu
KoHTpacta (puc. S5a,0) TO3BONsAET VYTOYHATH MHapaMeTpsl  (QYHKIUU  pachpeferneHus
CTaOWIM3UPOBAHHOTO MAarHeTUTa MO pa3MepaMu U OIeHHBATh TONIUHY 000m0uku [TAB. JlanHbie
BapHuaIllMi KOHTPACTa CPAaBHUBAIUCH C Pe3yIbTaTaMH MPSIMOTO MOJAEIUPOBAHUSA U SKCIIEPUMEHTOB



(a) MarHeTuT / MUpUcTUHOBAA Kunocta / 6eH3on
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Puc. 5. BapI/IaHI/IH KOHTpacTa AJid pa3IMYHbIX BUJAOB MArHUTHBIX )KHHKOCTeﬁ. B neBom CTO.]'I6II€ — OKCIICPUMCHTAJIbHBIC
KPUBBIC paCcCCaHUA IPU pa3nan0171 J0JIN HCﬁTCpHpOBaHHOFO PacTBOpPUTEIIA B )KI/IHKOﬁ OCHOBC (yKasaHa B Ha3BaHUAX
06pa311013). B mpaBOM CTOJ'I6H€ — MOBCACHUC BUANMOI'O KBAJAPATUYHOI'O pagnyca MHCPLUUHU OT O6paTHOFO KOHTpAcCTa B
cucreMe. JIMHNY ITOKa3bIBAIOT TCOPECTUICCKUC KPUBBIC.



10 PacCESIHUIO MOJISIPU30BAHHBIX HEUTPOHOB [5,7]. CoBMecTHO ¢ YHuBepcuteTroM IIbepa u Mapun
Kiopu (®pannus) u HccnenoBarensckum nentpom I'eectxaxra 'KCC (I'epmanus) aHamoTruuHbIN
aHalu3 NpoBeneH [8] s maHHBIX BapHallMd KOHTpPAcTa Ha BOJHBIX MAarHUTHBIX JKMJIKOCTSAX C
MOHHOW crabunu3anueil (puc. 5B). M3-3a Manoro BIMAHHS Ha PACCESHHUS CTaOMIM3UPYIOIIEH
000JI0YKM (MOJIEKYNIBI IMTpaTa), Haubojee HarisJAHBIM O00pa3oM CTAHOBHUTCS BO3MOXKHBIM
pasfesieHue SAEpPHOIO0 M MAarHUTHOIO pa3Mepa 4YacTULl B JKUJIKOCTH IIOCPEACTBOM BapHalUH
KOHTpacTa.

[Iponomkensl wuccnenoBanusi pactBopoB IIAB, wucnonb3yemblx mpu  CTaOMIU3ALMH
MarHuTHbIX JKuAgkocTe. CoBMeCTHO ¢ bynanemTckuM HEHTPOHHBIM LEHTPOM ITPOBEIEHBI
9KCIEPUMEHTHI [0 MAaJIOYIJIOBOMY PACCESHMIO HEUTpOHOB Ha pactBopax I[IAB (oneunosas,
MUPHUCTHHOBAS U CTEAPUHOBAsI KUCJIOTHI) B HENOJISIpHOH xuakoctu (D-0enszone). Ilo 3aBucumoctu
paccessHMsT OT  KOHILIGHTpAallMM  pPacTBOPEHHOIO  BEIIECTBA  MPOAHAIU3UPOBAH  XapakTep
B3aMMO/ICHCTBHS MEXY MOJEKYyIaMu KUCI0T. OOHApyKEHO CYIIECTBEHHOE BIMSHUE MPUTIKCHUS
Ban-nep-Baanbca Ha moBezieHHE MOJIEKYJI KUCIOT B PacTBOPE, KOTOPOE OOBSICHSIET CABHUT NIEpexoa
U3 U30TPOMHOMN JKUJKOCTH B )KUJKOKPUCTAJUIMUECKOE COCTOSHUE B CTOPOHY MaJIbIX KOHLEHTPALUN
KHCIIOT, OCOOCHHO B CiIy4ae pacTBOpOB cTeapuHOBOW kucioTel [9]. CoBmectHo ¢ JIPb OUSN
nposeneHo [10] MopenupoBaHME MOJIEKYISIPHOM JMHAMUKHM pPACTBOPUTENS B OKPECTHOCTSX
pacTBOPEHHOW MOJIEKYJbl KUCIOTHI. [loka3aHo, 4yTO opraHuzanus pacTBOPUTENS HA IMOBEPXHOCTH
MOJIEKYJ CJ1ab0 paznuyaercs JUIs TpeX KHCIOT. DTO YKa3bIBaeT Ha TO, YTO B3aUMOJCHCTBHE
«pacTBOPUTENIb-PACTBOPEHHOE BEIIECTBO» HE OTBEUYAET 3a PA3JINYMS B [IOBEJCHUH JaHHBIX KUCIIOT B
pactBope. Takum o00pazom, TIJTaBHOW KOMIIOHEHTOW B3aWMOJCHCTBHUS, ONpEACISAIONIEH TaKue
pasnuuus, sBJsieTcs B3aumo/ieiictBue Ban-nep-Baanbca.

CoBmectHo ¢ MHWucturyrom Jlays-JlamkeBena (®dpanuusi) mnponponkeHa pabora 1o
MCCIIEIOBAaHUIO CTAOMIIBHBIX HAHOKOMO3UTHBIX JIAMEJUIAPHBIX IUIEHOK Ha OCHOBE CHUMMETPUYHBIX
nubnok-cononumepoB ¢ FesO4 Hanouactuiiamu. [IpoBeieHbI 3KCIEpUMEHTHI 10 peQIEeKTOMETPUN U
GISANS. IlomydyeHo, uTO HaHOYACTHIBI (OPMHUPYIOT B IMpefenax MOJUMEPHOM MaTpuUIlbl
NEPUOANYECKH CJIOU. B 3aBUCUMOCTH OT OOBEMHOW KOHLEHTpAlMd M pa3Mepa HAaHOYACTHUIL
BIIEpPBbIE OOHApY)KEHBI HOBBIE CTPYKTYpHbIE Me30(asbl, MpeACKa3aHHbIE paHEe TEOPETUUYECKU.
HaGroneH HOBBIM CTPYKTYPHBIH Mepexo]l U MOKa3aHo, YTO B CJIOXKHBIX HAHOKOMO3HUTHBIX CHCTEMaxX
HE TOJBKO CTPYKTypa MAaTpHIlbl ONpeneiseT ynopsaodeHue aHcaMOJii HaHOYACTHUI], HO TaKxke
HaHOYACTHUIbl BIMSIOT Ha MOP(OJOTHI0 HAHOKOMO3UTHBIX IUICHOK. YBEJIWYMBAs KOHIICHTPAIUIO
HAHOYACTHUI], OBbUIM OTCJIEXKEHBI YCIOBHUS, MPH KOTOPHIX JaMeJIapHas CTPYKTypa CTAHOBHUTCS
HEBBITOJHON M3-3a PACIOJIOKEHUS HAaHOYACTUI] TOJBKO B Mpezaenax noiucrupeHa. Kak pesynprar
UMEIOT MeCTO MOP(}OJIOTHYECKHE HM3MEHEHHs, MPUBOJAIIME K O0Opa30BaHUIO IMIMHAPUYECKON
CTpYKTYyphl. MccnenoBanust ObUIM NMPOBEIACHBI HA TPEX CEPHUSIX IUIEHOK C Pa3IMYHOIN TONIIMHON U
o0beMHO# noneit HaHouyactul ot 0% no 50%. Takke vcciaeqoBaHbI HAHOKOMO3UTHBIE MJICHKH Ha
OCHOBE aCUMMETPHYHBIX JHOJI0K-COMOJIMMEPOB U HAHOYACTHIL] ¢ 00beMHOM fonei ot 0% 1m0 15%.

B pamkax wu3ydeHus paucnepcuii ¢ysiepeHa B cIa0OMOJSPHBIX  a30TOCOJEPMKAIIUX
pacTBOPHUTENAX M HX CMECAX IPOBEACHBI OKCIIEPUMEHTHl II0 BPEMSAIPOJIETHOM Macc-
CIIEKTpOCKONMH. Pe3ynpTaThl Hccae10BaHUN KiIacTepHO# opranuzaiuu B cucreMax Ceo/N-meTnin-2-
muppoiauion  (Ceo/NMP) u  Cgo/N-MeTun-2-nupposanion/Boa METOJAOM MacC-CIIEKTPOCKONUU
MIOATBEPAWIIN BBIBOJBI O Pa3MEPax U INIOTHOCTHU KJIACTEPOB B CUCTEME CHICJIaHHBIC PAHEE HA OCHOBE
JKCIIEPUMEHTOB 110 MaJOyIJI0BOMY PAaCcCEIHUI0 HEUTPOHOB. IIoka3aHo, 4TO paspylleHHe KIaCTEPOB
B cucreme Cqo/NMP nocne noGasieHust BoAbl IPOUCXOAUT B pe3yabTaTe OTIIEIUIEHUS MOHOMEPOB,
OpyU 3TOM OTILICIUICHHE KJIacTepoB, C KOJUYECTBOM MoOJeKyn ¢ysuiepeHa ot 2 po 14, He
HaOmronaercs. IlpoBeaeHo MojenupoBaHUE SKCHEpUMEHTaIbHbIX Y®-Bujn gaHHBIX € LEIbIO
OLICHUTh BKJIAJ paccessHus Mu B ontuuyeckue kpusble. [IpuuuHOil coimpbBaTOXpoMHOTro 3¢ dexra B
cucreMe Coq0/NMP, mo pesynbraTram MOJEIUpPOBaHMS, SIBISETCS Nepexoa (QyiaepeHa B HOBOE
3JIEKTPOHHOE COCTOSIHME, CBA3aHHOE C OOpa30BaHMEM JOHOPHO-aKLENTOPHBIX KOMILIEKCOB Cgo—
NMP B pactBope. O6pazoBanue kommekcoB Cg—NMP B cucreme mnoarBepauian U Macc-
CIIEKTpocKonuueckue uamepenus [11-13].



a) Interface V(39nm)/Fe(3.2nm)
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b) periodical structure 10x[V(3.2nm/Fe(3.2nm)/V(3.2nm/Fe(3.2nm)]
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Puc. 6. Pactipenenenne (a) HaMarHW4EHHOCTH BOJIM3M TpaHuIbl paszena B Oucinoe V(39um)/ Fe(3.2 um). [Tpun
T =7 K > Tc B MarautHOM nosie 1 kD 007acTh B OKPECTHOCTH T'paHMIBI pas3jenia Hamarnudena. Ilpm
nmepexone B cBepxmpoBogsmee cocrosaue (Tc = 3.7 K) mpm T= 3 K cocrosHme oka3pIBaeTCs
pa3MarHu4eHHbIM. Pa3MarHW4eHHOE COCTOSHHME JHEpreTHUYeckd OoJsiee BBITOJHO, TaK Kak JCHCTBYroLIee
MarHUTHOE I0Jie Ha CBEPXIMPOBOSLIYIO Mapy OKa3bIBACTCS MEHbBIIE, YeM Y HAaMarHW4eHHOTO COCTOSHFS.
Bumsy (b) mokazano pacmperereHHe HaMarHUYEHHOCTH B TIEPUOIMYECKON cTpykType. [Ipm mepexome B
CBEPXIPOBOJAIIEE COCTOSHUE M3MEHSETCS MAarHUTHOE YIOPSIOYCHNE KaK HAMarHUIEHHOCTH CIOEB JKelle3a,
TaKk W HaBeACHHOM HaMarHW4YeHHOCTH cio€B  BaHamusi. Croum  BaHaaus  yNOpSJOYMBAIOTCS
aHTH(EepPOMarHUTHO, YTO, B IIPUHIIUIIE, IIOITBEPKAACT BBIBOJIBI TEOPHH.

Ha cnektpomerpe PEMVYP meronoMm pedrekToMeTpun HEUTPOHOB C HCIIOJIb30BaHHEM
CTOSYMX BOJIH TMOJSPU30BAHHBIX HEHTPOHOB BBINOJHEHBI HCCIIEIOBAaHUS (DeppOMarHUTHO-
cBepxmpoBosIiel coctaBHOW CTPYKTYphl V(39uM)/Fe(3.2uM)/10x[V(3.2am)/Fe(3.2aMm)] (puc. 6),
COCTOALICH U3 CBEpXMpoBOAALIero ciosg BaHamusd V(39HM) M TEpHUOIMYECKOM CTPYKTYPHI
10x[V(3.2am)/Fe(3.2um)] [14]. BmepBeie, mpu mepexojie CJIOs BaHAIUS B CBEPXIPOBOJSIICE
COCTOSIHUE, ObUIM HAONIOJCHBI SBJICHUA OOpa30BaHMA JOMEHHOM CTPYKTYphl B OKPECTHOCTH
TpaHMIIBI pa3lieNia BaHAIUH-kKene30 U aHTHU()EPPOMATHUTHOE YIHOPSJA0YEHHUE B TEPUOAMYECKON
crpykrype. Takum oOpa3oMm, MOKa3aHO, YTO MAarHUTHBIM COCTOSIHUEM HAHOCTPYKTYPBI MOYHO
YIPaBIIATH C TIOMOIIBIO CBEPXIPOBOASAIIECTO MEpPEexXoaa. ITO OTKPHIBAET BO3ZMOKHOCTH pa3pabOTKH
NPUHLIMIHAIBLHO HOBBIX JIOTMUECKUX 3JEMEHTOB Ul HAHODJIEKTPOHHMKH, B KOTOPBIX COCTOSTHHE
KOAMPYETCS U 1O BEIMYMHE MAarHUTHOTO MOMEHTA, U 110 COTIPOTUBJICHHUIO.

HccnenoBanbl ~ MarHUTHBIE W MarHUTOTPAHCIOPTHBIE  CBOMCTBA ~ KOMIIO3MTHBIX
HAaHOTPAHYJIMPOBAHHBIX IUJIGHOK Ha OCHOBe KoOambra. B HAaHOKOMIO3MTHBIX —CIUIaBax
(Co)x(Si02);«x B 0bsacTu NMEPKOIAIUN OOHAPYKEH MarHUTHBIA (a30BbIi epexo ¢ 00pa3oBaHUEM
(bpakTanbHeIX CTPYKTYp. [lomyueHHBIE SKCIIEpUMEHTANIbHBIE JaHHbIe [15] CBUAETENBCTBYIOT O TOM,
YTO B HAHOKOMIIO3MTHBIX I'PaHYJIMPOBAHHBIX CHCTEMax B OOJIACTH MEPKOJIALMOHHOIO TepexoJa
00pa3yloTcsi MarHUTHbIE (hpPaKTaJIbHBIE CTPYKTYPHI, KOTOPbIE U OINPECIISIOT MAarHUTHBIE CBOMCTBA
KOMIIO3UTOB, B TOM YHCJI€ U MAarHUTOCOIPOTHBIICHHE.

Ha cnektpomerpe IOMO wuccnenoBanoce BiausHue DMSO, Xopomo H3BECTHOrO
OpPraHU4YeCKOTr0 PaCTBOPHUTENS, KOTOPHIH HAXOAUT IIMPOKOE MPUMEHEHHE B KIETOYHOI OMooruu,



KpHoOHonoruu, (HpapmMaxkojIoruu, MEAWLMHE M B CEIBCKOM XO3SMCTBE, Ha CTPYKTYPY JIMIUIHBIX
memOpan ¢ochonunuaoB (DMPC) B mupoxkoM auamna3zoHe MOJSPHBIX KoHUeHTparmid DMSO

0.0<Xpus0<1.0 B u30bITKE pactBoputens npu T = 12.5°C u T = 55°C . Onpenenena 3aBUCUMOCTb
NIepro/1a MOBTOPSIEMOCTU d MYIBTUCIOWHBIX MEMOpPaH U TOJILIMHBI OTMHOYHBIX BE3UKYIN dj B T€Ib-
U KUAKOKPUCTAININYECKON dazax or Xpuso B u30biTke pactBopurens DMSO/Bona.
KoMmnemMeHTapHOE HCIIONBh30BaHUE BEIWYUH d M dj TO3BOJMIO OMPEACITUTH MEKMEMOpaHHOE
paccrosinue ds. [Tokazano [16], uto ¢ poctom koHmeHTparmun DMSO MexmeMOpaHHOE pacCTOsIHHUE
3HAYUTEIBHO YMEHBIIACTCS, ¥ MPH KOHIEHTPAUU pacTBopuTens Xpyso= 0.4 cocennue MeMOpaHbl
HAXOJATCS MPAKTUYECKH B CTEPUUYECKOM KOHTAKTE IPYr C APYroM, YTO MPHUBOAUT K CIHSHUIO
OJIMHOYHBIX MeMOpaH B MYJbTHCIOWHBIC JIaMEJUIIPHbIE CTPYKTYpbl. C HCIONB30BAaHUEM METOJA
BapHallii KOHTpAcTa BIEPBbIE ONPEAETICHO KOJM4ecTBO Moyiekyl DMSO, cuibHO CBSI3aHHBIX C
MeMOpaHoi. UMcIO Takux MOJEKYJ, NPUXOMALIMXCS Ha OJHY MOJIAPHYIO TOJIOBY JIMIIHIHON
MOJICKYJIBI PaBHO 6.9, a ux 061mit 06beM cocraBmser 820 A, 4To cpaBHHMO ¢ 06HEMOM TOJISAPHOI
TOJIOBBI JIMIIMJIHOW MOJIEKYJBI M OOBSICHAET paHee HaOMI0MABIIMKCS (A30BbIA NMEPEXO JTUMHIHON
MeMOpaHbl B a3y ¢ B3aMMHBIM IPOHUKHOBEHUEM LICHICH.

Metonom MVYPH Ha cnektpomerpe FOMO npoBoauIuCcy UCCIEA0BAHMS YIBTPACTPYKTYPBI
MUTOXOHJIpUH cepAla U nedeHu Kpwichl [17]. MccienoBano BiIMSHUE HU3KOM TOHUYHOCTHU CPEJIbI
MHKYOalluMd Ha W3MEHEHUE YIAKOBKUM BHYTPEHHEH MHUTOXOHApPHAIBHOW MeMOpaHbl. AHamu3
UHTEPPEPEHIIMOHHBIX MUKOB MMOKA3aJ, YTO MO BIMSHHEM HHU3KOW TOHHMYHOCTU Cpellbl ymaKOBKa
MEeMOpaHbl MEPEeXOAUT OT YIOPSIIOYEHHON JaMEUIIPHOM K YIOPAJOYCHHOH HelaMeluIsipHON
(MpenmnoyIoKUTENbHO ~ TeKcaroHaibHOW).  JlaHHBIE  DJEKTPOHHOM  MHUKPOCKONHMH  TaKxKe
CBUJICTEIBCTBYIOT B I0JIb3Y I€KCArOHAJIBHOM yIIakOBKU. HayaTsl SKCIIEPUMEHTBI 110 UCCIIEOBAHUIO
CTPYKTYPBl MHTOIUIACTOB MMTOXOHJIPUN C IIOMOIIBI0 aTOMHO-CWJIOBOM MHKpOCKONHH. llensb
HKCIEPUMEHTOB — JIOKA3aTeNbCTBO CYHIECTBOBAHHUS MYJIbTU()EPMEHTHBIX JIMIUIAHO-OEIKOBBIX
KOMIUIEKCOB, YYaCTBYIOIIUX B OKUCIUTEIHHOM (POCHOPUIUPOBAHUH.

[Iupoko ucnoabp3yeMblii B MEUIIMHE aHTUONOTUK (amdoTeputieHHH B) (AMB) uzyuancs c
MIOMOIIIbI0  MaJOYIJIOBOIO paccesHUs HEUTPOHOB, PEHTTeHOBCKOW audpakimuu u Dypbe
cnekrpockonuu (FTIR). Pesynbrarel skcnepumeHTOB mnokazanu [18], uTo mpu KOHLEHTpalusx
HIDKE OJHOTO MOJIBHOTO IMpolleHTa AMB NpeuMyIecTBEHHO JOKaIM3yeTcss BOJW3M TOJIOBHBIX
rpynn MeMmOpanbl. [Ipy KOHIIEHTpalMu BBIIIE HTOTO YPOBHS MPOMCXOIHUT IPOLECC arperaum.
[TosiBnsercss »>pdekr acconmanuu, M TOITOMY MPOUCXOAUT BCTPaMBAHUE AaHTUOMOTHKA B
ruzipooOHyI0 MEMOPAHHYIO YacTh.

[TpoBoaunace paboTa MO TIOMCKY HOBBIX, JOMOJHSIOIIMX paccesHue HEUTPOHOB,
AKCIEPUMEHTAJIbHBIX METOJOB HCCIIEIOBAaHUS CBOWCTB MAarHUTHBIX JKuAKOcTed. Brepseie s
U3yYeHHs] MX CBOMCTB OBbLI NPUMEHEH METOJ MIOOHHOW crmekTpockonuu [19]. HccnenoBana
dbeppoxunkocts Ha ocHoBe D,,O ¢ Fe;O4 HanouacTuamu, B auanaszone temmepatyp 114-300 K B
HYJEBOM M IIONEPEYHOM CIHMHY MIOOHAa MarHuTHOM mnose. [IpakTudecku BO BCeX Cllydasx
HaOroanachk 3HAYMTENbHAs pellakcalus chiuHa. B OTCyTCTBHME BHEIIHEr0 MAarHUTHOTO IOJIs
HaOIIoaeTcsl MajJieHue CKOPOCTH peNlakcallud M MOJSpU3alMU CIIMHA MIOOHA JI0 HYJIEBOTO
3HaueHus npu temmneparype 230 K, a 3areM peskuil pocT nosspusauuu B nuanaszone 240-255 K.
PaboTa BbinosHeHa coBMecTHO ¢ JlabopaTtopuu siaepHbix npodiaem uM. B.I1. [lxenenosa.

BriepBble Mmoka3aHO, YTO CYLIECTBYIOT OTKPBITbIE BHYTPEHHHE MOJOCTH B 3(PPEKTHUBHOM
o0bemMe JeHapuMepa, TOCTYIHbIE PACTBOPUTEINIO, paccuuTaHa ux oobeMHas nois. [lokazano [20],
YTO KOHLEBBIE IPYNIIBI JEHAPUMEPOB JIOKAJIM30BaHbl B €ro IMOBEPXHOCTHOM cioe. [Ipumenenune
COBPEMEHHBIX MaTEeMaTUUYECKUX METOJI0B 0OpaOOTKH MO3BOJIMIIO MOJYYUTh HE TOJIBKO Pa3Mepbl, HO
U BOCCTaHOBUTBH ab initio GOpMbI IEHAPUMEPOB PA3NIUYHBIX T'€HEpalMid I TpeX U YeThIpex
(GyHKUMOHATIBHBIX JieHApUMepoB (puc. 7). Ilpemnoxena HoBas MoJeNb Ui HMHTEpPIpETAL[UU
pE3yJIbTaTOB MAaJOYIJIOBOIO pPAacCesHUs HEHUTPOHOB pPAacTBOpPAMM JEHIAPUMEpOoB. B ee pamxax
MIOKa3aHO, YTO BHYTpPEHHAA cdepa OeHIpuMepa sBISETCS IMPOHUIAEMOM sl pacTBOPUTEINS,
IUIOTHOCTHh KOTOPOTO HUKE IUIOTHOCTH PACTBOPUTEINS BHE IEHAPUMEpPA KaK MUHUMYM B 2 pasa.
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Puc. 7. JlanHBIC MayOyrJIOBOTO paccestHUs] HEWTPOHOB, CTPYKTypHas xumudeckas (opmyma m 3D
MOJIETIb CTPYKTYPHI YeThIPEX (DYHKIIMOHATIBHBIX JICHAPHUMEPOB.

Judpakiyss HEUTPOHOB SIBISETCS HUCKIIOYUTENIBHO H(PPEKTHUBHBIM METOJOM H3YyYCHHS
CTPYKTYpbl OHOJIOTUYECKMX M MOJICNBbHBIX JIMIUAHBIX MeMOpaH. B d9acTHOCTH, € NOMOIIBIO
BapHalllU COACPIKAHUS JIETKOU U TSDKEJIOH BOJBI yIaeTCsl HAJISKHO ONPeNeNaTh (a3bl CTPYKTYPHBIX
¢daxTopoB. Emie ogHuM OMarompusSTHBIM OOCTOSITEIBCTBOM SIBJSIETCS BO3MOXKHOCTh IPOBOJIHUTH
SKCIEPUMEHTHI B PEXUME in situ B pealbHOM BpeMmeHU. Tak Ha audpaxromerpe JH-2 ynaercs
NPOCIEANTh 33 M3MEHEHHSIMU CTPYKTYpPbl MeMOpaHbl B XOJ€ THJpaTallid C pa3pelieHueM o
BpeMeHH Ha ypoBHE | MuHyTHI (puc. 8). B 2007 r. moay4eHbl SKCIIEPUMEHTAIBHBIC JOKA3aTEIbCTBA
SBJICHUS YKPEIUJICHUS JIMIUIHOW MaTpHLl BEPXHErO CJ0s KOXM uenoBeka stratum corneum (SC)
MoJieKyJdaMHu Iiepamuna 6. B cepuM SKCHEPUMEHTOB, BBINOJHEHHBIX METOJOM AU(paKIuu
HEUTPOHOB, OBUIO ycTaHOBIEHO [21], YTO CBEpXCUIBLHOE MEKMEMOpPAHHOE B3aMMOJCHCTBHE
CO3/1aBacMO€ MOJICKYJIaMu Iiepamua 6 He MOXeT ObITh Pa3pylIeHO HHU JITMHHOLIETIOYEUHBIMU
LepaMMJlaMi, HU JUIMHHOLENOUEYHBIMU XUPHBIMU KHUCIOTaMU. OKCIEPUMEHTHI, BBIIOJIHEHHbIE
METOJIOM MAaJIOYIJIOBOIO PAacCcesHHUs HEUTPOHOB, IMOKAa3ajdd, 4YTO B3aUMOJCHCTBHE, CO3/1aBaeMOE
MOJIEKYJIaMHd  Iiepamuga 6, SBISETCS KOPOTKOJACUCTBYROIUM (puc. 9). YcCTOWYMBOCTH
pa3pabotanHoii MemOpansl SC K Bapualuu OHOXMMHYECKOTO COCTaBa JIMIHAOB U BOJHBIX
pacTBOpOB, MO3BOJWJIA HAayaThb HKCHEPUMEHTHI IO MCCIEAOBAHUIO BEIIECTB, YBEIMUYMBAIOLINX
IIPOHUIIAEMOCTD KOXKH YEJIOBEKaA JUIsl TPAHCTIOPTUPOBKHU JIEKApCTB.

[IpoBeneHo KOMIUIEKCHOE H3ydeHHe [22] (HU3MYECKUX CBOMCTB CHHTETUYECKOTO
MOHOKPHCTAJUTMYECKOTO0 KBaplla M KBaplLEBOro IOpOIIKa B TeMIepaTypHoil obiacth  o-f3
nepexo/a MeToJaMi HEUTPOHHOM Mu(pakuy U MeXaHUYeCKOM criekTpockonuu. Iloaydensl HOBbIE
JTAaHHBIE T10 MTOBE/ICHUIO TTapaMEeTPOB AIEMEHTAPHO sTUeHKM KBapLIEBbIX MOPOIIKOB ABYX (ppaxiiuii ¢
pa3HOIl cpeaHel BEJIMYMHOW 3€peH IPU KOMHATHOM TEMIIepaType U B TEMIIEpATypHOM HMHTEpBaJe
540-620 °C, a Takxe KOOpJMHATBHl aTOMOB B 3JIEMEHTapHOM siueiKe. Y CTAaHOBIIEHO, YTO NTapaMeTphbl
pPEIIETKH y MOPOLIKOB, OTIMYAIOIIMXCS Pa3MEPOM 3€pEH Ha NOPSAAOK, 3aMETHO Ppa3IudaroTCs.
Temnepatypa o- ¢a3oBoro mepexoia Yy MEJIKO3EpHHCTOTO TOpPOIIKAa OoJblle, YeM Y
KpynHo3epHucToro Ha =15 °C (nexut B unrepsaie 580-585 °C).
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Puc. 8. dudpakiys B peanbHOM BpeMEHH IO3BOJISICT 3(PPEKTHBHO HCCIENOBAaTh CTPYKTYPY M (pa3oBbIC
nepexoipl B JMNHUIHBIX MeMmOpaHax. Ha mudpaxromerpe JIH-2 ymaercss mpocneanTh 3a HU3MEHEHHSIMH
CTPYKTYpbI MEMOpPaHBI B XO/I€ THAPATALIMK C pa3pelIeHHeM 110 BPEMEHH Ha YpOBHE 1 MHUHYTHI.
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Calculated neutron scattering density
profile for basic membrane at T=32°C
and 60% humidity.

Puc. 9. BoccranoBneHHBI (cieBa) W3 HEHUTPOHHBIX JTU(PAKIMOHHBIX JAaHHBIX  (ypbe-npodnib
paccenBaloIIeH IJIOTHOCTH B HANIPABIICHNH, TIEPIIEHINKYISIPHOM IUIOCKOCTH MeMOpaHbl. Ero ocoGeHHOCThIO
sBnsiercs Manblii (okono 1 A) 3asop Mexay cocemHumu GucnosMu (crpaBa). DTO O3HAYaeT, YTO BOJA
MPAaKTHYECKH HE BXOAUT B NPOMEXYTOK MEXIy MOJEKYJIaMH LiepaMHa, YTO CBA3aHO CO CBEPXCHIBHBIM
MEXMEMOpPaHHBIM B3aHMMOJICHCTBHEM

Ha cnextpomerpe JUH-21IM meTonoM KBasUynpyroro paccesiHusi MEIJIEHHBIX HEMTPOHOB
uccinenoansl 1uddysuonnsie nporecchl B xunkom autuu (T = 500K u 830K) u pacmnaBe muTuii-
Bojopon (T = 830 K, xoHmentpamus npumecu Bomopoaa ~ 1 % ar.) [23]. Haiinenusie
XapakTepuUCTUKH AU(P(Y3MOHHBIX MPOLECCOB AJISI YUCTOTO JIUTHS M, B YaCTHOCTH, K03(duuueHt
camou(pPy3un HaxoAATCS B XOPOILIEM COTJIACHU C PACUETOM M pPe3yidbTaTaMu, MOJIY4EHHBIMU
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Puc. 10. [Ipumepsl pe3yabTaTOB 3KCIEPUMEHTOB, NpoBedeHHbIX Ha crnekrpomerpe [IWH. Ilokazansbl
3aBUCHMOCTH IIMPUHBI TUKA KBA3UYIPYTOro paccesHus OT MEPEAAHHOI0 UMITYJIbCA JUISl CMECEH JINTHSL U
BOJIOpOJia (CJIeBa) M IUIOTHOCTH (DOHOHHBIX COCTOSTHUN B TaHTAJIE JUISl PA3IMYHBIX TeMIeparyp (crpasa).
BriepBble ynanocs NpoBECTH U3MEPEHUs HEYNIPYTOro paccessHusl HEUTPOHOB Ipu TemnepaType 2300 K.

KallWUIIPHBIM METOZI0OM. BbUIO ycTaHOBIIEHO, UTO Xapakrep AU(QPY3UMOHHBIX MPOLECCOB BOAOPOAA
B pacIljiaBe JIUTHI-BOIOPOJ IPAKTUYECKH HEOTIUUUM OT Auddy3uu atomoB nutus (puc. 10a). 3to
CBUJETEIBCTBYET O TOM, YTO B YKA3aHHBIX BBIIIE YCIOBHUSAX BOJOPOJ NMPUCYTCTBYET B pacIulaBe B
¢dopme ruapuna mutus LiH.

BrniepBeie M3MepeHBI CHEKTPbl HEYIPYTOro pACCEsSHUS HEUTPOHOB MJIi IEPEXOJHOIO
Mmetauia V-oit rpynnsl Tantana (Ta) B untepBane remnepatyp oT komHaTHO#H 110 2300 K (puc.10b).
Jis monydeHus HEOOXOIMMOHM Temreparypsl o0paslia HCHOJIb30BaJCs CO3JAHHBI HeIaBHO
BbIcOKOTeMneparypHblii TepmoctaT TS3000. ToYHOCTH MOJNYYEHHBIX CIIEKTPOB OKas3ajlach
JOCTaTOYHOM JUIsI BOCCTAHOBJIEHUS IUIOTHOCTH (DOHOHHBIX cocTosiHMM G(g) TaHTanma s Bcex
TEMIIEpaTyp U3MepeHus. BoccTraHOBIE€HME  CHEKTPOB  4acTOT  IPOBOAMIIOCH  METOJOM
MOCIIeIOBATEIbHBIX HUTEpaluidi ¢ y4deroM d3(]dexTa MHOTOPOHOHHOTO paccesHUs HEUTPOHOB.
TemmneparypHast 3BOJIOIMS CIIEKTPOB YAaCTOT MOKa HE HAIIIA YJOBJICTBOPUTEIBHOTO OOBSICHEHUS U
TpeOyeT JaJbHEHIIEro W3y4eHHs, B YAaCTHOCTH, OLEHKH BIUSHHUS 3JIEKTPOH-(POHOHHOTO
B3aUMOJCHCTBU.

II. Meroanueckue pe3yabTarbl

B 2007 r. na UbP-2 Havanach peKOHCTPYKLUS HEUTPOHOBOJHOW CHUCTEMBI CIIEKTPOMETPOB
SCAT, EPSILON u NERA. Pabora Benercs B pamkax rnpoekra ¢ BMBF coBMecTHO coTpynHUKaMu
ornenoB HUKC wu KC. Ilo cornacoBaHHOMY TEXHMYECKOMY 3aJaHMIO BBINOJHEHO ASCKHU3HOE
IIPOEKTUPOBAHUE MEXAHWYECKUX M ONTHUYECKUX Y3JI0B HEHTPOHOBOJHOM CUCTEMBI U NPOBEACHA
IIPUBS3Ka CYIIECTBYIOIUX KOHCTPYKIIMI HEUTPOHOBOJHBIX KAHAJIOB PACIOJIOKEHHBIX B KOJIBLEBOM
KOPHIOPE U KCIIEPUMEHTAIIBHOM 3aJI€ K PeabHbIM CTPOUTEIBHBIM KOHCTPYKLIUSM.

CoBMeCTHO ¢ HccnenoBaTeabCKUM HCHTPOM IOmuxa MIPOBCACHO HCCICAOBAHUC MCETOA
HeﬁTpOHHOTO CIIMH-3X0, OCHOBAaHHOI'0O Ha BpPAalICHUW MArHuTHOT'O IIOJIA. MarauTHoe MoJe



CO3J]aBAJIOCh CHCTEMOH JBYX MEPHEHAUKYISAPHBIX IPYr JOPYyry OOMOTOK, MEXKAY KOTOPBIMH
Haxoawnach (hoibra, MarHUTHBIE CBOWCTBA KOTOpol ObuiM wu3ydeHbl. lIpoBeneH anHamms
3aBUCHMOCTH BHYTPEHHEH HaMarHU4EeHHOCTH ()OJII'U OT HE3HAYUTEIHLHOTO BHEITHET0 MAarHUTHOTO
noys. beumta paspaboTaHa maremarhdeckas MOJETIh TOBEIEHUS CHHHA TPU  TPOXOKIACHUU
HEUTPOHHOTO IMydYKa Yepe3 MarHUTHOE TOJIE, CO3aBaeMO€ CHCTEMOU JIBYX OOMOTOK C MarHUTHOM
(b oJIbroii, KoTopasi yJOBIETBOPUTEIHHO OMHUCHIBAET SKCIIEPUMEHTANILHEIE TaHHBIC [24].
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Puc. 13. IIpunimnuansHas cxema HOBOro HeWTpoHHoro peduexkromerpa GRAINS na peakrope MBP-2M.
HeWTpoHHBII HCTOUHHK PaCIIONOXKEH ClIeBa, MOTHAS MpoJieTHas 0a3a JI0 IETEKTOpa cocTaBsieT okoso 30 M.

Ha xanane 10 BP-2 Bmecto cymectByromero cnekrpomerpa KDSOG Bckope Oyner HagaTo
COOPYXEHHE  MHOTO(YHKIHOHAIHLHOTO pednextomerpa  GRAINS. [IpuHIMIIMAIBHOU
0COOEHHOCTBIO peQIIEKTOMETpa SBJIAETCS MCIOJIb30BaHUE BEPTUKAJIBHON IJIOCKOCTU PACCESHUS,
YTO TO3BOJISET U3Yy4aTh OTPAKEHHME OT JKUJKUX Cpel (BKJIIOUYas MOJSIPU30BAHHBIE HEUTPOHBI JIs
UCCIICIOBAaHUsl TPaHMIl pa3/iela ¢ MarHUTHBIMH HaHoyactunamu). Ha pedrnexromerpe Oyzmer
ucnonp3oBan TOF MeTroa, YTO MO3BOJUT MPOBOAMTH HKCIEPUMEHTHI NMPH (UKCUPOBAHHBIX
OpHEHTAIMAX MEPBUYHOTO My4yka U oOpasua. JlomonHurtenbHble peskuMbl Ha ycraHoBKe GRAINS
BKJIIOYAIOT B ce0st: (1) BO3MOXKHOCTH M3y4eHHs He3epKaJIbHOIro oTpaxkeHus u paccesnus GISANS;
(2) yrioBoe KOAMpPOBaHHE B TOPU3OHTAIBHOW IMJIOCKOCTH Ha OCHOBE JlapMOpOBCKOU mperieccuu
cnuHa HeWTpoHoB [25]; (3) 3D mnomsipumeTpuss Ha ocHOBe JIapMOPOBCKOHM mpeLeccuu CruHa
HeiirponoB. Konuenmus peduiekromerpa B paMKkax COOTBETCTBYIOIIETO NMPOEKTa OblIa Moep kaHa
ITIKK no xonaencupoBaHHbM cpeam OMSN B anpene 2007. Cxema pediaeKkToMeTpa U METOJBI,
KOTOpble OyqyT peaqu30BaHbl HAa YCTaHOBKE, JIOJIOKEHBI M OOCYXKIEHbl Ha psijie HaydHBIX
COBeIIaHi U KOH(pepeHInsX. 3aBeplIeHbl 3CKU3HbIN (puc. 13) 1 TEXHUYECKUN TPOESKTHI.
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Puc. 14. [IpunnunuansHas cxeMa HOBOro HEHTpoHHOro andpakromerpa Ha peakrope VIP-8 B PHIL K1,
MpeHa3HAYCHHOTO JUIl W3YYeHHs BHYTPEHHHX HANpsDKCHHH B OOBEMHBIX MaTepualaXx M JeTallsX.
JudpaxroMeTp BBINOIHEH MO KIACCHYECKOH JIBYOCHOW CXeMe, HO C HCIIOJIb30BAaHHEM COBPEMEHHBIX
TEXHOJIOTUI B MOHOXPOMATH3ALMU IEPBUYHOIO IIy4Ka U PErHCTPAaLUK PACCESHHBIX HEUTPOHOB.

B pamkax nportokona o corpyanuuectse ¢ PHI[ KM nHauaTo nmpoexTupoBaHne HEHTPOHHOIO
audpakToMeTpa i U3y4eHUs BHYTPEHHUX HANPSHKEHUH B 00BEeMHBIX U3/enusix Ha peakTope MP-8
(puc. 14). Konuenuus nudpakromMeTpa MpearnoaraeT UCIoiIb30BaHUE COBPEMEHHBIX TEXHOJIOTUN
dbopMUpOBaHHUA HEHUTPOHHOTO Iyyka M JETEKTHPOBAaHMA pPACCESHHBIX HEHTPOHOB. ITOT
mudpakToMeTp 00ecreuuT KOMIUIEMEHTAPHBIE BO3MOXXHOCTH 110 OTHOILEHUIO K CYIIECTBYIOIIEMY
Ha BP-2 ctpecc-mudpaxromerpy FSD.

JUis  nanpHEWIIero pa3BUTHS OKClepuMeHTanbHOM ©Oaspl Ha WBP-2 u B pamxax
corpynanuectBa ¢ koprnopamueit NECSA (FOAP) peann3oBaH KOHTPAakT Ha MNPUOOpeTEHUE
aBTOMAaTH3UPOBAHHON Harpy3o4Hoil mammuel (puc. 15). MammHa no3BojisieT IpoBOIUTH on-line
HKCIEPUMEHTHI C IUPOKUM HAOOPOM PEXHMMOB HArpy3kKH (CTalMOHAPHON WM LMKIMYECKOW) Ha
J1000M THIIE HEUTPOHHBIX JU(PPAKTOMETPOB C 00BEMHBIMHU 00pa3iaMHi METAJJIOB U CILIABOB.

Puc. 15. Bremnuii Bua Harpy304HOH MallMHBL
U1 on-line SKCHEPUMEHTOB C MeETalIaMH H
CIylaBaMHM. MalinHa TO3BOJSIET — peasiu3alyio
pa3MYHBIX ~ CTaTHYECKNX MW JUHAMHYECKUX
(UMKITMYECKHX) PEKUMOB PaOOTBHIL.




Puc. 16. OOmmii Bun cranumu sHeproaucrepcnonHod EXAFS-criekTpockonun Ha HMCTOYHHKE CHHXPOTPOHHOTO
n3nyuennss CUBMPb-2 B PHII KW, usroronennoit cunamu OMSN.

Becnoii 2007 1. ObLT OCyIIECTBICH (U3UYECKMH IMYCK CTAaHIMHM SHEPrOJUCIIEPCHOHHOMN
EXAFS-cnexrpockonuu (pue. 16) na CHUBUPb-2 u mnonydensl mnepBwle pe3ynbTaThl. Ee
OTIMYUTEIFHOH OCOOCHHOCTBIO SIBJISETCS BO3MOXKHOCTh H3MEPEHMs CIIEKTPOB TOTJIOLICHHS 32
O4YEHb KOPOTKOE BpEMSI — MEHbBIIE 107 ¢, B ommmune or kimaccmyeckux EXAFS-cranmmii, Ha
KOTOPBIX TpeGyercs Bpemst ~ 10°+10" ¢. Biaroaaps 3TOMy OTKpBIBAETCS BO3MOKHOCTb HCCIEI0BATH
JMHAMHUYECKHE MPOLIECCHI, IPOUCXOASIINE ITPU BHEIIHEM BO3AEUCTBUU. MeTOIMKa SKCIIEPUMEHTOB
[0 M3MEpPEHHIO PEHTreHOBCKUX crekTpoB nornomeHus (EXAFS- u XANES-o6nactu) Ha K-kpae
Co B coemunenmn La;,Sr,CoO3; ¢ x = 0,0 u 0.5, mpoBeaenHsix B ['amMOyprckom meHTpe
CHUHXPOTPOHHBIX HUCCIIEZIOBAHUI B paMKax coriamenus Mexay nadoparopueit HASYLAB (DESY)
n KypuyaToBCKUM LIEHTPOM CHHXPOTPOHHOI'O U3JIy4Y€HUSI U HAHOTEXHOJIOTUH.

[Tpobuble sKkcnepuMeHThl mpoBeaeHbl Ha cTaHuud MEJIMAHA Ha CHHXpOTpPOHHOM
ucrounuke CHBMPbL-2 B PHI[ KUW. B uactHOCTH, u3ydanuchb BO3MOXHOCTH IPOBEACHHUS
HKCIIEPUMEHTOB IPHU BBICOKHUX JIABJICHUSAX B Kamepax ¢ canupoBBIMH HAKOBAIBHSAMHU W in Situ
JKCIIEPUMEHTOB IPOLIECCOB TMAPUPOBAHMS DJIEKTPOJIUTUYECKUX OCAIKOB B DJIEKTPOXUMHUYECKUX
ayeiikax. [TokazaHo, 4To B 000MX THUIIAX IKCIIEPUMEHTOB MOXKHO 10JIy4aTh 3HAYMMBbIE PE3yIbTaThI.

[TpoBeneHsl pacyeTHble PabOTHI MO OLEHKE 3(P(PEeKTUBHOCTH MCIOIB30BAHUS 3€PKAIBHOTO
HEUTPOHOBOJA Ui pa3inyHOM reomerpuu nydka crnekrtpomerpa JAMH-211U1, co3man scku3Hbli
MIPOEKTa HEUTPOHOBOIA ¥ OCHOBHBIX Y3JIOB JIJIsl €r0 COOPKH M FOCTUPOBAHMS HA HEUTPOHHOM IyUKe,
MPOBEICHA 3aKyIlKa KOMIUIEKTYIOIIUX IS 3€PKAbHBIX CETMEHTOB HEHUTPOHOBOAA. 3aBEpILIEHBI
paboTbl 1O pazbopke (QHU3MUECKOM 3alUThl CIEKTPOMETpa /sl YCTaHOBKM 3€pKallbHOTO
HEHUTPOHOBO1A.

Ha ocHoBe anaim3a pe3yibTaTOB 3TUX PACUYETOB CJAETaHBl BBIBOJABI 00 ONTHMAJIBHBIX
BapHaHTAaX '€OMETPUHM M OTPAKAIOIIETO MOKPBITHS IIAHUPYEMOTO 3€pKaJIbHOIO HEWTPOHOBOJA, a
UMEHHO:

- ONTHMAJbHBIM C TOYKU 3PEHHS OTHOIIEHUS «(AKTOP BBIUTPHILIA/IIEHA» SBISETCS MOKPHITHE C
JIBOMHBIM KPUTHUECKUM YIJIOM OTPaXKEHHUS;

- ONTHUMAJIbHBIM C T€OMETPUUECKON TOUKH 3peHMs B ycioBusax crnekrpomerpa JWH-21IM sBasercs
3epKaJIbHbI HEUTPOHOBOJ JJIMHHOU 12,5 M, BXOgHBIM OkHOM 200x22 MM’ U BBIXOZHBIM OKHOM
70x120 Mm’;

- TpemjaraeMblii pa3Mep BBIXOJHOTO OKHA JaeT BO3MOXHOCTh paboTarh ¢ oOpa3uamu
UCCJIEyEMOI0 BEILECTBA XapakTepHBIX pazMepoB 50x100 MM IpU YCIOBHUH, YTO Takoil oOpazer
OKa3bIBAa€TCSI B HEUTPOHHOM IOTOKE MOCTOSIHHOM MHTEHCUBHOCTH KaK B BEPTUKAJIbHOM, Tak U B
TOPU30HTAJIBHOM IIIOCKOCTSX.



Taxum 006pazom, co3aBaeMblil 3epKaJbHBI HEHTPOHOBO TIO3BOJIUT PELIUTH JIBE IJIaBHBIC

3aJla4M: TIOBBICUTh MHTEHCUBHOCTH XOJIOJHBIX HeUTpoHOB (E < 5 MaB) Ha oOpasue B (4-6) pa3 u
IIPU 3TOM YMEHBIIUTH pa3Mepsl UCCIeAyeMbIX 00pas3ioB B (2-3) pa3za. Pemenne obenx »Tux 3ama4
OyzeT o3HayaTh CYyIIECTBEHHOE yiyulleHue kayectBa crnekrpomerpa JWH-2ITH u npubnmxenue
€r0 XapaKTePUCTUK K TyUYIINM 3apyOe:KHBIM aHAJIOTaM.
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1.2. NEUTRON NUCLEAR PHYSICS
Introduction

In the course of 2007 in view of the IBR-2 reactor shutdown for the modernization the main
studies in the field of neutron nuclear physics at the Frank Laboratory of Neutron Physics were
carried out on neutron beams of other nuclear centers of Russia, Bulgaria, Poland, Czech Republic,
Germany, Republic of Korea, China, France, USA, Japan as well as at the EG-5 accelerator in
FLNP. The studies were in traditional directions: the investigation of time and spatial parity
violation processes in the interaction of neutrons with nuclei; studying of quantum-mechanical
characteristics, energy and dynamics of the fission process; experimental and theoretical
investigation of the electromagnetic properties and beta-decay of the neutron; gamma-spectroscopy
of neutron-nuclear interactions, structure of atomic nucleus, obtaining of the new data for reactor
applications and nuclear astrophysics; experiments with ultracold neutrons; applied investigations.

1. Experimental investigations
1.1 Fundamental properties of the neutron
1.1.1 Works within the framework of preparation and carrying out of experiment on the direct
measurement of the cross section of neutron-neutron scattering at the YAGUAR reactor (RFNC-
VNIITF, Snezhinsk )

In 2007 the main result achieved within the framework of this activity was the construction of a

neutron detector meeting all requirements of the experiment. It should be pointed out that these
requirements are rather stringent. Never had there existed neutron detectors that could combine high

150
Calibrating measurements. TOF spectrum.
Scattering on “He (100 mbar). Preliminary results.
100 I Measurement

Calculation

Ndet

Fig. 1. Time-of-flight spectrum of detected neutrons

counting rate (~10°s™), neutron detection efficiency ~100 %, high energy resolution (no worse than
10%) and low y-quantum sensitivity ~10”. The detector was installed on the experimental setup and
successfully underwent tests in calibration measurements on gases in a pulsed operating mode of
the YAGUAR reactor. The results of preliminary data processing obtained in gas measurements are
given in Fig. 1. The time-of-flight spectrum of detected neutrons is presented in this figure. Thus, at
the present time the facility for measuring the nn-scattering is ready for operation.



In 2008 it is planned to complete calibrations on inert gases, to achieve the necessary
background conditions and to start measurements of the nn-scattering cross section.

1.1.2 Investigation of the n-e scattering

The preparatory works for the experiment to extract the n,e-scattering length from the
energy dependence of angular distributions of the thermal neutron scattering by noble gases on the
vertical neutron channel of the TRONS facility were carried out.

Simulation experiment taking into account the thermal motion of gas was carried out by the
Monte-Carlo method. In order to compare three variants of account of thermal motion (Placzek,

1,10 -|I 2l Ll Ll 21l Ll 2l

1 10
E eV
Fig. 2. Anisotropy of neutron scattering by argon forward-backward calculated for different variants of
account of thermal motion of gas atoms. Dot-dash curve - the Placzek approximation, dotted and solid line
correspond to the Turchin approach taking into account the n,e scattering and without it, respectively.
Straight line — calculation without taking into account thermal motion of atoms.

Turchin and Monte-Carlo), for each of them the forward-backward anisotropy for the distribution

angles ) =45° +5° and 6, =135° +£5°. were calculated. The results of calculations are presented
in Fig.2.

Also, calculations of the angular anisotropy 45°/135° were carried out in the geometry close
to the classical Kron-Ringo experiment under the assumption of application of the circular *He-
counter with the pressure of 10 atm. The anisotropy was calculated by way of analytical integration
within the limits of distribution angles +2.5° and +5°, and also using the Monte-Carlo method. The
results of these calculations for xenon are given in Fig. 3. Here the effect of n,e-scattering manifests
itself as a dip in the region of energies of thermal neutrons, the depth of which just depends on the
value of n,e-interaction length. Comparison of analytical calculations of anisotropy with the
calculations by the Monte-Carlo method shows that in the studied range of neutron distribution
angles at the analysis of primary experimental data and extraction of the n,e-interaction length from
them, it will be possible to be restricted to the application of the Turchin formalism that will
essentially simplify the analysis of experiment.

Owing to the originality of the conducted experiment almost all the approaches for account
of numerous corrections with the accuracy on the order of 10 of the share from the nuclear
scattering prove to be new as needed. In particular, the model-free account of thermal motion of
atoms of target has revealed details in the angular anisotropy, which are not usually conveyed by
the used Placzek model (it is too coarse for our purposes). Kinematic description of motion of
neutron and atom just as the accurate correction for the energy release by neutron scattered for
different angles will allow one to obtain the precision value of the n,e-scattering length from the
measured scattering anisotropy.
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Fig. 3. The calculated anisotropy of neutrons scattered on xenon: solid and dotted curves — calculation within the
Turchin approach taking into account the n,e-scattering for the distribution angles +2.5° and +5°, dashed curves —
with no account for the n,e-scattering. Results of the calculation by the Monte-Carlo method (taking into account the
n,e-scattering): light squares — scattering in the small space, light points — in the real geometry.

0,99 3+

Neutron optics

1.2.1 Verification of weak equivalence principle for the neutron

In 2007 the data processing from the experiment to verify the equivalence principle for the
neutron conducted in 2006 completed. Results of the study were published.

The idea of the experiment is to compare changes of the neutron energy mgh at its fall from

the height h with the value of energy AE = 7€) transferred to the neutron at the interaction with non-
stationary device. It is illustrated by Fig. 4.
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Fig. 4. Idea of the experiment.

The narrow energy spectrum of neutrons f(E) is formed by a monochromator placed at the
height H=0. In order to enter the detector and be detected neutrons must past through the analyzer,
which is placed below the monochromator for the H value and has the same spectrometric
properties. The neutrons are accelerated in the Earth’s gravitational field on the way from the
monochromator to the analyzer. Since the width of spectral function f(E) is small, the system



becomes nontransparent already at a relatively small distance H. However, if on this way the
neutron energy additionally decreases for the value AE = 7€), than one may find a position of the
analyzer, at which it transmits neutrons. Here the dependence of the system transmission on the
analyzer position is described by the symmetrical function

®(h) = j f(E)f(E+m,g H-Q)dE, (1)

The maximum of this function or scanning curve is determined by the condition
m,g H=7Q. (2)

Having determined it in experiment and knowing the value of Q frequency, one may
measure the gravitational force acting on the neutron.

Neutron interference filters (NIF) were used as a monochromator and analyzer, and the
controllable decrease of the neutron energy was achieved by way of diffraction on the moving
grating.

Measurements of scanning curves (1) are conducted for collection of frequencies €;. For
each of the curves one may find a position of maximum Hj, which may be counted from certain
arbitrary value ho, under the assumption that H; =h, +AH;. The system of equations found from

these measurements
Q.
AH, = L1, 3)
m,g,

makes it possible to determine the gravitational force myg, acting on the neutron. The constant n

UCN

MoHnoxpoMaTop

n vd
<>
L
Fig. 5. Gravitational UCN spectrometer. 1- chamber Fig. 6. Upper part of the spectrometer. Circular
of the spectrum refining, 2- vacuum chamber of the corridor, monochromator and grating.

spectrometer, 3- motor-rotary drive of the diffraction
grating, 4- mirror neutron guide, 5- diffraction grating
on the silicon disk, 6- filter-analyzer in the mobile
carriage, 7- filter-monochromator, 8-detector, 9- step
motor to shift the analyzer.



takes into account both the above-mentioned diffraction shift and the unknown point of reference
hy. It should be emphasized that formula (3) does not contain parameters of spectrometric elements.

The experiment was carried out with the gravitational UCN spectrometer on the ultracold
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Fig. 7. Scanning curves measured at various rotating frequencies of the grating and fitting Gaussian
functions.

neutron source of the Institute Laue Langevin (Grenoble, France). The diagram of the experiment is
given in Figs. 5, 6.

In the experiment a rotatory grating prepared on the surface of silicon disk 150 mm in
diameter and 0.6 of thickness was used. On the peripheral ring-shaped region of disk, radial grooves
were pitted, the width of which was proportional to the radius. This provided for the constant
angular distance between grooves, which was equal to the half of the precisely known angular
period. It was the value a.=2n/N, where N=75398. The depth of the groove was 0.14 pm and was

chosen in such a way so as to provide the difference of phases Ap = © of the neutron waves passed
through different elements of grating.

The UCN spectrometry was carried out with the help of two identical five-layer interference
filters. Each of them had one resonance in transmission at the energy of about 107 neV. One of
them serving as a monochromator was ring-shaped and was placed at the outlet of the supply
circular corridor (see Fig. 6). Right under it the diffraction grating was placed. Having passed
through the grating, the neutrons proceeded to the vertical mirror neutron guide, inside of which the
second interference filter, the analyzer, was placed. The latter could be shifted throughout the
height. The neutrons passed through the analyzer were recorded by the detector.

At the fixed rotating frequency of the grating the measurement of scanning curve was
carried out, i.e. of the dependence of counting rate on the position of carriage with the filter-
analyzer. The rotating frequency of the grating constantly changed. The measurements were carried
out in order to collect frequencies from 45 to 107 revolutions per second, that corresponded to the
modulation frequency of neutron wave Q = (2.1 + 5.1)x10” radian/s. Two series of such
measurements, which differed in the reference point of distances hy, were carried out.

Each of the obtained scanning curves corresponding to diffraction peak of order minus one
was fitted by Gaussian function with linear background (see Fig.7.)

(H—Hm)zJ

26’

n=a+bH+Aexp£— 4)



Out of five parameters determined in such way the parameter H,, corresponding to the
center of the Gaussian curve is essential. The subsequent processing was aimed at the determination
of the coefficient B of the linear relation H  =c+ Bf between the rotating frequency of grating f

and the value Hy,. (See Fig. 8.). The linear MNK-fit of data of two series led to the final value Bexp
=0.30366 = 0.000654.

Theoretical value of B equals to

2nhAN
B, = : (5)
mg

where N — the exactly known total number of grating periods. Substituting the table values of
neutron masses m into (5), the local value of acceleration of gravity g=980.507(2), measured at the
site of experiment we obtain Bg, = 0.304203 for theoretical value of coefficient.
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Fig. 8. Dependence of the position of maximum of scanning curve on the rotating frequency of the grating.

Thus, the given result is quite in agreement with the calculation, in which the table value of
neutron mass and the value of local gravitational acceleration of macroscopic bodies have been
used. It is easy to express the degree of this agreement by the relation y =B, / B, = mg/ m,g, . It

was obtained: 1-y = (1.8 2.1)><10'3 for the value of the equivalence factor determined in such a
way.

1.2 Investigation of spatial and time parity violation in the interaction of neutrons with nuclei

1.2.1 Measurement of P-odd asymmetry of the yquanta emission in the reaction
B, a;)’Li*—Li+y

Within the framework of the experiments to search for neutral currents in nucleon-nucleon
interactions and to determine weak m-meson coupling constant the measurements (in collaboration
with PNPI, ILL and TU of Munich) of P-odd asymmetry of y-quanta from the reaction
"B(n,a)’Li*— Li+y were conducted on the polarized cold neutron beam PF1B (ILL, Grenoble).

Weak interactions in nucleon-nucleon systems at low energies are described in the
approximation of one-meson exchange (exchanges of m, p, ® mesons with transfer of different
isospin values 0, 1, 2), where the parity is violated in one of the vertices of NN-diagram. Weak NN-
potential is parameterized by a set of 6, in some models of 7, weak meson-nucleon constants. The
constants are determined on the basis of the standard model and quark structure of nucleons,
however, due to the uncertainties at the account of interference of strong interaction, different
approaches give essentially different values of constants. The m-meson coupling constant f; is



especially sensitive to the model. On the other hand, f; is entirely determined by the exchange of
Z°-boson between quarks, i.e. by the neutral current. Experiments on scattering of polarized protons
on proton target unambiguously registered charged currents in NN-interactions. The values of
coupling constants hpo and h, extracted from these data within the limits of experimental error
coincide with the theoretical Diplank-Donahugh-Nolsten «best values» (DDH «best values»). At the
same time, the experiment where there were attempts to determine weak m-meson constant give
non-coinciding values in the wide range (from 0 to ~9-107). The theoretical «best value» f, =
4.6-107. The strictest restrictions were obtained from experiments with BE (f,< 1.2-107) and from
our recently completed experiment with °Li (f; < 1.1:107). Thus, so far there is no unambiguous
confirmation of neutral currents in weak NN-interactions.

Before that 2 series of measurements of P-odd asymmetry of y-quanta from the
"B(n,a)'Li*—'Li+y reaction were carried out on the cold polarized neutron beam PF1B (ILL,
Grenoble). The value o, = (5.1 £ 3.8)- 10 was obtained. According to calculations of the Chuvilsky
group, the y-quanta asymmetry o, = 1.1-107%, if other weak meson-nucleon constants (for the most
part hpO, since it gives the largest contribution to the value of asymmetry) equal to the theoretical
Diplank-Donahugh-Nolsten «best values».

This year in measurements a new system of recording of current signals was applied. The
method allows one to make a procedure similar to the integration of signal for considerably shorter
periods of time than analog integrators. This made it possible to quit the low-frequency region
where the contribution of fluctuations of reactor power and noises is maximal and to decrease the
error of determining the effect more than by a factor of 1.5: a, = (3.9 £ 3.9)-10®. The asymmetry
value summed over three cycles (preliminary): a, = (4.5 £ 2.7)-10®. The estimation of weak -
meson constant from the obtained data f; < 4.7-107. Thus, so far the experimental accuracy is not
enough to observe the asymmetry effect in the reaction '°B(n,o)’Li*— Li+y, but the obtained
value points to the f; value smaller than the «best valuey.

1.2.2 Search for and investigation of the structure of subthreshold neutron p-resonances in lead
isotopes by the combined correlation gamma spectroscopy method

Analysis of the experimental data obtained in control experiments of 2005-2006 on channel
1 of the IBR-2 reactor to search for negative neutron p-resonance in lead isotopes ***Pb and **’Pb
completed.

These experiments were carried out on the modernized gamma-spectrometer COCOS with
the improved effectiveness and operation speed aimed at verification of the earlier obtained data on
the existence of the negative neutron p-resonance in **’Pb isotope instead of ***Pb as was expected
on the basis of the work to observe spin rotation of thermal neutrons at the interaction with lead.

Results of the performed analysis did not confirm the presence of considerable deviation of
the cross section of radiative capture from the 1/v law in the neutron energy (1 — 5) eV for **’Pb
isotope observed in experiments of 2002-2003 and testified to the existence of negative p-resonance
in this isotope. If such deviation exists, than it is insignificant and for this isotope the contribution
of p-wave does not exceed (5-6)% of s-wave.

For 2**Pb isotope the unknown deviation within the limits of error of experimental data was

not detected either. This may not unambiguously testify to the absence of negative p-resonance,
since in the conducted measurements gamma-transition is recorded, which is mixed around the
thermal region of neutron energy from s- and p-resonances, simultaneously, the partial width of
such transition for p-wave is unknown. If it is considerably smaller than in s-wave, than it may lead
to the impossibility of observation of negative p-resonance by the used method within the limits of
experimental accuracy (3-4)%.



1.2.3 Measurement of parameters of low-voltage neutron resonances of Xe

In experiments on optical polarization of Xe isotopes carried out in KEK (2004), it was
revealed that table data for resonances 9.5 eV (‘*’Xe) and 14.4 ¢V (*'Xe) do not describe the
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Fig. 9. Vessel-target to measure total neutron cross section of Xe.
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(ENDF VII, JENDL 3.3, JEF 2.2) considerable discrepancies were also noted. In this connection, on
the Pohang Neutron Source (Republic of Korea) special measurements of the total neutron cross
section were carried out. For this a vessel-target was manufactured, its diagram is shown in Fig. 9.

The vessel was filled with natural mixture of Xe isotopes at the pressure of 1 atm. In Fig. 10
the measured transmission and results of fitting are presented. In Tables 1 and 2 the obtained
values of parameters are given. Results of the given study are submitted for publication in the
journal «Nuclear Instruments and Methodsy.



Table 1. Parameters of resonance 9.5 eV '¥Xe

Value Initial' Present study
E (eV) 9.5 9.531+0.016
I'h (meV) 6.0 12.68+0.18
I, (meV) 110 114.2+1.7
Table 2. Parameters of resonance 14.4 eV *'Xe

Value Initial ' Present study
E (eV) 14.4 14.19+0.04
'y (meV) 216 242.7+0.5

I, (meV) 94 419.7£0.5

1.3 Investigations of the properties of atomic nuclei
1.3.1 Search for exotic modes of fission on the IBR-2 reactor using the «Mini-Fobos) facility

In the previous experiments, in which the spontaneous fission of **’Cf was studied,
numerous indications were detected on the existence of the unusual, at least threefold, decay
channel, which was called threefold collinear cluster decay [*]. For the investigation of the observed
effect the study of various nuclear fissionable systems at various excitation energies up to the
survival threshold of nuclear shells was planned. One of the reactions chosen for the study was the
reaction 2*°U (N, 1).

The experiment was carried out on the thermal neutron beam of the IBR-2 reactor at the
Frank Laboratory of Neutron Physics using the two-arm time-of-flight heavy ion spectrometer
miniFOBOS [*]. Detectors of the spectrometer allow one to find both the primary fragment masses
and the final ones (i.e. before and after neutron release), vector of velocity (of pulse), and also
fragment path in gas of the ionization chamber in each arm of the spectrometer.

In the experiments a specific two-dimensional bump in the mass-mass distribution of fission
fragments was observed [*] (see Fig. 11a). The effect was revealed only in one arm of the
spectrometer, namely on the part of the target substrate. The yield of events forming the bump is
about 5*10 per one double fission. This estimation was obtained after the subtraction of «taily» 2
from «tail» 1. The corresponding subtractive spectrum (the bump as such) is shown in Fig. 11b. The
yield maximum in the bump lies in the vicinity of masses 68—70 associated with magic Ni isotopes.

One more manifestation of clusterization was obtained as a result of special treatment of the
mass-mass fragments. The selection of fission fragments was carried out in accordance with their
velocity and pulse. The events having approximately the same velocities and lying simultaneously
outside «tails» of the scattered events in fragment distribution over pulses were selected. (Figs.
12a,b)

' Low Energy Neutron Physics, Subvolume B, Tables of Neutron Resonance Parameters, Edited by H. Schopper ISBN
3-540-63277-8, Springer-Verlag Berlin Heidelberg, 1998.

2 Yu.V. Pyatkov et al., Phys. Atom. Nucl. V.66, 1631 (2003).

> D. V. Kamanin et al., International Symposium on Exotic Nuclei, Peterhof, Russia, 5-12 July 2004. Conference
proceedings. Published by World Scientific Publishing Co. Pte. Ltd., 2005, p. 588-591.

*Yu. V. Pyatkov et al., Preprint JINR E15-2005-99, Dubna, 2005
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scattered fragments in the pulsed distribution (a). Specific structure in the shape of a straight angle is clearly seen in the
distribution center. Vertex of the angle is located at the point (68, 68) presumably related to the magic isotope **Ni (b).

A specific structure in the distribution center is noteworthy. It looks like a straight angle
with the vertex lying in the vicinity of the point (68, 68) a.m.u., which presumably corresponds to
the magic nucleus O5Ni 40, Using the same selection, a similar structure (rectangle) was earlier
revealed in the mass-mass distribution of fragments of spontaneous fission of nucleus **Cf [°].
Certain points on the distribution lie approximately on the line M1+M2=const (slanting dotted line
in Fig. 12b). The corresponding «missing fragment» is also related to the known neutron subshell
N=40.

The basic meaning of the presented results is that they mainly confirm the results obtained
earlier for various fissionable systems.

1.3.2 Investigation of escape of delayed neutrons at the «ISOMER-M) facility

As the continuation of investigations of characteristics of delayed fission neutrons of major
and minor reactor isotopes in 2006-2007, measurements of the delayed neutron yield at the fission

*Yu. V. Pyatkov et al., Preprint JINR E15-2004-65, Dubna, 2004



of isotope **Cm by thermal neutrons at the «Isomer-My» facility of channel 11b of IBR-2
completed. In spite of the high enrichment of the studied sample by isotope ***Cm (95.46%) and
large fission cross section of it by thermal neutrons (~2145 b), accompanying isotopes >**Cm and
**Cm create constant background of prompt neutrons of the spontaneous fission and determine the
smallness of the effect-background relation in measurements of the delayed neutron yield. This
circumstance required to carry out the modernization of the measurement module to provide the
maximal stability of operation, to optimize the operation mode of the facility and to take accurately
into account all the components of background in the course of measurements.

On the completion of processing of all the experimental data, the value of total delayed
neutron yield at the fission of isotope ***Cm by thermal neutrons vq = (0.64:£0.02)% was obtained.

This value is the second known experimental result and stands out from the first one by the twice
better accuracy. The comparison of this result with the global systematics of the delayed neutron
yields showed that it coincided with the value obtained within the framework of the simplified
variant of this systematics.

1.3.3 Gamma-spectroscopy of neutron-nuclear interactions

Complex analysis of the experimental data on the process of cascade gamma-decay of the
neutron resonance makes it possible to obtain fundamentally new information on the properties of
nuclear matter lower than the excitation energy approximately 5-10 MeV. Its most important result
is the fundamentally new information on the dynamics of interaction and transition into each other
of superfluid and common state of nuclear matter. The approximation of a large set of experimental
values of density of excited levels of nuclei from the mass region 39<A<201 showed that
excitations of the phonon type determine the structure of excited levels for 90% and more at least
lower than the half of neutron binding energy. Analysis of the published experimental data on the
intensities of primary gamma transitions of the neutron capture with the energy about 2 keV carried
out at FLNP by the original method made it possible to improve these results and estimate their
maximal systematic error. In addition, the fact of absence of abrupt change of parameters of the
cascade gamma decay from the possible change of structure of neutron resonance in this interval of
their energies was established. The approximation of experimental data on the partial widths of
primary dipole gamma transitions in the region of neutron binding energy confirmed strong
influence of the superfluid state of nucleus on this parameter of the cascade gamma decay of
neutron resonance as well. Thus, the possibility and necessity of the direct experimental and
theoretical study of superfluidity of the heated nucleus up to its temperature of no lower than 0.5
MeV was demonstrated.

1.3.4 Investigation of (n,p) and (n,q) reactions

The experiments to determine coefficients of the forward-backward correlation in the
reaction '*N(n,p)'*C continued at the EG-5 accelerator, FLNP JINR, in the region of proximate low-
lying resonances. Due to the technical reasons in 2007 beam time at the accelerator was restricted.
Measurements in 5 energy points were carried out both to check the results obtained earlier and at
different energies. Nevertheless, the data are insufficient for carrying theoretical analysis.

At the neutron time-of-flight source of the Moscow Meson Factory, INP RAS, in Troitsk
test measurements at the flare duration of 5 pus for the experiments to determine P-even correlations
in the reaction 35Cl(r1,p)3SS were carried out. On the basis of the obtained data the estimation of
possibilities to study P-even correlations in the reaction *Cl(n,p)’’S was performed. At the same
beam parameters as in the test measurement (flare duration 5 ps, frequency 50 Hz, average current
of protons on the target 1.5-1.7 pA) it is possible to reach the accuracy of 5-107 in the energy
intervals under study for 3 days of measurements.
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2. Theoretical investigations

It was shown by the extrapolation of the optical potential of neutron interaction with matter
on the region of large densities, which take place in the neutron star, that in the neutron star the
forces of neutron striction occur, which compress the star in addition to the gravitation forces. It
was shown by way of numerical calculations that the effect of optical forces on the mass, star radius
and distribution of density in it surpasses the influence of effects of the general relativity theory.
Also, it was shown that in the presence of resonance in neutron-neutron scattering in the star
pulsations may occur and the star may explode with a great energy production.

Based on the assumption that the neutron wave function appears to be a wavepackage, the
question is posed: does the package width change with the energy growth or not? To answer this
question the experiment to determine temperature dependence of the scattering cross section of
slow neutrons in He' gas was carried out. As follows from the results of experiment, the
wavepackage width decreases with the energy growth in inverse proportion to the neutron velocity.

On the basis of algebraic approach to the description of process of neutron transportation in
homogenous and fine medium new formulae for the neutron albedo from layers of substances of the



given thickness were obtained. The new formulae have the advantage as compared to the known
ones obtained earlier on the basis of the diffusion theory, since they may be applied in a wider range
of parameter change. They may be used to calculate reactors and radiation protection.

The method of long-wave neutron holography was developed without a reference beam,
which allows one to record holographic image of magnetic and non-magnetic macroscopic structure
of non-transparent objects and to reproduce image in visible light. The method is based on obtaining
the neutron beam in coherent superposition of states with two various energies. The difference of
energies and wave vectors of these states creates in space a neutron precession wave, the length of
which is greater than the de Broglie wavelength in several orders.

Full solution of the problem on the neutron interaction with substances having helicoid
magnetic structure was obtained. The matrix amplitudes of reflection and transmission of helicoid
magnetic mirrors were calculated and the effect of resonance reflection with spin flip was detected.
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The Figure illustrates reflection coefficients with spin flip (dotted curve) and without spin
flip (solid curve) at helicoid mirror of the final thickness at the polarization of incident neutron
antiparallel to the helicoid vector. The Y-axis represents the reflection coefficient, and the X-axis —
the wave neutron vector in dimensionless units. One can see that the reflection with spin flip is of
resonance character, and the resonance takes place at the wave neutron vector, which is equal to the
helicoid one.

3. Applied and methodical research

3.1 Investigation of element composition and structure of near-surface layers of solids at the
EG-5 accelerator

On charged particle beams of the EG-5 accelerator analytical investigations using
nondestructive nuclear-physical techniques: RBS (Rutherford backscattering method) and ERD
(elastic recoil detection method) were conducted. Depth profiles of various elements starting from
hydrogen and deuterium up to gadolinium and tungsten were measured.

In cooperation with Institute of Electrical Engineering of SAS (Bratislava, Slovak Republic)
nano-layers of metals and metallic oxides applied on silicon substrates were analyzed. Using the
nondestructive RBS method, elemental analysis of the layer containing 1.9x10'® at/cm® of
gadolinium, 2.7x10" at/cm’ of scandium and 4.5x10'® at/cm® of oxygen was performed. Fig. 15
shows the spectrum of helium ions with the energy 2.035 MeV scattered for the 170° angle on the
sample, the thickness of which is 17 nanometers. The thickness of superficial layer and its
elemental content were determined as a result of computer processing of the experimental spectrum.
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Similar investigations were carried out in cooperation with Voronezh State University. The
analysis of samples of lamellar structures with the thickness of layers ranging from nanometers to
1-2 micron was carried out. For elemental analysis of lamellar structures of micron thickness the
proton beam obtained from the EG-5 accelerator, FLNP, was also used. Using the ERD method, the
analysis of silicon samples saturated with hydrogen and deuterium was carried out.

In cooperation with Institute of Physics of the Marie Curie-Sklodowska University and
Lublin University of Technology (Lublin, Poland) and also with Sumy Institute for Surface
Modification (Sumy, Ukraine) samples of modifies constructional materials were analyzed. In
particular, detailed investigations of a change of superficial properties of stainless steel implanted
by various doses of nitrogen were performed. Also, investigations of the process of extraction of
positive charged ions from plasma aimed at optimization of ion sources for implanters were carried
out.

3.2 Analytical investigations using neutron activation analysis at the IBR-2 reactor

Ecology
Biomonitoring

In March, 2007 in Dubna at the XX anniversary Meeting of the UN Commission on
Transboundary Air Pollution in Europe the works of the NAA sector carried out in the framework
of the international program “Atmospheric heavy metal deposition in Europe—estimation based on
moss analysis” were summed up. The scope of these works covers several regions of Central
Russia, Southern Urals, Belarus, Bulgaria, Slovakia, Poland, Romania, Serbia, Macedonia, Croatia
and Greece, as well as Mongolia and Vietnam, where more than 2500 samples of moss-biomonitors
were collected and analyzed.

The results of the analysis for European countries on 13 elements: Al, As, Cd, Cr, Cu, Fe,
Hg, Ni, Pb, Sb, Ti, V and Zn have been submitted to the European Atlas of heavy metal
atmospheric deposition and the complete data on 40-43 elements, including lanthanides (rare earth
elements) and actinides (uranium and thorium) have been published in the papers relating to the
regions concerned. To evaluate levels of environmental pollution in the industrial ecologically
stressed regions of Russia, the results of the analysis of moss-biomonitors from Prioksko-Terrasny



and Voronezh biosphere reserves obtained in collaboration with the Institute of Global Climate and
Ecology (Moscow) were used as background values.

In 2007, possible ways of collaboration with the University of Stellenbosh (SAR) in the
field of biomonitoring (study of distribution of atmospheric methyl-mercury depositions using
moss-biomonitors and NAA) were outlined.

Ecosystem assessment

In 2007, in the frameworks of the RFBR-Romanian Academy project “Geochronology and
study of retrospective pollution of unconsolidated bottom sediments from oxygen-containing and
oxygenless water areas of the Western part of the Black Sea” the treatment of the NAA results of
the bottom sediments collected at the Black Sea shelf of the Romanian coast was completed and the
retrospective pollution assessment for this region was made. In 2007, in cooperation with the
Romanian team three publications and a report to RFBR were prepared on the project.

The work to study aerosol filters from Slovakia was completed and the results of
multielement NAA of the collection of aerosol filters of different years received from Bratislava,
which made it possible to characterize the dynamics of atmospheric pollution of the Slovak capital
by heavy metals for the last 15 years, were submitted for publication.

In cooperation with the University in Opole (Poland) the complex investigation to assess the
environmental condition on the “anomalous territory” in western Poland with the increased
radiation background owing to the Chernobyl accident and technogenic industrial impact has been
carried out. First results are presented in the joint paper accepted for publication by Polish journal
“Ecological Chemistry and Engineering” in 2007.

In collaboration with Dubna University the study of the distribution of a number of heavy
metals in the vicinity of road interchanges in Dubna and in Moscow (Schelkovskoe and Minskoe
highways) has been completed. The results have been reported at two International Conferences and
submitted for publication.

The results of NAA (JINR) and AAS (University in Skopje) of 200 soil samples from the area
of the lead-zinc industrial complex in Macedonia have served as a basis for the Atlas of heavy metal
distribution maps to be published in Macedonia.

Food and human health

In 2007, at the reactor of MEPhI (Moscow) work to analyze foodstuffs continued in the
frameworks of the joint project of the NAA sector with the Nuclear Energy Corporation of South
Africa (NECSA): “Comparative study of the impact of consumption of foodstuffs grown in several
industrial regions of Russia and Southern Africa on children’s health using nuclear-physical
analytical methods”.

The determination of a number of short-lived isotopes in foodstuffs was conducted at the
reactor of Budapest Neutron Center in October, 2007. The treatment of the results is underway.

Within the framework of the IAEA Coordination Program “Exposure of women of
reproductive age to toxic and potentially toxic elements in developing countries” in cooperation
with the Russian State Medical University (Moscow), the Analytical Center of the Geological
Institute of RAS and [.M.Sechenov Moscow Medical Academy the work to interpret the results of
multielement analysis of blood samples of specially selected patients from one of the industrial
regions of Moscow has been continued. These investigations have supported the hypothesis about
the correlation of such toxic elements as lead, zinc and stibium with the body mass index of the
examined patients.



Biotechnologies

In the NAA sector in collaboration with the Andronikashvili Institute of Physics (Tbilisi,
Georgia) studies on new biotechnologies using various microorganisms to clean up contaminated
environment from toxic metals (mercury, chromium, etc.) have been continued. New results of the
studies into the possibility of application of natural strains of Arthrobacter oxidans bacteria,
isolated from basalts to reduce toxic Cr(VI) to stable nontoxic Cr(IIl) were presented at the
International Conference on Modern Trends in Activation Analysis (September 17 — 21, Tokyo,
Japan). A series of seven papers in the field of application of nuclear-physical methods in
biotechnologies is submitted for the JINR 2007 scientific research competition.

Materials science

Synthesis of fine-grained diamonds

In 2007 the joint paper (in cooperation with the Institute of Solid State and Semiconductor
Physics of Belarusian Academy of Sciences) on the study of effect of neutron irradiation on the
properties of synthetic diamonds using Ni-Mn-C-Al,O3; system as an example was submitted to
“Crystallography Reports”, and the summarized data on the behavior of defects in fine-grained
diamonds under exposure to neutron irradiation in the presence of catalysts are to be included as a
separate chapter in the book “Diamond and Related Materials” (Nova Science Publishers, Inc.,
USA, 2007, in press).

Archeology

Within the framework of cooperation with the State Hermitage (Saint-Petersburg) the
statistical analysis of the earlier obtained NAA results of ceramic samples from ancient burial
mounds (Syrtea Smolensk region and North Caucasus) has been performed. The results were
discussed at the Workshop in the Hermitage (November 23, 2007), where directions of further
investigations were outlined.

Radioecology

In cooperation with Comenius University in Bratislava in the low-background laboratory of
the Department of Physics for the first time radiometric measurements have been carried out with
50 samples of moss-biomonitors collected in Minsk and Gomelsk areas of Belarus 20 years after the
Chernobyl accident. The results of the measurements have demonstrated that the level of *’Cs
activity in Gomelsk area is three times higher than that of in Minsk area. High content of *'°Pb has
been observed in this area, which is most probably due to the post-disaster cleanup operations in
1986. Publication in a peer reviewed journal is in preparation.



1.2. HEUTPOHHAS SINEPHAS ®U3UKA
BBeaenue

B Teuenue 2007 B cBsi3u ¢ ocTaHOBKOM peaktopa MBP-2 Ha momepHU3alnio OCHOBHBIE
pabotel B obOnactu HeWTpoHHOU simepHoi ¢usuku B JIHO um. M. M. @panka mpoBOIMIHCH
HEWTPOHHBIX Iy4Kax APYruX sSAepHbIX HeHTpoB Poccum, bonrapum, Ilonemu, Yexun, ['epmanum,
Pecny6nuku Kopes, Kutas, ®pannun, CILIA, Snonuu, a Taxke Ha yckoputene OI'-5 B JIHOD.
HccnenoBanus npoBOAWINCH B TPAJAMIIMOHHBIX HAIIPABICHUAX: U3Y4YEHHE INPOLECCOB HAPYIICHMS
IIPOCTPAHCTBEHHON U BPEMEHHOM YETHOCTH IIPH B3aMMOJECHCTBUM HEUTPOHOB C sIpaMH; U3y4YCHHE
KBAaHTOBO-MEXaHMUYECKUX XapaKTEpUCTHUK, OHHEPreTMKM W JUHAMHUKH IIpolecca JCJICHHUS;
9KCIIEPUMEHTAJIbHOE U TEOPETUYECKOE MCCIEN0BAHNE IJIEKTPOMAarHUTHBIX CBOMCTB HEUTPOHA U €r0
Oera-pacrmajga; raMMa-CIeKTPOCKOINS HEUTPOHHO-SACPHBIX B3aMMOICHCTBHIA; CTPYKTypa aTOMHOTO
A1pa; MOJlyYeHHE HOBBIX JAHHBIX JUISI PEAaKTOPHBIX MPUIIOKEHUH W AN AAepHOM acTpodu3uKH;
JKCIEPUMEHTHI C YJIBTPAaXO0JOAHBIMA HEUTPOHAMH; IPUKJIAAHBIC NCCIEIOBAHUS.

1. DKkcnepuMeHTAIbLHBIE UCCIE0BAHUSA
1.1 @ynoamenmanvhule c6oliCMEa HEIMPOHA
1.1.1 Pabomul ¢ pamkax no02omoeKu U nPo6eOeHUs IKCREPUMEHMA RO NPAMOMY U3MEPEHUIO

ceuenua pacceanus Heumpona Ha Heumpoune na peaxmope HAI'YAP (POALl-BHUUT®,
2.CHexcunck)

OcHoBHbIM pe3yiabTatoM 3a 2007, JOCTUTHYTOM B paMKax 3TOW AEATEIbHOCTH, SIBISIETCA TO,
YTO YJajloCh CO3/1aTh HEWUTPOHHBIH JIETEKTOP, YIOBJIECTBOPSIOMIMKA BCeM TpeOOBaHUSAM
sKcnepuMenTa. HeoOXoquMo OTMETHUTB, YTO 3T TPeOOBAaHUS BECbMA )KECTKUE U IPOTUBOPEUHBBIC.

150
Calibrating measurements. TOF spectrum.
Scattering on “He (100 mbar). Preliminary results.
100 I Measurement
Calculation
g
=z

Puc. 1 BpemsanpoaérHblii cCIeKTp 3aperiCTPUPOBAHHLIX HEHTPOHOB

Hukorna panee He co3/aBaaich HEUTPOHHBIE NETEKTOPHI, COBMEIIAONINE B ceOe TaKue CBOMCTBA,
KaK BBICOKYIO ckopocth cuera (~10° ¢), sddexrnBrocTs permcrpamum HeiTpoHOB ~100%,
BBICOKOE dHepreTuyeckoe paspemieHue (He xyxe 10%), 1 HU3KYI0 4yBCTBUTEIBHOCTh K Y-KBaHTaM
~107. JleTekTop OBUT CMOHTHPOBAH Ha SKCIEPUMEHTAIILHOW YCTAaHOBKE W TIPOIIENT YCIHEIIHOE
WCIBITAaHHWE B KaMOPOBOUHBIX M3MEPEHUSX HA ra3ax B UMIYJICHOM pEXHME paboThl peakTopa



SATYAP. PesynbraTel TpeaBapUTEIbHONH OOpaOOTKM pe3yNbTaTOB, IONYYEHHBIX B Ta30BBIX
U3MepeHusx, npeacrasiaeHsl Ha Puc. 1. Ha aToM pucyHke mpencraBiieH BpEMANPOIETHBIN CIEKTP
3aperucTpUpOBaHHBIX HEUTPOHOB. Takum 00pa3oM, B HaCTOsIIEE BPEMsI YCTAaHOBKA JUIsl U3MEPEHUS
NN-paccesHus MOJHOCTHIO T'OTOBA.

B 2008 romy TutaHMpyeTcs 3aKOHYUTh KaJIMOpPOBKM Ha WHEPTHBIX Ta3aX, JOOUTHCS
HE00XOIUMBIX (POHOBBIX YCIOBUH M HA4aTh U3MEPEHUs CEUCHUSI NN-pacCesHUsI.

1.1.2 Hccneoosanue n-e pacceanus

IIpoBeneHbl MOATOTOBUTEIbHBIE PAOOTHI K HKCHEPUMEHTY MO H3BJICYEHUIO JUIMHBI n,e-
paccestHUsl W3 HHEPreTHMYECKON 3aBUCHUMOCTH YIJIOBBIX paCHpEENIEHUN paccesiHUsl TEIIOBBIX
HEHTPOHOB 01aropOJHBIMH ra3aMH Ha BEpPTUKAIbHOM HEHTpOHHOM KaHane ycraHoBku TPOHC.

[ToAroToBiIEeHHBIN K SKCIEPUMEHTY BEPTUKAJIbHBIA HEUTPOHHBINA KaHaJ MPEACTABIIAET COOO0M
OTKauMBaeMylo TpyOy U3 HeprKaBelollel CTalu ¢ BHyTpeHHUM AuaMeTpoM 100 MM U JJIMHON OKOJIO
10m. KomnumanuonHoe orBepcTHe Ha Bxojae kaHaima — 80 MM, Ha Bbeixoze — 20 mm. OT10
o0ecrneynBaeT TO, 4TO AMAMETP PAcCXOMALIErocs HEUTPOHHOIO MyyKa BHYTPU Kamepbl paccesHus
JUIMHOM 1 M He OyzeT npeBbIaTh 25 MM.

[Ipn anamu3e yIVIOBBIX paclpeicsIieHUN MEIJIEHHBIX HEHTPOHOB, PAcCEsHHBIX ra3aMu B
HKCIEPUMEHTaX MO OIPEICIICHUIO CTPYKTYPHBIX (DaKTOPOB M JUIMHBI N,e-pacCcesHusi, BO3HUKACT
HEOO0XOMMOCTh y4yeTa TEIUIOBOIO JABMKEHHMsI aTOMOB Ta3a. KoppeKTHbIM ydeT 3Toil mompaBKu
HEOOXOJUM TIPH W3BJICUEHUH N,e-d(pdeKra, MOCKOIBKY aHH30TPOIHS PACCESHUS M3-3a TEIUIOBOTO
JIBMDKEHUS aTOMOB Ta3a CYILECTBEHHO OOJIbIIIE aHU30TPOIINH, BEI3BAHHOM N,e-B3aUMOACHCTBUEM.

B otnnume ot npyrux pa0boT, rae BooOlle HEe YUUTHIBAECTCSA BIUSHUE TEMJIOBOIO JABUKCHUS
Ha omucaHue >pdexTa AudpaKuy, B IPEIJI0)KEHHOM HaMHU OMKUCAHUM YIJIOBOIO paclpeaeseHus
paccestHHbIX HEWTPOHOB (C BKJIIOYEHHBIM B HEro BKJIAJAOM N,e-paccesHusi) 3Ta MOoNpaBKa
YUUTBIBACTCS U B TU(PPAKIIMOHHOM UJICHE.

bbu1 mpoBeneH MOAENBHBIM 3KCIEPUMEHT C YYETOM TEIUIOBOIO JBMKEHHUS raza METOJOM
Momnrte-Kapio. Jlnst cpaBHEHHMS TpeX BapHAaHTOB ydeTa TerioBoro aswkeHus (ILmaueka,
Typunna u Monte-Kapio) nis kaxaoro U3 HUX pacCUMThIBANIach aHU30TPONUS BIEpea-Ha3ad i
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Puc. 2 AHu3oTponmusi paccessHUsi HEHTPOHOB aproHOM BIepel-HAa3aJ, PACCUMTAHHAA JUIA PA3HBIX
BAPHAHTOB y4YeTa TEILIOBOr0 ABHKeHHUSI aTOMOB rasa. llITpux- myHkTHpHas kpuBas — NpuOIMXKeHHE
IInavyexka, TOYeYyHAsT M CIUVIOIIHASI JIMHUM COOTBETCTBYIOT moaxony TypumHa ¢ yuyerom n,e-
B3auMoJelcTBUS U 0e3 Hero, cooTBeTcTBeHHO. IIpsimasi iMHUA — pacyeT 0e3 yyeTa TeIJIOBOr0 ABUKEHHUS
aTOMOB.



yrioB paccesnust @) =45° £5% u 0, =135° +5° (u1s AByX NEPBBIX BapUAHTOB MPOBOIMIOCH
WHTETPUPOBAHHWE B yKa3aHHBIX Mpelenax YIJoB, a B pacuetax nmo Monre-Kaprno orbupanuch
COOBITHS, NPHUBOJAIIME K TIONAJAAHUIO PACCESTHHBIX HEUTPOHOB B YyKa3aHHbIE MHTEPBAJbI).
Pe3ynbrarel BelunciaeHU npeAcTaBieHsl Ha Puc. 2. 3HaueHne OTHOIIEHUS BIEpPEI-Ha3al MEHbIINE
€AMHULIBI TOSIBISIOTCS, KOTJa HadajlbHas CKOPOCTh HEWTPOHA YMEHBIIAETCS HACTOJBKO, YTO
CTAHOBUTCSI CPABHMUMOM CO CKOPOCTBIO aToMa. Toraa A aToMOB, JBUKYIIMXCS IO HAPABICHUSIM,
OJMIM3KUM K CKOPOCTM HEHUTPOHOB, IOTOK HEUTPOHOB, MPONOPLUUOHAIBHBIM OTHOCUTEIHHON
CKOPOCTH HEUTPOH-aTOM, CTAHOBHUTCS 3HAYUTEIBHO MEHBLIE, YeM JMJI1 aTOMOB, JBHKYIIUXCS
HaBcTpeuy HeltpoHaMm. [loaToMy BEpOSTHOCTH paccesiHMs Has3ajJ MPEBbIAET BEPOATHOCTD
paccesHust BrepeA. Ecim CKOpOCTh HEHTPOHA MHOTO MEHBUIE CKOPOCTH aTroMa, TO IIOYTH
HEMOJBWKHBIM HEUTPOH CHUMMETpUYHO OomOapaupyercs aroMaMu CHepeld U C3aaH, HU
pacmpeneneHne paccesHHbIX HEUTPOHOB MPUOIMKAETCS K CHMMETPUYHOM hopme.

beimn mpoBeneHbl TakXkKe pacyeTsl YIIIOBOM aHM30TPOIUHU 45°/135° B reOMEeTpUH,
npuOIIKaoIencs K KiaccuueckoMy onbiTy Kpona- PHHro B mpeAmonoXeHWH MPUMEHEHHS
kombieBoro ~He-cuerunka ¢ maBmenmeM 10 aTw. AHM30TPOTIUSL BBIYUCISIACH AHATUTHYECKU
WHTETPUPOBAHUEM B IIpeliesiaX YIJIOB pacCesHUs +2,5° 1 +5°, a TakKe ¢ MCIONTB30BAHMEM METO/IA
Moure-Kapno. Pe3ynbraThl 3TUX pacueToB JUIsl KCEHOHA IpeCcTaBieHbl Ha Puc. 3.

®opmanuzm  TypunHa u wmeton MonTe-Kapno onuceiBalOT aHU30TPONHUI0O BO BCEM
JIMana3oHe HavaJbHBIX AHEPTUH HEUTPOHOB OJUHAKOBO, U MOXHO YTBEPXKAATh, YTO (hOpMalu3M
TypuuHa gaeT npaBWIbHBIN yY€T TEIJIOBOIO JIBM)KEHHUS aTOMOB B 3aJja4axX paccessHUs HEUTPOHOB Ha
6nmaroponHbIx razax. [Ipubmmkenue [1nauexa coBepiIeHHO HEMPABUIBHO OMUCHIBACT aHU30TPOIIUIO
MpU SHEpPrusx HeuTpoHa HWke 10 Md3B U, Kkpome TOro, HE AAET TaKXKe MPABWIBHOW aCUMITOTHKU
IpU Tiepexoje K OONBIINM PHEPTUSAM, MPH KOTOPBIX KOA((OUIIMEHT aHU30TPOIIHH HE 3aBUCHUT YKe
OT TEIUIOBOTO ABMXKEeHUST aToMOB. Ha Puc. 3 adpdekr n,e-paccesuus nposiBiseTcs SMKOU B 001acTH
SHEpPIruil TEIJIOBBIX HEUTPOHOB, TIyOMHAa KOTOPOM KakK pa3 3aBHCHT OT BEJIMYMHBI JIMHBI N,e-
B3auMozeicTBusA. CpaBHEHHE AHAIWTUYECKMX pPAacUETOB AHU30TPONMUU C pacyeTaMu METOJIOM
Moure-Kapno mokassiBaioT, 4TO B MCCIEJOBAHHOM JIMAIla30HE YIJIOB PAcCEsIHUSI HEUTPOHOB IIPU
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Puc. 3 PacuerHass aHM30TpONHUS PACCeSSHHBIX HEHTPOHOB HA KCEHOHE: CILIONIHASI M TOYe4Hasi KpPHUBbIC —
pacuer B noxxoge TypumHa ¢ yueToM n,e-B3aMMoJelcTBHs 1Isi Y108 paccestnusi +2,5" u +5°, nynkrupnas
KpuBasg — 0e3 ydera n,e-paccessnusi. Pe3yabraThl pacderoB Mmeroaom Monrte-Kapao (¢ yderom n,e-
B3aMMO/IeliCTBHS): CBeT/Ible KBA/IPaThl — paccesiHHe B MaJIOM NPOCTPAHCTBE, CBET/Ible TOUKH — B PeaIbHOIi
reoMeTpHUH.



aHaJIW3€ TEPBUYHBIX HKCIEPUMEHTAIbHBIX JAHHBIX M M3BICYEHWHM U3 HHUX JUIMHBI 1N,e-
B3aMMOJCHCTBUSI MOKHO OyJeT OrpaHHuYMThCS mnpuMeHeHHeM  (opmanusma TypuuHa, YTO
CYILLIECTBEHHO YIPOCTUT aHAJIU3 SKCIIEPUMEHTA.

Taxxe OBUIM TPOBEICHBI PACUETHI TENECHBIX YIJIOB U A(PQPEKTUBHOCTEW NETEKTOPOB B
peanbHO TeoMeTpuu Uil paccenBaromux ra3oB Ar, Kr, Xe u snepruii HeiitponoB ot 12 M3B 10
400 m»B. OTHOLIEHWE BEPOSATHOCTEN PETUCTPALUU HEHTPOHOB, pacCesiHHBIX Ha yrubl 135 u 45
IpajgycoB, JaeT BEJIWYMHY TIONPABOYHOIO MHOXKHTENS K DKCHEPUMEHTAIbHOMY OTHOILEHUIO
OTCUETOB JETEKTOPOB 45°/135°.

B cuity opurnHanbHOCTH OCYILIECTBIISIEMOIO 3KCIIEPUMEHTA MOYTH BCE MOJXOJbI AJIS ydeTa
MHOTOYHCIICHHBIX IONMPABOK C TOYHOCTBIO mopsiaka 107 OMM OT SIEpHOTO paccesHMs 1o
HEOOXOIMMOCTH OKAa3bIBAIOTCSI HOBBIMU. B WacTHOCTH, 6€3MO/EIBHBIN YUET TEIJIOBOTO JIBUKCHUS
aTOMOB MHMIIEHH BBISIBUJI TOHKOCTH B YIJIOBOM aHU30TPONHH, KOTOPHIE HE MepenaeT OOBIYHO
ucnonpzyemass mojenb Ilnaueka (oHa ciumkom rpyba Juist Hammx 1ened). Kunemarumueckoe
OTMCaHWE TBUKCHHSI HEMTPOHA M aToMa, Kak M TOYHas MOIMpaBKa Ha cOPOC SHEPTUU HEHTPOHOM,
paccerBaeMbIM Ha pa3HbI€ YIJIbI, MO3BOJISIT MOJYYHTh MPEHU3NOHHYIO BEJIMYMHY JUIMHBI n,e-
paccestHUsT U3 U3MEPEHHOM aHU30TPOIUHU PACCESHUS.

B 2008 rony mimanupyercs mpoBeieHHe B TPOUIIKE SKCTIEPUMEHTA C PACCETHHEM TETITIOBBIX
HEHUTPOHOB Ha aproHe MPHU HU3KUX JaBIEHUAX (MOpsaKa aTMOC(EpHOro) ¢ UCTIOIb30BaHUEM METO/1a
BpPEMEHU IposieTa. B skcnepuMeHTe OyJeT peann3oBaHa BO3MOXKHOCTb IMOJYYEHMs 3HA4eHUs b,

JUIS Pa3HBIX DHEPreTHYECKUX YYacCTKOB CIIEKTpa HEHTPOHOB (M Pa3HBIX 3HAYEHHUH AJIEKTPOHHOTO
bopm-daxTopa atomMa f(E,$)) B3aMEH YCPEAHEHHOTIO MO CIIEKTPY 3Ha4eHus b,

1.1.3 H3yuenue 603M0}HCHOCMU ROUCKA MHO2OMEPHOIL ZPABUMayuu

Teopernueckn paccMOTPEHBI BO3MOYKHOCTH OSKCIIEPUMEHTAIBHON TPOBEPKU C ITOMOIIBIO
paccesHUs HEHTPOHOB PA3THUHBIX SHEPrHil HBIOTOHOBCKOTO 3aKOHA TaroTeHus (F~ 1/rY) Ha
Maiblx (MeHee SMM) paccTosHusAX. OTKIOHEHHE OT 3aKOHa MOXHO OXHJAaTh B Ciydae
CTPaBEAJIMBOCTH HMJIEUM O CYLIECTBOBAaHMM MHOTOMEpPHOM TIpaBHTaluu. B pamkax TeopeTnuyeckoin
MOJICNIH, CBSA3aHHOW C JUIMHOM 3JEKTpOcIaboro B3auMoOJEHCTBUSA, B OOpPHOBCKOM MPHOIMKEHUN
MIOJIyUYECHbI BBIP)XKEHUS AJI aMIUIUTY]] TPaBUTALMOHHOIO paccesHus HeHTpoHoB. Cuila TArOTeHUs

m

IIPU 3TOM 3aIMCHIBAETCS B BUJE: =gtz
r

paccrostaue, n=0,1,2,.... Xapakrepu3yeT MHOTOMEpHOCTh TpaBUTauuu U npu n =0 ¢opmyrna

MEePEXOIUT B OOBIYHYIO HBIOTOHOBCKYIO (hopMmyiy, 3amucaHHyio Bbliie. Popmyna A0KHA OBITH

Re, TJE R, - HEKOTOPOE XaPaKTEPUCTUIECKOE

cnpaBeuiuBa mpu r < R.. [Ipu r > R, JOMKEH BBINONHATHCS HBIOTOHOBCKHMM 3aKOH IPaBUTALIUH.

MO’KHO TakXe MOJYUYUTh:

n 1 2 3 4

R., cM 1.2x10"7 2.8 8x10° 1.4x10°®

3HavyeHue n =1 B MpuBEACHHOW TabiHIle cleayeT OTOPOCUTh, TaK KaK BelWYMHA R; MpeBOCXOAUT
pa3Mepbl COTHEYHOM CUCTEMBI U OpOUTHI TJIaHET ObUTH OBl HecTaOWIbHBL. Pasmepnr R, menee 1 cm
TPYHO IIPOBEPUTH € ITOMOILIBI0 MAaKPOCKOIIUYECKUX IKCIIEPUMEHTOB, OJTHAKO OIIBITBI ¢ HEUTPOHAMU
MOTYT OBITh B TPUHITUTIC BO3MOKHBI.

AMIUIUTYly TPaBUTAIIMOHHOTO pPACCESHUS MOXKHO HaWTH B OOPHOBCKOM NpUOMMKeHUH. Tak
HaTnpuMep IS n =2 OHa UMEET BUJL:

floy= 2 ungcich j G

rne g=2ksin ¢/2, k — BOTHOBOE YHCIIO, ¢ - YTOJI pacCcesHusl, M, U Mt - B3aUMOJICHCTBYIOIINE MACCHI,
G¢ - koHcTaHTa Depmu.



BbrunicneHo BIMSHUE I'paBUTALIMOHHOIO PACCESHUS Ha aCUMMETPUIO (BIIEpen-Ha3aJ]) pacCesiHUs
HEHUTPOHOB, B3aMMOJCHCTBYIOIUX C SAPAMU IIPHU YHEPTUSAX HEUTPOHOB OT YJIbTPAXOJIOJHBIX (10"
3B) no Heckonbkux I'9B. AHanu3 pe3yjabTaToOB MOKa3bIBAET, YTO IKCHEPUMEHTHI MOJOOHOTO poja
P CYIIECTBYIOUIEH TOYHOCTH BpsJ JU MOTYT CIYXKUTh IPOBEPKOM WIEU CYLIECTBOBAHHUS
MHOTI'OMEPHOH T'PaBUTALINH.

OpHako, HECMOTpPsST Ha OTPULATENIBHBIE PE3YJIbTAaThl OLIEHOK ITOMCKU BO3MOYKHBIX IPOSIBICHUN
MHOTI'OMEpPHOM TPaBUTALlMHA C IOMOIIbI0 HEUTPOHOB CIIENYET MPOAOJKATh, BCICACTBUE BaKHOCTH
MIOCTABJIEHHOM 3a/1a4M.

Puc. 4 Unest 3xcnepuMenra.

Heiimpounasa onmuka
1.2.1 Ilposepka cnabozo npunyuna IK6UEAIEHMHOCMU 01 HEUMPOHA

B 2006 romy Obina 3akoHYeHa 00pabOTKa JaHHBIX SKCIEPUMEHTA IO NPOBEPKE NPHUHIIUIA
SKBUBAJICHTHOCTH JUIsI HEHTpoHa, BhIModHeHHOro B 2006 Tomy. PesymbraTel paboOTHI
OITyOJINKOBAHBI.

Wnes skcnepUMEHTa COCTOMT B CpPaBHEHMM M3MEHEHHUS SHEPruM HEMTpoHa mgh mnpu ero

najgeHuu ¢ BbICOTBI h ¢ BenuuumHOW »HHeprun AE =7Q, mnepenaHHo HEWTpoHY, Npu
B3aMMO/JICHICTBUM C HECTAI[MOHAPHBIM yCTpocTBOM. OHA MOSICHAETCSI pUCYHKOM. 4.

V3kuii  sHepretmueckuid cnektp HedTpoHoB f(E) dopmupyercs MoHOXpomaropowm,
pacniosio)keHHbIM  Ha BbicoTe H=0. Jlns TOro uroObl moOMacTb B JETEKTOp U ObITH
3apETUCTPUPOBAHHBIMA HEUTPOHBI JOJDKHBI MPOUTH 4Yepe3 aHAIM3aTOp, PACHOJIOKEHHBIM HHUXKE
MOHOXpoMaTopa Ha BennuuHy H u oGnagaromuil TakumMu e CIeKTPOMETPUYECKMMU CBONMCTBAMHU.
Ha nmytn mMexnay MOHOXpOMAaTOpOM M aHAJIM3aTOPOM HEUTPOHBI YCKOPSIOTCS B I'PAaBUTALMOHHOM
nosie 3emun. Ilockonbky mupuna cnekrpanbHoi ¢yHkiuu f(E) Mana, To yke Ipu OTHOCUTEIBHO
MasoM paccrosiHuu H cucrema craHoButcs Hempo3padHoi. OfHAKo, €CIM Ha 3TOM IyTH 3HEPTUsd
HEHUTPOHOB JOINOJIHUTENBHO yMeHbIIaeTcsd Ha BenuuuHy AE =7€), TO MOXXHO HalWTH IOJIOXKECHHUE
aHAJIM3aTopa, MPU KOTOPOM OH IPOIYCKAaeT HEUTPOHBI. IIpuM 3TOM 3aBHCHMMOCTH NPOIYCKaHUS
CHCTEMBI OT MOJIOKEHHUS aHAJTU3aTOPa OMMCHIBAECTCS CUMMETPUYHON (QyHKIMEH

®(h) = j f(E)f(E+m_g H-/Q)dE, (1)
MaxkcumyM 3TO# (PYHKIIMH WU KPUBOW CKAaHUPOBAHUS OTPEENIICTCS YCIOBUEM
m,g H=7Q. 2)

OnpenenuB €ro B OJKCHEPUMEHTE M 3HAas BEJIMYMHY 4YacToThl €2, MOXHO H3MEPUTH
TPaBUTAIMOHHYIO CUITY, IEUCTBYIONIYIO Ha HEHTPOH.



B kauectBe = MOHOXpOMaropa M  aH&JIM3aTOpPa  HCMOJIB30BAIUCH  HEUTPOHHBIE
unTepdepenionHsle puibTpsl (HUD), a koHTpoiupyemMoe yMEHbIIEHHE SHEpPruv HEHTpOHa
JOCTUTAJIOCH ITyTeM JU(paKLIMU Ha IBUKYILEHCS PELIETKE.

W3mepenust kpuBblx ckaHuposaHus (1) mpoBogsrcs mns HaOopa wactoT €. [l xaxnol u3
KPUBBIX MOXKHO HaWTH I0JI0KeHHe MakcuMyMma Hj, KoTopoe MOXKHO OTCUMTBIBATE OT HEKOTOPOIO
NPOH3BOJIBHOTO 3Ha4YeHus ho, monoxkus H; =h,+AH;. Haiinennas u3 oTux usmepenuii cucrema

ypaBHEHUH
nQ,

m,g,

MO3BOJISICT ONPEAEIUTh TPABUTALMOHHYIO CHIIy Mgg,, ACHCTBYIONIYI0 Ha HeHUTpoH. KoHcTaHTa M
YUUTBIBAET KaK YIMOMSHYTOE€ BBIIIE MOCTOSHHOE AU(PAKIIMOHHOE CMEIIEHUE, TaK U HEU3BECTHOE
Hagamo orcuera hy. [loguepkaem, uro d¢opmyna (3) He COISPXKUT TapaMeTpOB
CHEKTPOMETPUUYECKUX DJIEMEHTOB.

OKcrnepuMEeHT OBl TOCTaBJIEH C TIPaBUTALMOHHBIM crekrpomerpoM YXH Ha ucTouHMKe
yIBTPaxoNoAHbIX HeHTpoHOB MHctutyTa Jlays — JlamxkeBena (I'penoGnb, ®pannus). Cxema
9KCIIEPUMEHTA WITIOCTPUPYETCS] pUCYHKaMHU 5, 6.

B skcnepuMeHTe UCIOIb30BaNaCh BPALLAIOLIASCS PELIETKA, IPUTOTOBICHHASI HA TIOBEPXHOCTH
KPEMHHUEBOTO Jucka quameTpoM 150 mm u Tommmaoi 0.6MM. Ha mepudepuyeckoii ooiactu aucka,
umeBIIel (GopMy Konblla, ObUIM BBITPABIEHBI paJualibHble KaHABKH, IIHPUHA KOTOPBIX Oblia
MPOMOPLMOHANIbHA PaJUyCy. OTO 0O0€CleYMBalIO IOCTOSHHOE YIJIOBOE PACCTOSIHUE MEXKIY
KaHaBKaMH, PaBHOE IOJOBMHE TOYHO HM3BECTHOIO YTIiIoBOro mnepuona. OH COCTaBisUl BEIMUYUHY

AH =— 4, 3)
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MoHnoxpoMaTop
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Puc. 5 I'paButannonnslii cnekrpomerp YXH. 1- Puc. 6 Bepxusisi 4acTh cneKTpomerpa.
KaMepa OYHCTKH CIIEKTPa, 2- BAKYyMHasi KamMepa KoibueBoii kopujiop, MOHOXpoMaTop

CIEeKTPOMeTpa, 3- MOTOP-NIPUBOJ BPALCHHS pemerka
Au(paKkIuOHHOI pelieTKH, 4- 3epKaJIbHbII

HEWTPOHOBOJ, 5- NM(PPAKNHOHHAS pellleTKa Ha

KpeMHHEBOM JMCKe, 6- puiIbTp-aHaIu3aTop B

NOABUKHOM KapeTKe, 7- pUIbTP - MOHOXPOMATOP,

8-merexTop, 9- WIaroBbIii ABUTaTEb A5

nepeMeIleHnsl AHAIN3aTopA.



a.=2n/N, rane N=75398. ['1yOuna kaHaBku cocTaBisiia BenuuuHy 0.14MKM u Obuia BbIOpaHa

TaKUM 00pa3oM, 4TOObI 00ecneunTh pa3HoCTh Ga3 AQ = T HEUTPOHHBIX BOJIH, NMPOIICAIIAX Yepes3
Pa3HBIC AIEMEHTHI PEIICTKH.
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Puc. 7 KpuBble CKaHNPOBaHNUS, H3MEPEHHBIE IPU PA3JTHYHBIX YACTOTAX BPALCHUS PEIICTKH, U
(puTupyrommue ux rayccosnlie GyHKIUM

Cnextpomerpuss YXH ocymiecTBiasiack ¢ MNOMOUIBIO JBYX MJIEHTUYHBIX TMSITUCIOMHBIX
UHTepQEPEeHIMOHHbIX (puabTpoB. Kaxaplii M3 HUX MMeN OAMH PE30HAHC B MPOIyCKaHUU MpHU
sHeprun okosio 107 w3B. OauH U3 HUX, CIY>KUBIIMA MOHOXPOMAaToOpoM, MMen (GopMy KoJsiblia U
OBLIT PACTIONIOXKEH Ha BBIXOJIE TTOABOIAIIETO KOJIbIIEBOTO Kopuaopa (cm. Puc. 6). HemocpenacreenHo
M0JlT HUM pacrojiaranach JU(pakuuoHHAs pemieTka. [Ipoias pemerky, HEHTPOHBI MOCTyHald B
BEPTUKAJIbHBIA ~ 3€pPKaJbHBIA ~ HEUTPOHOBOJZ, BHYTPM  KOTOPOTrO  pa3MeIIaJICsl  BTOPOU
uHTEephEepeHIIMOHHbIN GuiabTp — aHanmu3aTop. llocnenHuii MOXKHO OBUIO MEpeMeIIaTh MO BHICOTE.
HeliTponsl, mponiennme yepes aHaIu3aTop PErUCTPUPOBAIIUCH NETEKTOPOM.

[Ipu (¢uKCcUpOBaHHON YAcCTOTe BpAIIEHUS PEIICTKH NPOBOJWIOCH HW3MEpPEHHE KPHUBOM
CKaHMPOBAHHUSA, TO €CTh 3aBUCHUMOCTH CKOPOCTH CYeTa OT IOJOXKEHUS KapeTKu ¢ (PUIBTPOM-
aHayM3aTopoM. HacToTa BpalleHMs pelIeTKH HENpPEpbIBHO M3Mepsiiach. M3MepeHus mpoBOAMINCH
utst Habopa gactot oT 45 10 107 060pOTOB B CEKYH/Y, YTO COOTBETCTBOBAJIO YAaCTOTE MOTYJISIIIII
Heiiponnoit BomEel Q = (2.1 + 5.1)x10” pamuan/cex. BbUTH NPOBEIEHBI ABE CEPHM TAKHX
W3MEPEHHI, OTINYABIINXCS TOYKON OTCYETa paccTosiHU hy.

Kaxknas u3 NMONy4eHHBIX KPHMBBIX CKaHUPOBAHHSA, COOTBETCTBYIOLIAs NUKY MHUHYC IIEpBOTO
TG PaKIIMOHHOTO TIOPsIIKA, PUTHPOBAIACH TAyCCOBCKON (PyHKIMEH ¢ TUHEWHBIM oHOM (cM. Puc.
7)

(H-H,)

n=a+bH+Aexp| ———"—| . (4)
20



W3 matu onpeneneHHbIX TakuM 00pa3oM MmapaMeTpoB CYIIECTBEHHBIM siBIsieTcs mapamerp Hy, —
COOTBETCTBYIOIIMK IIEHTPY TayccOBCKOM KpuBoil. llenpio manmpHeiimelr o0paboTku ObLIO
onpeneneHue kodpduruenta B nuueiinoit cessu H  =c+Bf wMexny uactoToil BpamieHus

pemerku f u BenmnuuHO Hy,. (CMm Puc. 8). Jluneinpiii MHK-@ut nannbeix nByX cepuil mpuBen K
UTOrOBOMY 3Ha4€HUIO Beyp = 0.30366 + 0.000654.
TeopeTnueckoe 3HaueHUE BETUYHUHBI B paBHO

2nhN
B, = : (5)
mg

rae N — TOUHO U3BECTHOE MTOJIHOE YUCIIO IEPUOIOB PEIIETKH.
[oncraBnsas B (5) TabnM4HOE 3HAYEHUS MAcChl HEWTpPOHA M, JIOKAJIbHOE 3HAYEHHUE YCKOPEHHUS
cBoOoHoTO mageHus g=980.507(2), u3MepeHHOE B MECTe MPOBEICHUS AKCIIEPUMEHTA, MOJydaeM
JUTSL TEOpETUIeCcKoro 3HaueHus: kodgdurmenra Bg, = 0.304203.
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Puc. 8 3aBucuMocThb N0JI03KEHUSI MaKCUMYyMa Kpl(lBOfl CKAHUPOBAHUA OT YaCTOTHI BPpalllecHUSA PCIICTKH

Takum o00pa3oM, JaHHBIM pe3yabTaT BIIOJIHE COIJIACYETCsl C pacueToM, B KOTOPOM
WCTIOJB30BAJIOCH TAOIMYHOE 3HAYEHHE MAacChl HEHTPOHA W BEJIMYMHA JIOKAJIBHOTO YCKOPEHUS
CBOOOJHOIO MaJCHUsI MAaKpoCKoNMuueckux Ten. CTeneHb 3TOro Corjacus yJOOHO BBIPA3UTh depe3
oTHOLICHHE Y =B /Bth =mg/mgg“. JUisi BeMYMHBI OIPENIEIEHHOT0 TaKuM o0pa3oM ¢akTopa

SKBHMBAJIEHTHOCTU ObULIO moayueHo: 1-y = (1.8 £ 2.1)x107.
1.2.2 B3zaumooeiicmeue HellmpoHa ¢ yCKOPAIOUWUMCA 8eULECHEOM

XOpOH_IO MN3BCCTHO, UYTO JJIA M100BIX BOJIH 3HAYEHUE BOJHOBOIrO uncia k B cpeac OTIn4acTCd OT
€TI0 BAKYYMHOI'O 3HAUCHUA ko . OTHOIIIEHHE STUX BEIMYNH HA3BIBACTCS IOKa3aTeIeM IpECIOMIICHUA

cpeasl. Ilpu sToM obmienpu3HaHHOE MHEHHME COCTOMT B TOM, YTO €CIM BOJIHA, MPOWIsS yepes
MIPETOMIISIIOILY IO CPEy, CHOBA BBIXOJHT B BaKyyM, TO aOCOJIOTHOE 3HAYCHHE €€ BOJIHOBOTO YHCIIA
B TOYHOCTH TaKO€ K€, UTO U y UCXOAHOH BOJHBI, XOTS HallpaBJIEHUE €€ PACIIPOCTPAHEHUS U MOXKET,
pasymeeTcsl, u3MeHUTbes (cM. Puc. 4). DTo yTBEpkAEHHE CIIPaBEAIUBO JJIs BCEX BHUJIOB BOJIH, HO
TOJIBKO JJISl Ciydas, KOIrJa cpesa MOKOUTCS WM JIBUXKETCS C MOCTOSHHOW CKOPOCThIO V. B 3TOM
MoCJIeTHEM CiTydae JIBHIKEHHE oOpasla MOXKeT M3MEHHUTh JIUMIb (a3y MpPOIIEIIei BOJIHBI, YTO
CBA3aHO ¢ u3MeHeHHeM d(dexTuBHON nmuHBI obpasna AL =vt, rae t=L/nc - Bpewms

MPOXOXKACHUS uepe3 oopasel JuHoH L, a ¢ — cKopocTh BOJIHBI B BaKyyMe.

OpHako, B KOHIIE MPOIIOTO CTOJICTHsT OBUIO HAWIEHO TEOPETHYECKH, YTO €cliu o0pasell
MPEIOMJISIONIETO BELIeCTBA JIBWXKETCS C JIMHEHHBIM YCKOPEHHUEM, TO BOJHOBOE YHCIO H,
COOTBETCTBEHHO, YacTOTa, TPOIICIICH dYepe3 HEro BOJHBI W3MEHSIOTCA. BriepBeie 3TO OBLIO



nokasano Tanaka['] 11st clydas KIacCHYECKOi ONTHKH, a IO3KE aHANOTHYHBIA PE3yNbTaT ObLT
MONydeH ¥ Ul HeHTpoHHBIX BOmH[,’]. Dddexr TaHaka CTONTb Mam, dYTO HECMOTPS Ha
(haHTaCTUYECKYIO UyBCTBUTEIBHOCTh COBPEMEHHBIX ONTUYECKIX METOIOB OH TaK U HE HAOIOIAIICs
Ha OIBITE.

OnHako HEWTPOHHO-ONTHYECKUH SKCIIEPUMEHT 1Mo HalmoneHuo 3(¢dQexra ycKopsromuics
CpeIbl OKa3ajIcs OCYIIECTBUMBIM H OBUT HEJABHO MOCTABICH C yIbTPAXONOTHBIMU HeiTpoHamu[”].
BenuunHa nepenaHHOW SHEPrUM MPHU MPOXOKICHUM HEUTPOHA CKBO3b IPEJOMIISIONIUI 0Opasel,

. n
JBIDKYIIUICS C YCKOPEHHWEM a, ONKCHIBaeTCs MpocThiM BbIpaxkeHneM AE=|—— maL.
n

Ucnonws3zoBanne YXH orpannunBaer TommuHy obpasma L. OgHako 3TOT HEJOCTATOK MOJHOCTHIO
KOMIICHCHPYETCSL JIByMsl OOCTOATENbCTBaMH. Bo-mepBbiX, B ciydae YXH ¢akrop (1-n)/n

JIOBOJIBHO 3HAYUTEJICH U MOXKET ObITh mopsiaka 0.5, B TO BpeMs Kak, /Ui XOJOAHBIX HEHTPOHOB ¢
JUTMHOM BOJIHBI, HampuMep, 2HM, €ro BeJIWMYMHA MOpsIKa 10°. A BO-BTOPBIX, METOMbI
cnektpomerpun Y XH, oCHOBaHHbBIE B YaCTHOCTH Ha MPUMEHEHUH HEUTPOHHBIX MHTEPPEPOMETPOB
®dabpu-Ilepo, 061a1at0T COBEPIICHHO YHUKAIBHBIM pa3periecHueM

NmeHHO Takoil crmekTpoMeTp M OB HMCHOJNB30BaH JUId JIeTeKTHpoBaHUs 3¢ dekra
YCKOPSIOIIEHCS Cpe/ibl B HEUTPOHHOM ONTHKE. B KadecTBe 00pa3IioB UCIIOIB30BATUCH KPEMHHUEBBIC
IUIACTUHBI ¢ TONUHOW 0.6 uinm 2MM, KOTOpble NPUBOAWIMCH B IapMOHMYECKOE IBM)KEHHE C
4acTOTOM HeCKoJbko JecsatkoB Im. Ilpm »TomM yckopeHume oOpas3ia TakKe MEHSJIOCh TI0
rapMOHMYECKOMY 3aKOHY M JIOCTHIajo B MAaKCUMyME€ BEJIMYMHBI NOpsAaka 82 (g - YCKOpEeHHE
cBoOotHOTO Manenus). [lepenavya sHeprun, KOTOPYIO HaZ0 ObUIO 3apeTUCTPUPOBATH, ObLIa TIOPSIKA
0.2+0.6neV. DkcriepuMeHT OBbLI MOCTaBIEH TAaKUM 0O0pa3oM, 4TO OOYCIOBIEHHOE A(PeKToM
YCKOPSIOLIEHCS Cpeibl MEPUOANUECKOE U3MEHEHUE SHEPTUM HEMTPOHOB JOKHO ObUIO MPUBOAUTH
K OCHWJUISIIMM CKOPOCTH cdYeTa. B cuimy psga NOpuYUH HUCKOMBIA J(PQEKT SBISUICS HE
€/IMHCTBEHHBIM, BIUSIOIIAM Ha BEJIMYMHY TIOTOKA HEUTPOHOB. OHAKO, H3Mepsis a3y OCHMLISINN
CKOPOCTH CYeTa MO>KHO OBLJIO OJJHO3HAYHO YCTAaHOBHUTH COOTHOIICHHE d(PPeKTa yCKOPEHHOU cpeabl
U WHBIX cucreMarndeckux 3ddexToB. B 2006T. Bputo coolimieHo, 9TO pe3yibTaThl MEPBOTO
JKCIIEpUMEHTa, ocymiecTBieHHoro B 20051, ¢ HECOMHEHHOCTHIO CBUJIECTEIHCTBYIOT O
CYLIECTBOBAaHMM BIIEpBble HaOmromaemoro »d¢p¢dexkra U3MEHEHHs OSHEPrud HEHTPOHOB TIpU

- 9 Experiment
¢ Experiment 1.85mm Si slab Effzct (theretical value)
147 0.6mm Si slab (1)3 e:ec; 2,8 f=60cps ) —— Effect (theretical value x0.8)
=40 cps L 1o fozgt W=91.7 m/sec —— Effect (theretical value x1.2)
124 W = 72.4 misec? 1o effect 26 No effect simulation
1,04 fg 244
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Puc. 9 ®a3za ocui/LISIUM CKOPOCTH CUYETA JETEKTOPA B 3aBUCHMOCTH OT PACCTOSIHUS MeKIY (PUIbLTPpaMu.

MIPOXOXKJICHUN Yepe3 YCKOPSIOUIUiics o0paseL.

B 2007r. skcniepuMeHT ObUT MOBTOPEH C HECKOJIBKO YJIYUIIEHHBIMHU YCIOBUAMH. M3mepenus
OBbLTH MTPOBENIEHBI JUIA ABYX 00pa3ioB. J1g kaxaoro oopasia ObuI10 MPOM3BEICHO 1B U3MEPEHUS: C
yacTtoToi 40I'l 1 MakCUMaJIbHBIM 3HA4€HUEM YyCKOpeHus 72.4 M/cexz, u ¢ vacrotor 60I'm m

! K.Tanaka. Phys.Rev.A 25 (1982) 385.

2 F.V. Kowalski. Phys. Lett.A 182, (1993), 335.

? V.G.Nosov, A.IFrank. Phys. of Atomic Nuclei, 61, (1998) 613.

* A.L Frank, P.Geltenbort, G.V.Kulin, D.V. Kustov, V.G. Nosov and A. N. Strepetov. JETP Letters, 84 (2006), 363.



MaKCUMaJIbHBIM 3HaUY€HHEM yCKOpeHus 81.7 m/cex” . Bo Beex YEeTBIPEX CepHsX u3MepeHuid d3pdexT
ObUI Ha/Ie’KHO YCTAaHOBJIEH.

Ha Puc. 9 mnpencraBieHbl pe3yiabTaThl JBYX TaKHMX M3MEPEHUN. OKCIEpUMEHTAJIbHbIE
pe3ysbTaThl (CHMHHE TOYKM) BECbMa YIOBJIETBOPUTEIBHO COIJIACYIOTCS € TEOPETHUECKUMHU
MpeicKa3aHusIMHU (KpacHasi KpuBasi) U KaTErOpUYECKU IMPOTUBOpPEUAT PACUETy, BBIIOJIHEHHOMY B
NPENOI0KEHUH O HEeM3MEHHOCTH sHeprun Y XH, mpomrenmux yepe3 yckopsrouuiics oOpaser
(opanskeBas npsimas).

Takum oOpa3om, ucnonb3oBanue Y XH mo3Bonuio BhepBble HaONIOJaTh HOBBIM ONTHYECKUH
3¢ (deKT, KOTOPBIi HOCUT COBEPIIEHHO OOImMi Xapakrep. [leno B TOM, 4TO TOHATHE MOKa3aTes
MIPEJIOMJIEHUS] MOXKET ObITh BBEJEHO JUIS BOJIH JIFOOON MPHUPOJBI U €IUHCTBEHHBIM TpeOOBaHHEM
3/1eCh SIBJISIETCSI HAJIM4YUE B CPEAE pacCeMBAIOIIMX LEHTpoB. [lo3TomMy vacTuibl ar000H HMpPUPOJIBI
JIOJKHBI MEHSATh CBOIO SHEPTHUIO NMPH MPOXO0XKIAESHUH Yepe3 OTPaHUYEHHBIH B IMPOCTPAHCTBE 00bEM
Cpenbl, IBHKYILUNCSA C YyCKOPEHUEM.

1.3 Hccneoosanue ceoiicme yibsmpaxoio0HblX HEmMpoHoe
1.3.1 H3yuenue e3aumooeiicmeus HelumpoHo8 ¢ HAHOYACMUYAMU

Vabrpaxonognsle Hetponsl (YXH) u ouens xonmonueie HelTpoHbsl (OXH) wuHTEHCHBHO
B3aUMO/JICHCTBYIOT C HAHOYACTHLIAMU Ojarojapst TOMy, YTO AJMHA BOJHBI 3TUX HEUTPOHOB MU
pa3Mep 3TUX YacTHIl OJHOTO MOpsiKa BEIWYMHBI — HECKOJIbKO HAaHOMETPOB, a 3HAYUT CEUECHHE
YOPYTOro KOTEPEHTHOTO paccesHus HEWTPOHOB Ha dacTuuax Benuko. [lonmHoe cedeHue
B3aumojeiictuss OXH ¢ HaHOUacTUIIaMH OBLTO E€TAJIbHO M3YyYEHO KaK 3KCIEPHUMEHTAIbHO, TaK U
TEOPETUYECKH, HCHOIb3Ys MAaKpOCKONMYECKUE TOJCThle 00paslpl HaHowyacTul. IlodydeHHble
Pe3yIbTAaThl MO3BOJSIOT 3aKIIOYUTh, YTO HAOIIOMaeMble YpE3BBIYAHO KOPOTKas UIHHA TUGPy3UH
OXH B cpene ¢ HaHOCTPYKTypoil M JoctaToyHo Manble notepu OXH npu ux nud¢y3smoHHOM
JBIDKEHUHM BHYTPH TakoW cpeabl (IpU YCIOBUH, YTO Cpela COCTOMT M3 MAaTepHalIOB C MaJlbIM
CEYCHHEM  3axBara), IMO3BOJAT  TOJYYHTh  KOIPGUIMEHT  OTPAKEHHS  OT  TaKoOu
HAaHOCTPYKTYPHPOBAHHOW TMOBEPXHOCTH OJM3KMI K €IUHMIIE B IIUPOKOM JAMANa30HE CKOPOCTEH
HEUTpOHOB: OT HyJsI 10 ~100 m/c. TloaTomMy miIaHUpPYyETCs MCCIIENOBAaTh BO3MOKHOCTh XPaHECHHSI
OXH B 510ByIIKE CO CTEHKaMH U3 HAHOIIOPOIIKA TOJIIMHON HECKOJIBKO CAHTUMETPOB.

beimu mpoBeieHbl nepBhie H3MEPEHUsT XPaHEHUS OY€Hb XOJIOAHBIX HEUTpoHOB (40-160 M/c) B

neutron detector neutron beam

I - I chopper

l neutron
i beam

velocity selector

diamond \
powder
tray
P entrance
quartz window
vacuum chamber ex1t.
aluminium
window

Puc. 10 Cxema 3xcnepuMeHTa

noBymike (006EMoM ~70 IUTPOB), CTEHKH KOTOPOW COCTOST U3 MOPOIIKA HAHOJUCIIEPCHBIX aIMa30B
(ToNmmMHA  CTEHOK ~2CM, XapakTepHbli nuameTp HaHoanma3zoB  5-10Hm). Cxema
IKCTIEPUMEHTANBHON YCTaHOBKH NOKa3zaHa Ha Puc. 10.



Puc. 11 Bua BHyTpeHHeli OBEPXHOCTH JOBYIIKH.

[Tyyok o4eHb XOJIOIHBIX HEUTPOHOB (co ckopocTsimMu 40-160 m/c) auamerpom 13 Mmwm,
MIPOXOAUT uepe3 ceneKkTop ckopocrter (¢ paspemenuem ot 20% a0 5%) W 3amoiHseT JIOBYIIKY,
4yepe3 BXOJHOE OTBEPCTHE 2x2 cM’. Bun JIOBYLIKM BHYTpH IpencrasicH Ha Puc. 11. HelTponsl,
MIOTIAaBIINE B JIOBYIIKY, C HEKOTOPOH BEPOSTHOCTHIO MOTYT OBITh 3apETHCTPHPOBAHBI JIETEKTOPOM
yepe3 OKHO JUaMeTpoM 6 cM, IUIONaJb KOTOPOrO Maja 0 CPaBHEHHMIO C IUIOUIAJbI0 CTEHOK
JIOBYIIKM M HE BJIMAET Ha BpEeMs XpaHEHUs HEHTPOHOB B JIOBYIIKE. BEpOSTHOCTH perucTpaniu
HEHTPOHOB 3aBHCHUT OT CPEJHEI0 YNCIIAa UX OTPAKEHUH OT CTEHOK JIOBYLIKH.

Bxopsmuii my4ok HEUTpOHOB mepekpeiBaeTcsd npepeiBarenemM ¢ yactoroil ~1 I'm. Ilo
HKCIIOHEHTE CIaJla CKOPOCTH CYeTa HEUTPOHOB MOCIE NEPEeKphITHS IydKa, ONpeAessercs

100 4
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o ufter degazing (300K)
& o ufter degazing (450K)
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Puc. 12 ITocTosiHHAsi BpeMEeHM XpPaHeHHs HEHTPOHOB OT CTEHKH JIOBYIIKH B 3aBHCHMOCTH OT
CKOPOCTH HEHTPOHOB. 3aN0JIHEHHbIE KPYKKH — Pe3yJIbTaThl H3MepPeHus IPU KOMHATHOM
TeMIepaType nocJje 0TKa4KH JOBYIIKH, KBaAPaThI - pe3y/JIbTaThl H3MepPeHHUs] IPU KOMHATHOM
TeMmepaType nocjie nporpesa JjoBymkH npu 150°C B TeueHun cyToK, mycTble KPYKKH - Pe3yJIbTaThl
M3MepeHus pyu Temnepatype Josymku 150°C.
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Puc. 13 3aBucuUMOCTDL BePOSITHOCTH OTPAKEHHS OT HOBEPXHOCTH JIOBYIIKH OT CKOPOCTH HEelTPOHA.
3anoJiHeHbIe KPY’KKH — Pe3yJIbTAThI M3MEPEeHHs IIPH KOMHATHOI TeMIiepaType nocJjie 0TKAa4KHU JOBYIIKH,
KBaIPAThI - Pe3y/IbTATHI H3MePEHHUs! IIPH KOMHATHOIi TeMIIepaType mocjie nporpesa JoBymku npu 150°C B
TeueHHH CyTOK, MyCThie KPY/KKH - Pe3yJbTaThl H3MepPeHHsi IpH TemnepaType JoBymkn 150°C.

MOCTOSIHHAS BPEMEHM XpaHEHHs HEWTPOHOB B JIOBYIIKE Kak (YHKIHS CpeaHEH CKOpOCTH
HEUTPOHOB.

JloBymika ObUTa TOMEIICHa B BaKyyMHBIH KOXXKyX W OTKadeHa 10 BaKyyMa JIydlle dYeMm
10~ mGap. Tlocne oTKauky Gblna MPOBEJEHA MepBasi CepUs H3MEPEHHH BPeMEH XpaHeHus. Bropas
cepus M3MEpPEHHM Oblja MpoBeEHAa MOCJIE TOTO KaK CTEHKU JIOBYIIKH OBLIM MOYMILEHBI OT BOJbI
a7IcopOMpPOBAHHON Ha MOBEPXHOCTH aJIMa3HBIX YACTHIl MOPOIIKa (JIOBYLIKA O0e3raxuBajach MpHU
temneparype 150°C, B Teuenne cyTok). TpeThsi cepus M3MepeHHil ObTa MPOBEACHA B JIOBYIIKE
HarpeTou 10 150°C. PesynbTarel usmepenuii npeacrasieHsl Ha Puc. 12.

W3 mnomyyeHHBIX 3aBHUCHMOCTEM ObUIM BBIYMCIIEHBI 3aBUCHMOCTH BEPOSTHOCTU OTPAKEHUS
HEHTpOHA Ha yJap OT CKOPOCTH, npuBenaéHHbIe HA Puc. 13. Ilpu 3TuX npeaBapuTenbHBIX OLIEHKAX
Opanuch MPOCTEUIINE T'a30KMHETUYECKUE COOOpa)KEHUs AJI1 YacTOThl COyJapeHHl. OTH pacdEThbl
OyAyT YTOUHEHBI B JalbHENIIIEM COOTBETCTBYIOIUM MoJienupoBaHueM nporecca auddyznn OXH B
MIOPOLIKE ¢ Y4ETOM F€OMETPHH JOBYIIKH MeTotoM MonTe-Kapio.

ITosyuennbsie BepositHOcTH oTpaxkeHHs OXH cornmacyroTcst ¢ TEOPETHUECKUMHU OLICHKaMH,
TOTYYEHHBIMI B PAMKE MOJEIN HE3aBHCHMBIX YACTHII [ ], IPMHMMAs BO BHHMAHKE, YTO MACCOBAs
J10JI IPUMECH BOJOpOJa B HAaHOAIMa3ax cocTasisieT ~1% [6].

Takum oOpa3om, sKcnepuMeHTaNbHO TOKa3aHo, uTo OXH moryT 3¢ ¢eKTHBHO OTpaskaThCs
MOPOIIKOM aJIMa3HbIX HAHOYAaCTHUL. TakoH OTpakaTellb MEPEKPBIBAECT IMPOBal B BEPOSITHOCTHU
oTpakeHust B nuamnasoHe sHepruii OXH wmexny 3¢dekTuBHBIMEH OTpakaTeNsiMU TEIJIOBBIX M
XOJIOAHBIX HEUTPOHOB, UCIIOJIB3yEMbIX Ha peaKkTopax, U 3PPEKTUBHBIM OTPAXKEHUEM OT MOTEHIHAaIa
@epmu U1 yIBTPAXOJOAHBIX HEUTPOHOB. Tak K€ HKCIEPUMEHTAJIbHO IIOKa3aHa BO3MOKHOCTh
xpanenns OXH, o6cyxnaemas B [].

> V.V.Nesvizhevsky, G.Pignol and K.V .Protasov (2006). "Nanoparticles as a possible moderator for
anultracold neutron source." International Journal of Nanoscience 6(6)

% A.L. Vereschagin, G.V. Sakovich, V.F. Komarov, E.A. Petrov (1993). Diamond and Related
Materials 3: 160.

7V.V. Nesvizhevsky, E.V. Lychagin, A.Yu. Muzychka, A.V. Strelkov, G. Pignol, K.V. Protasov.
“The reflection of very cold neutrons from diamond nanoparticles”, to be published in 2008.



B 2008 romy mutanupyeTcsi TpOBECTH M3MEPEHUE WHIUKATPUCHI PACCESHHSI OYEHb XOJOJIHBIX
HEHUTPOHOB MPH OAHOKPATHOM OTPAKEHHHM OT CJIOS HAHOAJIMAa30B [UIsl Pa3IMYHBIX CKOPOCTEH
HEWUTPOHOB.

1.4 Hccnedosanue HapywieHuit nPOCMPAHCMEEHHOW U  6PDEMEHHOU YEeMHOCMU npu
63aumooeiicmeuu HellmpoHoe ¢ A0PaAmMuU

1.4.1 H3mepenue P-neuemnoii acummempuu gvLiema y-Keanmoe peaxyuu ’ "B(n,a))’Li *"Lity

B paMmkax »SKCHEpUMEHTOB IO TIOMCKY HEHTpPaJbHBIX TOKOB B HYKJIOH-HYKJIOHHBIX
B3aMMOJICHCTBHUAX M ONPEACICHHUIO cIa00i m-ME30HHOW KOHCTAHTHI CBSI3U MPOBEACHBI U3MEPEHUS
(B xosmadopauuu ¢ [MUAD, NJIJI u TY Mionxena) P-HeueTHON acUMMETpUHN Y-KBAaHTOB peaklUu
""B(n,01))'Li*— Li+y Ha myuKe XOJIOAHBIX [OISPH30BAHHbIX HeiirporoB PF1B (UJLJI, ['peHoGub).

Cnabple B3auMOJEHCTBHS B HYKIOH-HYKJIOHHBIX CHCTEMax HpU HHU3KUX SHEPrusx
OTHCHIBAIOTCA B MPUOMIDKEHUH OJHO-ME30HHOrO oOMeHa (oOMeHaMHu T, P, ® ME30HAMH C
nepefavyeil pa3IMdHoOro KoimuectBa miocnuHa 0, 1, 2), TIe 4eTHOCTh HapylIaeTcss B OJHON W3
BepmiiH NN-nuarpammbl. CnaGeiii NN-mOTeHIMan napamMeTpu3yercss HabopoM 6, B HEKOTOPBIX
MoJeNnaxX 7, cia0bIX ME30H-HYKJIOHHBIX KOHCTAHT. KOHCTaHTBI OIpENeNsioTcss Ha OCHOBE
CTaHJApPTHOM MOJEIIM U KBaPKOBOM CTPYKTYpbl HYKJIIOHOB, OJTHAKO M3-3a HEOIPEIEICHHOCTEN MpH
yueTe HHTep(EepeHLUH CUIBHOTO B3aUMOACHUCTBUS, pPa3IMYHbIC IOAXOJbl AAIOT CYLIECTBEHHO
pa3nuyHble 3HaUeHHUsI KOHCTaHT. OcOOEHHO YyBCTBUTEIbHA K MOJIEIH T-ME30HHAsI KOHCTAHTA CBS3H
f,. C mpyroit cTOPOHBI, f; MONHOCTHIO ONpEACIACTCS 0OMEHOM Z -6030HOM MKy KBAapKAMH, T.e.
HEHTpaJIbHBIM TOKOM. DKCIIEPHUMEHTHI 110 PACCESHUIO MOJSPU30BAaHHBIX POTOHOB HA IIPOTOHHOU
MUIIEHHd OJHO3HAYHO 3apETUCTPUPOBAIN  3apshDKeHHbIE TOKM B NN-B3aUMOJCHCTBUSX.
W3BnedeHHble W3 OITUX JAaHHBIX 3HAYEHUs KOHCTAaHT CBA3M hp0 u h,) B mpenenax
HKCHEPUMEHTAIbHON MOTPEeIIHOCTH COBHAJAIOT C TEOPETHUYECKHMMHU <JIYYIIUM 3HAYEHUSIM»
Humanka-Jlonaxsro-HomscTena (DDH «best valuesy»). B 1o ke BpeMs dKCIIEpUMEHTHI, TJie ObUTH
MOTIBITKY  OnpezieNieHust caaboil m-Me30HHOH KOHCTaHThI, JAlOT HECOBMAJAlOIIME 3HAYECHUS B
mupokom nuamnazone (ot 0 1o ~9- 107) Teopernueckoe «iyuniee 3HaueHue» f, = 4.6- 10”. HauGoree
CTPOTHE OrPAHMYECHHS MOTYdYeHBI M3 dKCrepuMeHToB co F (f; < 1.2:107) u Harmero HeaaBHO
3aBepieHHOro dkcrepumenta ¢ °Li (f; < 1.1-107). Takum 06pa3oM, 10 CHX HOp HET 0XHO3HAYHOTO
MOJTBEPXKIEHUS HEUTPAIbHBIX TOKOB B cl1aObix NN-B3aMMOIEHCTBUSIX.

Jlo »TOro OBLIO MPOBENEHO 2 IMKJIA HW3MEpEeHUN P-HeueTHOW acUMMETpUU Y-KBaHTOB
peakmun °B(n,a;) Li*— Li+y Ha Iydke XOJIOXHBIX IMOJSPH30BaHHBIX Heitporos PF1B (MJIJL
I'penoGnb). bbulo momyueno 3Hauenue o, = (5.1 * 3.8)-10®. CormacHo pacueraM TpymmsI
UyBHILCKOTO ACUMMETPHUS Y-KBAHTOB O, = 1.1-10%, ecmm npyrue cialdble Me30H-HYKJIOHHBIC
KOHCTaHTHI (TJIaBHBIM 00pa3oM hpo, MOCKOJIBKY JTaeT HauOOJBIINIA BKJIA]] B BEIMYMHY aCHMMETPHUN)
paBHBI TEOPETHUECKUM «Iy4IIUM 3HaueHUAM» [lunnanka-/lonaxsro-HombcTeHa.

B u3mepeHuu 3TOro roja nmpuMeHsJIach HOBAsk CUCTEMa PErMCTPALlMM TOKOBBIX CHUTHAJIOB.
Metox 103BOJISIET NPOU3BOAMTH TMPOLEAYPY, AHAJIOTMYHYK) MHTETPUPOBAHUIO CHUTHAjIa 3a
3HAYUTENbHO 0o0Jiee KOPOTKHE NPOMEKYTKM BPEMEHH, Y€M AaHaJOroBble WHTETPaTOphl. ITO
MO3BOJIMJIO YWTH M3 HHU3KOYACTOTHOM 00JIaCTH, IAe BKIAJ (DIyKTyalMd MOIIHOCTH peakTropa U
IIyMOB MaKCHMaJIeH, U YMEHBILIUTb MIOTPEIIHOCTh onpeaeneHus 3¢gdexra d6onee uem B 1.5 pasa: a,
= (3.9 + 3.9)-10®. CymmapHOe 110 TpeM LHKIaM 3HAYCHHE aCHMMETPHH (IPEABAPUTEIBHOE): oy =
4.5+ 2.7)-10'8. Onenka ciaboil T-ME30HHOW KOHCTAHTHI M3 IMOJTYYEHHBIX HaHHBIX fp < 4.7.107.
Takum 00Opa3oM, 3KCIIEpUMEHTATbHOW TOYHOCTHM MOKa HEAOCTATOYHO i HaOmoneHus 3¢ dekra
acuMMeTpHH B peakimy ' B(n,o.) Li*—'Lit+y, HO MONydeHHOE 3HAUYCHHE yKA3HIBACT HA BEIMUHHY
fr, MEHBIIIY10, YEM «JTyUlllee 3HAUCHHUEY.



1.4.2 Ilouck u wuccnedosanue cmpykmypvl HOONOPO20GbIX HEUMPOHHBLIX P-PE3OHAHCOE HA
U30MONAx C6UHUA MEMOOOM KOMOUHUPOBAHHOU KOPPENAUUOHHOIU 2AMMA-CHEKMPOCKONUU

3aBepII€éH aHaJIW3 HKCIEPUMEHTANbHBIX JIAHHBIX, MOJYYEHHBIX B KOHTPOJIBHBIX 3KCIIEPUMEHTaX
2005-2006r.r. Ha 1-m kanane peakropa WBP-2 mo moucky oTpuIaTeIbHOTO HEUTPOHHOTO P-
pesoHanca y n30toros cuama > Pb u 2*'Pb.

OTH 3KCNEPUMEHTHI MPOBOJMWINCH HAa YCOBEPIIEHCTBOBAaHHOM ramma-crnekrpomerpe COCOS c
MOBBIIIEHHOW 3(P(PEKTUBHOCTHIO M OBICTPOACHCTBHEM C ILENBI0 MPOBEPKU IMONTYYCHHBIX paHEe
J@HHBIX O CYIIECTBOBAHMH OTPHIATENHHOrO HEHTPOHHOTO P-Pe30HAHCA y M30TOma ' Pb, BMecTo
2%9pp, Kak OKHEANOCH HA OCHOBAHHH paGOT 10 HAGIIONCHHIO IOBOPOTA CIIMHA TEIIOBBIX
HEWUTPOHOB MPU B3aUMOJACHCTBUU CO CBUHIIOM.

PesynbpTaThel mpoBeAEHHOTO aHalW3a HE MOATBEPAWIM HAIMYUE 3HAYUTEIHHOTO OTKJIOHEHUS
CeueHMsI paJuallMOHHOTO 3axBaTa OT 3aKOHa 1/v B oOmacTu »Hepruu HEUTpoHOB (1 — 5) 3B mis
HU30TOIIa 207Pb, HabmonéuHoro B skcrepuMmeHTtax 2002-2003r.r. U CBHIETENHCTBOBABILIEIO O
CYILLIECTBOBAaHUM OTPULATENILHOTO P-pE30HAHCa y 3TOro m3oTomna. Eciau Takoe OTKIOHEHHE MMEET
MECTO, TO OHO HE3HAYMTEIbHO M AJIS 3TOT0 M30TONA BKJIAJA P-BOJIHBI He mpeBblmaet (5-6)% ot s-
BOJIHBI.

Jlna uzotona © Pb uckoMoe OTKIOHEHHE B Tpejesiax MOTPEIIHOCTH SKCIEePUMEHTAIbHBIX
JAHHBIX TaK)Ke HE OOHAPYKEHO. DTO HE MOXKET OJHO3HAYHO CBUETEIBCTBOBATH 00 OTCYTCTBHHU
OTPUIIATENILHOTO P-pe30HaHCa, TaK KaK B TPOBEICHHBIX H3MEPEHUSX PETUCTPUPYETCS TaMMa-
MepexoJi, CMEIIAHHBIN BOJIW3M TEIUIOBOM OO0JACTH DHEPTHUil HEUTPOHOB OT S- M P-PE30HAHCOB,
MpUuéM MapiuaibHas MIMPUHA TAKOTO Mepexoa IS p-BOJHBI Hen3BecTHa. Eciu oHa cylecTBEeHHO
MEHBIIE, Ye€M Yy S-BOJIHbI, TO 3TO MOXET MPUBOJAUTH K HEBO3MOKHOCTH HAOIIOACHUS
OTPUIATENILHOTO P-pE30HaHCa MCIOIB30BAHHOW METOIUKON B Mpeaenax TOYHOCTH SKCIEPUMEHTa
(3-4)%.
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1.4.3 H3yuenue 603MoxucHOCMU CO30AHUA NOJIAPU3OBAHHOU JIAHMAHOBOU MUUWIEHU HA OCHO8E
LaS

Jlantan sBnsieTcst HamOoJee MEPCIEeKTHUBHBIM HYKIWIOM JJIsS CO3JIaHUS TMOJSIPU30BAHHOM
MHUILIEHU B DJKCIEPUMEHTE II0 IPOBEPKE BPEMEHHOM WHBAPUAHTHOCTH IIPU B3aUMOJIECHUCTBUU
MOJISIPU30BAHHBIX HEUTPOHOB | sifep. LaS B omimuunn ot MmoHokpucTtamioB LaAlO; wnu LaF umeer
KyOMYECKYI0 PEIIETKY U, B CHJIYy H30TPOIMHOCTH g-(PaKTopa, MOXKET HCIOIh30BATHCS B MOPOIIKE.
[Tonsapuzanus La B LaS Beinmonnsiercsa metonoM OBepxaysepa.
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Puc. 14 Curnaa JI1IP B oopa3ue LaS.

s mposepku 3Toil Bo3MokHocTH B MHcturyTre Heopranmueckoit Xumuu CO PAH
(HoBocubupck) 6111 u3rotoieHsl 4 obpasua LaS B Buae TabneTok U3 NpecCOBaHHOTO MOPOIIKA.
B Uucturyre Panmosnexrtponuku PAH (MockBa) ObLIM BBINOJHEHBI U3MEPEHUS (POPMBI JTUHUU
MapaMarHuTHOT'O PE30HAHCA C LEJIbI0 OINpPENEesICHUs] BPEMEHHU peaKcallui MEpBUYHBIX HOCHTENEH
noJisipu3anuu (CBOOOJHBIX AJIEKTPOHOB). BrlscHMIOCH, uTo Tipu 77 K CKOPOCTH MX peakcaryu
cTonb Benuka, 4ro juHus OIIP craHoBuTCs HeHaOmionaemoi. Takas cuTyauus TUOUYHA IS
JJIEKTPOHOB TPOBOJUMOCTH B TPEXMEPHBIX CHCTEMax. bplna Hazmexnaa, 4To MpU MOHUKEHUH
temneparypsl 10 4 K penakcauus 3aMemanuTcs M HosBUTCA pe3oHaHc. OpHAakKo 53TOro He
npou3onuio. Pe3ynbrarsl st ogHOTO M3 00pasioB npeacrasieHsl Ha Puc. 14. CriutoniHble TMHUA -
3alUCh TMPH YBEJIUYEHUM MArHUTHOTO IOJIA, IITPUXOBBIE JIMHUM - 3alUCh NPU yMEHbIICHUU
MarHuTHoro moJyis. Bumnel nBa Ttuma curHamoB. 1) Ilpm Bcex Temmeparypax HaOJIOmgaeTCs
HU3KOIOJIEBOM CUTHAI. DTOT CUTHAJ CBSA3aH C Hepe30HaHCHBIM noriouieHneM CBY u obycnoBiex
COpPa3MEPHOCTHIO CKUH-CJIOS M TOJIIMHON oOpasua. Hampumep, mpu mosopore Ha 90° rpamycos
BOKPYT BEPTUKAJIBHON OCH 3TOT CUTHAJ MPOMNaAaji. A Belb Mbl HMEEM JEJIO C MOIUKPUCTAIIIOM, I/1e
HE JTOJDKHO HAONIONAThCS CTPYKTYPHBIX aHM30TPOMHBIX () ¢dekToB. CienoBaTeabHO, HAOIOIaeTCs
aHuzotponust Gopmbl obpasua. 2) Ilpu temneparypax Huxke 45 K mnosBistoTcs pazHooOpa3Hble
mpokue (ot 500 D) pe3oHaHCHBIE CUTHAJbI, pa30pOCaHHbIE B IIMPOKOM JMANa30HE MarHUTHBIX
nosieif. Ckope BCero 3To pa3inyHble HEKOHTPOJIUPYEMbIE IPUMECH, KOTOPBIE, KaK MPaBUIIO, BCETAA
MIPUCYTCTBYIOT BO BceX oOpa3lax MpHU MEPBBIX MONBITKAX WX M3roToBJIeHMs. lIpyu BHMMAaTeIbHOM
PacCMOTPEHMH CBEXMX CKOJIOB Ha TabJeTKaxX MOYKHO OBLIO JIETKO BHMJETh BKpPAIUIEHUS APYroro
nBera. OctaybHBIE O00pa3ibpl ObUIM AHAJIOTHYHBI TIEPBOMY C OJHOW JIMIIb PA3HUIICH:
HEPE30HAHCHOTO TIOTJIOIIEHUS B HU3KUX MOJSAX Yy HUX He HaOmopanock. Iloxoxe, uto He
M0JIy4ajioch "OIaronpusiTHOro" COOTHOILIEHUSI MEXAY CKHH-CIOEM M pa3MepaMu oOpasua. Takum
o0pa3oM, MoKa He yJanoch MOJy4uTh 00pas3ibl LaS, mpuroansle 1 nepexoia K CleayrouemMy
sTany — nosspuzauuu La meronom OBepxaysepa.

1.4.4 H3mepenue napamempos HU3K0B8OIbMHBIX HEUMPOHHBIX PE30OHAHCO8 Xe

B skcnepumeHnTax 1o ontudeckou nossipuzanuu nu3oronos Xe BoinoaHeHHbIX B KEK (2004)
BBISICHHJIOCH, YTO TAOJIMYHbIC NaHHBIC s pesoHaHcoB 9.5 5B (''Xe) u 14.4 HB (*'Xe) me
OTMCBIBAIOT M3MEPEHHbIE TPAHCMHUCCHUOHHBIE AaHHBIE. Kpome TOro, mpH COMOCTaBICHUH JaHHBIX
pasnmuunbix 6ubamorexk (ENDF VII, JENDL 3.3, JEF 2.2) Taxke Obutk 3aMeueHBI 3HAUUTEIIbHBIE
pacxoxaenusi. B cBs3u ¢ atum, Ha Pohang Neutron Source (Pecriy6muka Kopest) Obu11 BBHITIOTHEHBI
CHeLlMaIbHbIE W3MEPEHUsl MOJIHOI0 HEWTPOHHOro ceueHus. s 3Toro ObLI M3rOTOBJIEH OaslIOH-
MUIIEHb, CXEMa KOTOPOTo Noka3aHa Ha Puc. 15.



banmon ObuT 3aTI0JTHEH €CTECTBEHHOM CMEChIO M30TONOB Xe mpu fasineHun | atm. Ha Puc.
16 mpencraBieHbl W3MEpPEHHAsT TPAHCMHUCCUS M pe3yJbTaThl MOATOHKM. B tabmumax 1 u 2
MIPHUBEJICHBI TOJYYCHHBIC 3HAUCHHs MapameTpoB. Pe3ynbraThl JaHHON paOOTHI HAINPABICHBI IS
nyonukanuu B )xypHan Nuclear Instruments and Methods.
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Puc. 15 BanioH-MuleHb AJ18 U3MepPeHus 0JIHOIr0 HeHTPOHHOI0 ceueHus Xe.

Transmission

TOF channel 2
15— i

147
13
12
11
10

T T TI7T7
0.9
08
0.7
06
05
04
03
0.2

M
W“

00—
9

eV

10 11 12 13 14 15 16 17 18 19

rrrr 1 ~rrrrrrrr
20

Puc. 16 Heiirponnasi TpancMuccust HAaTypaibHOro Xe. Kpusasi — pe3yibTaT HOATOHKH.

Tabnuma 1. [TapameTpbl

pe3oHaHca 9.5 3B .G

Benmuunna HauanbHoe" Jannas pabora
E (3B) 9.5 9.53140.016
I, (M3B) 6.0 12.68+0.18

I', (m3B) 110 114.2+1.7

Tabmuma 2. [TapameTpbr

pe3onanca 14.4 5B B.C

Bennunna

1
HauanrnHoe

Jlannas pabora

E (»B)

14.4

14.19+0.04

¥ Low Energy Neutron Physics, Subvolume B, Tables of Neutron Resonance Parameters, Edited by H. Schopper ISBN
3-540-63277-8, Springer-Verlag Berlin Heidelberg, 1998.



T, (M>B) 216 242.740.5

T, (M3B) 94 419.740.5

1.5 Hceneoosanusn ceoiicme amomuuix aoep

1.5.1 Ilouck rk3omuueckux moo oenenusn na peakmope UBP-2 ¢ ucnonv3osanuem ycmanosxku
«Munu-@oboc»

B MpembIAyIIMX SKCIEPUMEHTAX, TIOCBSIICHHBIX H3YYEHHIO CIIOHTAHHOTO AeieHus — -Cf, GbuTH
oOHapy»XeHbl MHOTOYHCIIEHHBIC YKa3aHUs Ha CYIIECTBOBAHHE HEOOBIYHOTO, TO—KpailHel Mepe
TPOMHOTO, KaHaja pacnajga, Ha3BAHHOTO TPOWHBIM KOJUIMHEAPHBIM KJIACTEPHBIM paCHaI[OM[9]. Hns
WcclieoBaHus HaOmogaeMoro d3QdQexra IMIaHUPOBAIOCh HM3YYCHUE Pa3IUYHBIX JEISIUXCS
SJICPHBIX CHUCTEM IIPHU PA3IUYHBIX SHEPTUSAX BO30YkACHUS BIUIOTH J0 MMOPOTa BBDKUBAHUS SIEPHBIX
o6oouek. OHOIM U3 BRIOPAHHBIX JJIsI U3YUCHUS PEaKIuii ObLIa peaKius By (n, ).

DKCIEPUMEHT OBbLT BBITOJIHEH Ha My4YKe TETUIOBBIX HEUTPOHOB peakTopa MBP-2 B JIaGopartopuu
HEUTPOHHOW (U3UKH C TIOMOINBIO JBYXIUIEYEBOTO CIHEKTPOMETpa BpeMs MPOJieTa-dIHEePTHUS
muan®OBOC [']. JleTeKTopbl CIEKTpOMETpa MO3BOJSAIOT HAXOIWTh KaK IEPBUYHBIE TaK U
KOHEUYHbIE Macchl (hparMeHToB (T.e. A0 U mocje cOpoca HEUTPOHOB), BEKTOP CKOPOCTHU (MMITYJIbCA),
a TaKoke rmpooer gparMeHTa B raze MOHU3ALMOHHON KaMephl B KaXK0M IUIeUe CIEKTPOMETpA.

B skcnepumenTax Habmomaincs crenupuUecKkuil IBYMEpHbIM OamMm B pacIpelesieHuH macca-
macca dparmentoB menerust '] (cMm. Puc. 17a). DbbeKT HpOSBILETCS TONBKO B OJHOM ILICUE
CTIIEKTPOMETpPA, @ UMEHHO CO CTOPOHBI MOJUIOKKH MUIIEHU. Brixoa coObiTuii, 0Opa3yromux 6aml,
cocTaBiser okojo 5*107° ma OJIHO JIBOMHOE JeJIieHHe. JTa OICHKa OblIa IOJydeHa Iociie
BBIUUTAHUS «XBOCTa» 2 W3 «xBocTa» 1. COOTBETCTBYIOUIUI PAa3HOCTHBINA CHEKTp (COOCTBEHHO
Oamm) mokazaH Ha Puc. 17b. MakcuMyMm BbIXOJa B 0amIie JISKHT B OKpecTHOCTH Macc 68—70,
ACCOLIMUPYIOIIUXCS ¢ MATMYECKUMH U30TOImaMu Ni.
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Puc. 17 Pacnipenesienne macca-macca ¢pparMeHToB (Jorapupmuyeckas MIKaJia), NOJy4YeHHOE B PeaKI UK
35U(n,f) (a). Oocy:xnaemMas oco6eHHOCTH cniekTpa 1 0003HauyeHa cTpenakoii. [Ipoekuus pacnpeaeneHus Ha OCh
M1 (b): «xBocT» 1 naer cnekTp wWl, «<XBOCT» 2 — CIEKTP W2, a pe3yJIbTAaT UX BHIYMTAaHHs 0003HAYeH Kak wl-
w2,

Eme oxgHO mposiBIeHNE KIIACTEPU3AIMH OBUIO MOyYeHO B Pe3yJIbTaTe CIEHATLHON 00paboTKH
pacripenienieHust Macca-macca (parMeHToB. beln mpousBeneH oTOOp (parMeHTOB JENEHHs MO UX

’ Yu.V. Pyatkov et al., Phys. Atom. Nucl. V.66, 1631 (2003).

"'D. V. Kamanin et al., International Symposium on Exotic Nuclei, Peterhof, Russia, 5-12 July 2004. Conference
proceedings. Published by World Scientific Publishing Co. Pte. Ltd., 2005, p. 588-591.

'""'Yu. V. Pyatkov et al., Preprint JINR E15-2005-99, Dubna, 2005



CKOPOCTH U UMIYJIbCYy. OTOMpanuch COOBITHS, UMEIONTNE TPUOTUZUTEIEHO OJIMHAKOBBIE CKOPOCTH
U JIeKallie OJHOBPEMEHHO BHE «XBOCTOB)» PACCESHHBIX COOBITHI B pacmpeselieHuu (pparMeHToB
10 UMITYJIbCAM.
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Puc. 18 Pacnpenesienne Mmacca-macca sl cOObITHI AeleHUs ¢ NPUOJIU3UTEIbHO PABHBIMU CKOPOCTSAMH, B3SIThIX
BHE «XBOCTOB» pacCesHHbIX ()parMeHTOB B MMIYJbCHOM pacnpeaejenuu (a). Cneuuduuyeckasi CTpyKTypa B
(¢opme npsiMmoro yriia sicHo BUAHA B LieHTpe pacnpeaeneHusi. Bepmuna yria pacnoJioxkena B Touke (68, 68),
NMPeaINoJI0KUTETbHO CBA3AHHON ¢ MATHYECKUM H30TONOM BNi (b).

OOpamaer Ha ce0si BHMMaHHMe crnenuduyeckas CTPyKTypa B IeHTpe pacmpeneneHus. OHa
BBITJISIMT MTOJA00HO MPSIMOMY YTIIy C BEPIIMHOM, JiexKaleil B okpecTHOCTH Touku (68, 68) a.m.u.,
KOTOpasi MPEATOIOKHTENEHO OTBEYAET MarmdeckoMy sapy * Ni 4. VICIOmb3ys Takoif xe otoop,
nonoOHass CTpyKTypa (IpsIMOYTOJNIBHUK) ObLIa BBISIBJICHA paHEEe B pacCHpelesieHHHd Macca-macca
(bparMeHTOB CIIOHTAHHOTO JICJICHUS Sapa B2ef 1. HexkoTropsie TOYKM Ha pacnpeneieHnun JIexKar
npuOIu3uTeNbHO Ha JnuHUM MI+M2=const (HakiIoHHas TouyeuyHas JuHUA Ha Puc. 18b).
COOTBETCTBYIOIINN ~ «IIOTEPSHHBIN  (parMEeHT» TakXKe CBS3aH C W3BECTHOW HEUTPOHHOU
rono0ooukoi N=40.

OcCHOBHOE 3Hau€HUE IMPEACTABICHHBIX pPE3YJbTAaTOB 3aKJIIOYAETCsl B TOM, 4YTO OHH
MOJITBEPKJAIOT, B OCHOBHOM, pE3yJbTaThl, IMOJNyYCHHBbIE paHee AN PAa3NUYHBIX ACTSAIIUXCS
CHUCTEM.

1.5.2 Hccneooeanue evliema 3anazoviéaouiux Helimponoe na ycmarnoeke «MU30MEP-M)

B npopomkeHue wuccneAoBaHUN XapaKTEPUCTUK 3aMa3[bIBAIOIIMX HEUTPOHOB JEICHUS
IJIaBHBIX M MUHOPHBIX pEaKkTOpHbIX M30TONoB B 2006-2007r.r. 3aBepuieHbl U3MEPEHUS BbIXOa
3ama3IBIBAIONIMX HEHTPOHOB MPH JCTEHHH H30TOMNa > Cm TEMIOBBIMH HEHTPOHAMU Ha yCTAHOBKE
«M3omep-M» 11-6 xanama MBP-2. HecMoTpst Ha BBICOKOE OOOTaIIeHue UCCIICJOBAHHOTO 00pasia
msotoroM “*Cm (95,46%) 1 GONBIIOE CEUCHHE ACICHUS €ro TCIUIOBBIMH HeliTpoHamu (~2145 6),
COIMYTCTBYIONIHE H30TOMEI ~+'Cm u >*°Cm CO31al0T MOCTOSHHBIA (POH MTHOBEHHBIX HEHTPOHOB
CIIOHTAHHOTO JICJICHUS U OMPEIENISIIOT MajJoCTh OTHOMIEHUS 3P PeKT-hOoH MpU U3MEPEHHIX BBIXO0/1a
3ama3/bIBaloOIMX HEUTPOHOB. IJTO OOCTOATENLCTBO MOTPEOOBANIO IPOBECTH MOJAECPHU3ALUIO
U3MEPUTENFHOTO  MOIyNs s oOecredeHus  MaKCUMalbHOW  CTaOMIBHOCTH  pabOoTHI,
ONITUMH3UPOBATH PEKHUM Pa0OTHl YCTAHOBKH M TIIATEIFHO YYUTHIBATh BCE KOMIOHEHTHI (poHA Tpn
MIPOBEJICHUH U3MEPEHUH.

[lo 3aBepuieHu0 00pabOTKHM BCEX OSKCIEPUMEHTAIBHBIX JaHHBIX OBUIO TOJYYEHO 3HAa4YEHHE
MOJNHOTO BBIXOJA 3AIa3/BIBAIONIMX HEHTPOHOB TNPH JEICHMM H30TOMa ~Cm  TEIUIOBBIMH
wertponamu  vq = (0,64+£0,02)%. DOT0 3HaueHUE  SBISIETCS  BTOPHIM  W3BECTHBIM

"2 Yu. V. Pyatkov et al., Preprint JINR E15-2004-65, Dubna, 2004



9KCIIEPUMEHTAJIbHBIM PE3YJbTaTOM U BBIFOJHO OTJIMYAETCS OT HEro BIBOE 00Jee BBICOKOM
TOYHOCThIO. [IpoBeIéHHOE CpaBHEHHE 3TOro pe3yJipTara ¢ INI0OANbHOM CHCTEMAaTHUKOM BBIXOJOB
3ana3pIBaOIINX HEUTPOHOB II0KA3aJ10, YTO OHO COBIIAJA€T CO 3HAYECHUEM, IOJyYECHHBIM B pAMKax
YIPOLIEHHOTO BaApUaHTa 3TOU CUCTEMATHUKHU.

1.6 I'amma-cnekmpocKkonus HelimpoHHO-A0EPHBIX 63AUMOOCIICHIBUTL

KoMIuIeKCHBIN aHamu3 3KCHEPUMEHTAIBHBIX JAHHBIX O IIPOLECCE KacKaJHOIo ramma-
pacrajga HEHTPOHHOTO PE30HAHCa IMO3BOJISIET IMOJyYaTh NMPUHIUIUAIEHO HOBYIO MH()OPMAIUIO O
CBOMCTBAxX sIEPHON MaTepuu HIDKE PHEpruu Bo30yxkaeHus npumepHo 5-10 MaB. Ero naunbonee
BAKHBIM pe3yibTaT — MPUHLMIIMAIBLHO HOBasg HMHQOpMAaIMs O JAWHAMUKE B3aUMOJEUCTBUSA H
nepexoia Jpyr B Jpyra CBEpPXTEKydyero U OOBIYHOIO COCTOSIHUN SJACpHOH MaTepHH.
Anmpoxcumanusi 00JbIIOr0 HabOpa AKCIEPUMEHTANBHBIX 3HAYEHHWH TUIOTHOCTH BO30Y>KICHHBIX
ypoBHel sngep u3 obmactu Mmacc 39<A<201 mokaszama, 4yTo BO30YXkAeHUS (OHOHHOTO THIIA
OTIPE/ICIISIOT CTPYKTYPY BO30YXKICHHBIX YpoBHEH siipa Ha 90% u OoJiee 1o KpailHEW Mepe HIbKe
MOJIOBUHBI SHEPrUU CBA3U HEUTpoHA. BeinmonHeHnHsiii B JIH® 1o opuruHaibHOM METOAUKE aHAJU3
OIyOJINKOBAaHHBIX 3KCIEPUMEHTAIbHBIX JAaHHBIX I0 MHTEHCUBHOCTSIM IE€PBHUYHBIX TaMMa-
IIEPEXO/IOB 3aXBaTa HEMTPOHOB C DHEPrHUE OKOJIO 2 K3B mO03BOJIMI yTOYHWUTH 3TH PE3YJIbTaThl U
OLICHUTh MX MAaKCHMAaJbHYIO CUCTEMATHUECKYIO MOTPEIIHOCTb. J[OMOJHUTENBHO OBLIT YCTAaHOBJICH
(bakT OTCYTCTBUSI PE3KOr0 M3MEHEHHUs MapaMeTpoB KacKaJHOTO ramMma-pacraza OT BO3MOXHOI'O
W3MEHEHHUS CTPYKTYpbl HEHTPOHHOTO PE30HAHCA B 3TOM HMHTEpBaJleé MX 3HETUH. ANMPOKCUMALNS
JKCIIEPUMEHTAJIbHBIX [aHHBIX O MapUHMAIbHBIX I[IMPUHAX IIEPBUYHBIX JHIIOJIBHBIX TaMMma-
IIEPEX0J0B B AMANA30HE SHEPIUU CBSA3M HEUTPOHA MOATBEPANIA CHIIBHOE BIMSHUE CBEPXTEKYUYErO
COCTOSIHMA AJpa ¥ Ha 3TOT IIapaMeTp KACKaJHOTO raMMma-pacnaja HEMTPOHHOro pe3oHaHca. Takum
00pa3oM MPOJEeMOHCTPHUPOBAHA BO3MOKHOCTh M HEOOXOAMMOCTD IPSMOTO SKCIIEPUMEHTAIBHOTO U
TEOPETUYECKOI0 M3YUEHHUS CBEPXTEKYy4EeCTH HArperoro sapa 0 €ro remmneparypbl He Hmke 0.5
MbsB.

1.7 Hccneoosanue peakyuii (n,p) u (n,a)

[Tpomomkanuce SKCIEPUMEHTHI MO ONpelesieHHI0 KO3 (UIMEeHTa KOppesluu BHepea-
Hazax B peakmud ' N(n,p)'*C Ha yckopurene OI-5 JTH® OMSH B obnacti GiisKalIIMX HH3KO
nexxamux pezoHaHcoB. Ilo TexHumueckum npuumHam B 2007 r. MydKkoBOE BpeMs Ha yCKOpPHUTENE
ObUIO OrpaHUuYeHO. bBbIIM BBINOJHEHBI M3MEPEHHS B 5-TH JHEPreTUYECKUX TOYKaX, Kak s
IIPOBEPKU TIOJYUYEHHBIX paHEE PE3yJIbTaTOB, TaK M IPU APYTux HHeprusx. Tem He MeHee, Ui
MIPOBEACHUS TEOPETUYECKOIO aHAJIN3A JAHHBIX HEIOCTATOYHO.

Ha HeilTpoHHOM UCTOYHHKE O BpeMeHH npojieTa MockoBckoil Mme3oHHO# pabpuku AN
PAH B Tpowunke npoBeieHbI TECTOBBIE U3MEPEHHUSI IPH JUTUTEIIBHOCTH BCIIBIIIKU 5 MKC JUIS
SKCIIEPHMEHTOB IO OMpPEIEIeHHI0 P-ueTHEIX Koppessiuii B peakimn > Cl(n,p)>°S. Ha ocrHose
MIOJIyYEHBIX JAHHBIX TPOU3BEICHA OLIEHKA BO3MOKHOCTEH ISl MCCIIeOBaHNs P-ueTHbIX
Koppesnuit B peaxiun > Cl(n,p)*°S. TIpy Tex mapameTpax Mmydka, 4To ObUTH B TECTOBOM
M3MEpEeHUN (JUIMTEIbHOCTh BCIBILKU 5 MKC, yacTota 50 'L, cpefHIi TOK IPOTOHOB HA MUILIEHU
1.5-1.7 MkA) 3a 3-e CyTOK U3MEpPEHUI MOXKHO JJOCTUTHYTh TOYHOCTH 5- 1078 MHTEPECYIOIINX
9HEPreTUYECKUX MHTEpBajax.
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Puc. 19 Bepxuuii rpadguK — OTHOCHTE/ILHBII BHIX0 NPOTOHOB M3 peakuun *N(n,p)'*C; um:xuuii rpadux —
3HAYeHHUsI KOPPeJsINMH BIlepe-HAa3a/ B cMCTeMe LleHTPa Macc.
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Puc. 20 BpemsinposieTHplii cnexTp peakmun *>Cl(n,p)*>S npu AIHTeILHOCTH BCIBINIKH 5 MKC 1 Yactote 50 ',
Ilena kanaja 1 Mkc.

B pamkax nporpamMMbl COBMECTHBIX HCCieAOBaHUW Ha yckoputene OI-4.5 Hucturyta
¢u3uKK TsOKENbIX HOHOB NpH IleknHckoM yHuBepcuTetTe, Kutaii, mpoBeaeHb! UCCIEOBAaHUS PEAKIMN
SLi(n,o)’H mpu E,=1.23, 1.70, 2.05, 2.47 M>B, moiy4eHbl SHEPreTHICCKHE CIIEKTPbI 3aPsIKCHHBIX
gactun (Puc. 21, Puc. 22). Jlannsie B HacTosmiee Bpemsi oOpadaTeiBatoTCs. JlaHHBIE IS peaKiuu



6Li(n,oz)3 H BaxHBl Kak I HM3y4EeHHMs] MEXaHU3MOB SICPHBIX pEAKUUH, TaKk W I SACPHOU
sHepreTuku. OHAKO, B CyHIECTBYIOIUX HA CETONHAIIHUM NI€Hb DKCIEPHMEHTAIbHBIX JaHHBIX H
TEOPETUYECKUX OLIEHKAaX B OOJAacCTH DHHEPruil HEUTPOHOB Heckoinbko M»sB  Habmomarorcs
3HAYUTEIIBHBIE PACXO0XKICHUS.
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Puc. 21 [[ByMepHbIii clieKTp 3apsukeHHbIX yacTui u3 peakunn ‘Li(n,o)’H B Hanpapaenun «Biepen» IpH SHePTHH
E,=1.23 M>B
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Puc. 22 JIBymepHbIii CIEKTP 3apSZKEHHBIX YACTUIL U3 PeaKIHH *Li(n,0)’H B HAIPABJICHUM «BIlepel» NMPH JHEPTUU
E,=2.47 M>B



TIpoBesieHa OKOHYATENbHAS 00pabOTKA Pe3yIbTaToB H3MepeHnil peakiuu **Zn(n,o))°'Ni mpu
E.=4, 5.5 M5B, a Tak ke st 601ee HU3KO0M SHepruu HEUTpoHOB 2.5 M»1B. 3amernm, uTo B 001aCTH
suepruu E, ~2 M»aB u3-3a TpyaHocTell u3MepeHuid, 00yCIOBICHHBIX Majol BEIMYMHON CEUSHUS U
poctoM (oHa, HHMKOTJA paHee TaKue H3MEpPEHUsT He MpOoBOIWINCH. [loydyeHHble YTIIOBbIE
pacnpenenenus, muddepeHInanbHbIe U MOTHbIE ceYeHus npuBoasTcs Ha Puc. 23, Puc. 24 u B Tab.
3, Tie mepBasi TPYIIa COOTBETCTBYET TPEM IEpBBIM dHepreTiuecknM °'Ni (OCHOBHOE COCTOSHIE,
MepBoe U BTOPOE BO30OYyKIeHHBIE cocTosiHUS 67 u 283 k3B), BTOpas rpymmna COOTBETCTBYEeT Ooiee
BBICOKHM SHEPreTHIeCKHM COoCTOSIHIMM siapa O Ni (656 k3B, 909 k3B, ...).
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Puc. 23 YrioBoe pacnpeaeieHue o.-4acTHIl H3
peakuun “Zn(n,0)®' B cucTeme nenTpa mace npu
E.=2.5MsB

Puc. 24 Tlony4yeHHblIe ceYeHHUS PeaKIUN “Zn(n,a)®' B
CPaBHEHMH € CYIIECTBYIOIIMMH JAHHBIMU

Tadauna 3. CeueHus: peakumii 64Zn(n, amz)ﬁlN i, 64Zn(n, azy ,,)61N i 64Zn(n, a)“Ni

En o (M0)
(M3B) [IepBas rpynna Bropas rpymnma: [TonHoe:
“7n(n, ap)®'Ni | “Zn(n, a34.)°'Ni 7n(n, )°'Ni
2.544+0.03 9.0+£0.9 26+2.0 11.6+1.1
4.00+0.21 409 +3.3 178+ 1.4 58.7+4.7
5.50+0.13 309+2.5 39.6+3.1 70.5+5.6

Pabotsl mpoBogsaTcs coBmectHO ¢ Ilexunckum yHuBepcureroM (Kwutait), JlomsnuHckum
yauBepcutetoM (Ilompma) u  HanumonaneneiM — yHHBepcuTeToM Monronuu  (Ynan-barop,
Momnrous).

2. TeopeTnyeckune uccaeT0BaHUS

DKceTpamnosue ONTUYeCKoro MoTeHIMala B3auMOACHCTBUS HEUTPOHA C BELIECTBOM Ha 00JacTh
0OJBIINMX IUIOTHOCTEM, MMEIOLIUX MECTO B HEHTPOHHOW 3Be37€, MOKa3aHO, YTO B HEHUTPOHHOM
3BE€37€ UMEIOT MECTO CHJIbI HEMTPOHO CTPHUKLUH, KOTOPBIE CKUMAIOT 3BE37Y IONOJHUTEIBHO K
cwiaMm rpaButauuu. IlyTeM YHCIIEHHBIX pacyeToB MOKa3aHO, 4YTO AP(PEKT ONTHUECKUX CHJI Ha
Maccy, paJuyc 3Be/ibl U pacipeaesieHle IIIOTHOCTH B Hell peBocXoquT BiusiHUE 3 dekToB olmein
TEOPHUH OTHOCUTENBHOCTH. [I0Ka3aHO, TakKe, YTO NPU HAJTMYMHU PE30HAHCA B HEUTPOH-HEUTPOHHOM
paccestHUM B 3BE3[€ MOTYT BO3HMKAaTh ITyJIbCALlUM M 3BE€3Ja MOXET B3pPBIBACTHCS C OTPOMHBIM
BBIJICJICHUEM DHEPTHUU.



Hcxons w3 mpeamnosnokeHus, 4To HEHUTpOHHAsl BOJHOBAas (YHKUUS IPENCTaBISAETCS BOJHOBBIM
[IaKeTOM, MOCTaBJIEH BOMPOC: U3MEHSETCS JIM IIMpUHA MakeTa ¢ pOCTOM SHepruu uiu Hetr? Jlns
OTBETa Ha JTOT BONPOC OBLI TNPOBEAECH OSKCIEPUMEHT [0 OIpe-JIeJICHUI0 TeMIlepaTypHOI
3aBMCHMOCTH CEUCHHS DACCESHHMS MEICHHBIX HeiiTpooB B rase He'. M3 pesymsrarton
9KCIIEPUMEHTA CIIEAYET, YTO IIMPHUHA BOJHOBOIO MaKeTa YMEHbBILIAETCS ¢ POCTOM SHEPruu 00paTHO
MIPONOPLMOHATIBHO CKOPOCTH HEUTPOHA.

Ha ocHoBe anreOpanyeckoro mojaxoia K ONHCAaHUIO IPOLIEcCa TPAHCIIOPTUPOBKU HEM-TpOHA B
OJTHOPOJHOM M MEJIKOJUCIIEPCHOM cpesie MOoJyuyeHbl HOBble (pOpPMyYJIbI Ul aab0e0 HEHTPOHOB OT
CJIOEB BEIIECTB 33J]aHHOH TONIMHBI. HOBBIE (OPMYITBI UMEIOT IPEUMYIIIECTBO TIEPET H3BECTHBIMH,
MOJlyYCHHBIMM paHee Ha OCHOBE IU(P(PY3MOHHOH TEOpHH, MOCKOJIBKY IpPUMEHUMBI B Oosee
LIMPOKOI 001acTh n3MeHeHus napameTpoB. OHU MOTYT HUCIIOJIb30BAThCS JJISl paccuera pPeaKkTopoB
U paJMallMOHHON 3aIUTHI.

Pazpaboran mMeTon IIMHHOBOJIHOBOW HEWTPOHHOW rojorpaduu 0e3 OMOPHOTO IydYKa, KOTOPBINA
MO3BOJISIET  3alMChIBaTh  rojorpadguyeckoe H300pakeHME MarHUTHOM W HEe-MarHUTHOM
MaKpPOCKOTIMYECKOH CTPYKTYphl HETPO3pPAavyHBIX OOBEKTOB M BOCIPOM3BO-AUTH H300pakeHUE B
BUJUMOM CBETE. MeToa OCHOBAH Ha MOJIYYEHUH ITyYyKa HEMTPO-HOB B KOT€PEHTHON CyINEPIO3ULIAN
COCTOSIHMIM € JBYMSl pa3iM4HBbIMU 3HEPrUsiMH. Pa3HOCTh 3HEpPruil W BOJIHOBBIX BEKTOPOB AITHUX
COCTOSIHMI CO3/1a€T B IIPOCTPAHCTBE HEUTPOHHYIO BOJIHY MPELECCUH, [UTMHA KOTOPON Ha HECKOJBKO
MOPSAIKOB OOJIbILIE JJIMHBI BOJIHBI 1€ bpoits.

[Tony4yeHo mojiHOE penieHue 3aAadyv O B3aWMOJICHCTBMU HEUTPOHA C BEIIECTBAMH, MMEIOUIUMHU
TEJIMKOMJAIBHYI0 MAarHUTHYIO CTPYKTYpPy. BBIUMCIIEHBI MaTpU4YHBIE aAMIUIMTYIbl OTPAKCHUS U
MPOIYCKaHUs TEIIMKOUIAIbHBIX MATHUTHBIX 3€pKajl 1 0OHapykeH 3(PGKT pe30HaHCHOTO OTPAKECHHSI
C IEPEBOPOTOM CIIMHA.
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Ha pucynke mokaszanel KO3(QQHUIHUEHTH OTPaXEHUsI C MEPEBOPOTOM (ITyHKTHpHAs KpHuBas) U 0e3
MepeBOpOTa CIUHA (CIUIONTHAS KPUBasi) OT TeIMKOUIAIBHOTO 3€pKajga KOHCYHOW TOJIIUHBI TPH
MOJSApU3alMy MaJaroller0 HEWTPOHA AaHTUIIApAJUIENbHOM TeNUMKOUIalbHOMY BekTopy. I[lo ocu
OpIMHAT OTJIOKECH KOI(DPHUIIMEHT OTpaKeHHMsI, a 0 OCH a0CITHCC -- BOJIHOBOW BEKTOp HEHTpOHA B
0e3pa3MepHBIX €AMHUIAX. BHUIHO, UTO OTpa)K€HHE C TMEPEeBOPOTOM CIUHA HMMEET PE30HAHCHBIN
XapakTep, U PE30HAHC UMEET MECTO ITPU BOJTHOBOM BEKTOPE HEUTPOHA PABHOM T'€JIMKOUATBHOMY.

3. [IpukaaaHbie 1 MeTOAMYECKHE MCCIeI0BAHUS

3.1 H3yuenue ceoiicme nuKkcenbHvlX nOJIYNPOEOOHUKOBBIX OCMEKMOpOo8



Am-Pu-Cu source
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Puc. 26 DHepreTnyeckuii CieKTp A1 O-4ACTHI[ OT

Puc. 25 Iukceau, HCKJIHOYEHHbIE U3
KOMOUHHPOBAHHOI0 HCTOYHHKA T0C/I€ KATUOPOBKH.

00padoTKH.

B komnabopanuu JIH® OUAUN — Ilonaurexuundeckuit YHusepcurter (r. [Ipara) Bemyrcs
paboThl 10 U3YYEHUIO BO3MOXHOCTH MPUMEHEHUS MUKCEIbHBIX MOJYNPOBOJHUKOBBIX JETEKTOPOB
(MEDIPIX - MEDIPIX2 - TIMEPIX) ans sinepHo-QpU3NYECKUX UCCIETOBAHHIMA.

B 2007 romy MWuctutyr OxcnepumenrtanbHoi U Ilpuknmamnoit ¢usukm Yemickoro
[MomutexHuueckoro YHuBepcureta (T. Ilpara) nmosmyunn nepBble 3K3eMIUIAPHI timepiX A€TEKTOPOB.
Timepix JeTEKTOp - TMO3MIMOHHO UyBCTBHTENBHEIA meTekTop pasmepoM 1,5x1,5 om?,
NPEACTABIAIOIUNA MaTpuly 256x256 muKcenen, KaXKIbli U3 KOTOPBIX MMEET CBOM YCHIIUTENb.
Yactuua, nonaBuiasi B JETEKTOP, CO3JACT HMOHU3ALUIO, MPOMOPLHOHAIBHYIO AHEPIHMM YacTHIIBI.
WNudopmanus 00 HOHU3ALMH CUUTHIBAETCS CIIEUATBHON CHCTEMON CUNTBHIBAaHUS B KOMIBIOTED.

beuta mocraBiieHa 3ajada NPOBECTH KaNMOPOBKY TaKOIO JETEKTOpa: HAWTH HAWITy4IIHH
KO3 QUIMEHT YCUJICHHUS JUTsl KQXKJI0T0 TMHUKCeNs Ul a-4acTUl] ¢ SHeprusaMu okosio 5 MaB. Anbda-
yacTUlla, Monasiiasi B JA€TEKTOpP, CO3/aeT Kiactep pasmepom okoso 80 mukcenei. Hano cuurars
uHpopMaluio ¢ Kaxaoro nukcens. CymMMa BcexX 3HaU€HHUM MPONOPIMOHAIbHA SHEPIHH a-4YaCTULIBL.

B BakyyMmHOI kamepe ObUIM MPOBEIEHBI 2 LMKJIA U3MEPEHUI: U3MEPEHHE C UCTOYHHKOM
Am-Pu-Cu u usmepeHue ¢ NCTOUHUKOM 1 Am, umeromem MHTCHCUBHYIO o-TMHHIO 5486 x3B. C
KOMOWHUPOBaHHBIM HCTOYHHKOM OblUIa HaOpaHa CTATHCTUKA OKOJO 5 COOBITHH Ha NMHKCENb, a C
ucrounukoM *'Am - okomo 37 coOwITHii Ha mMKkcenb. Tak Kak KJIACTEP OT O-4ACTHUIIBI HUMEET
OonbLION pa3Mmep, MPOKAIUOPOBaTh KpaeBble NMUKCEIM HE MPEACTaBIIAETCS BO3MOXHBIM. 3ajaua
KaJIMOPOBKU OCJIO)KHUJIACh TE€M, YTO B HEKOTOPBIX YacTAX JAETEKTOpa IMUKCEIU OKA3aJIUCh WIH

COBCEM HEUYBCTBUTEJIbHBIMU, WM HMEIOT KOA(PQPHUIMUEHT YCWIECHUs, OY€Hb OTIMYAIOIIMHCS OT
CpeaHero 3HaYeHHs KOA(PPHUIMEHTOB YCHUIICHUS ISl OCTANBHBIX MHKceei. COOBITHS, MMOMafaroIme
B OTH MHUKCEIH, TP 00paboTKe He yUUThIBAIMCh. Ha Prc. 25 cxemaTHYeCKH MoKa3aHbl 00J1acTH,
B KOTOPBIX HAXOASTCS TAKHE MMUKCEIH.

M3 00paGOTKH IaHHBIX M3MEPEHHIl C HCTOYHHKOM  Am GBI MOTYdYeH NEpBHIA BapHAHT
KaJMOpOBOUHOM MaTpullpl, C HCIOJBb30BAHUEM KOTOpOH ObulM 00paboTaHbl JaHHBIE C
KOMOHWHHUPOBaHHBIM HCTOYHHUKOM M TMOJYYEH 3HEPreTHUYECKUil CHEKTp, KOTOPbI NpUBEIECH Ha

Puc. 26.

3.2 Hccnedoeanusa rnemenmuo2o cocmaga u CmMpyKmypsl RPUnOBEPXHOCHHBIX C/10€8 MEepobIx
men na yckopumene 3I'-5



Ha nyukax 3apspkeHHBIX 4acTull yckoputens OI'-5 mpoBoanianch aHaIUTHUECKHUE UCCIEIOBaHUS C
HCIOJIb30BAaHUEM HEpa3pyIlaIoUIMX sepHO-pu3nueckux metoauk: RBS (meron pesepdoproBckoro
obparHoro paccesausi) U ERD (meron smep otmaum). W3mepsuinch riryOuWHHBIE TpOGMIN
Pa3IMYHBIX JIEMEHTOB, HAYMHAs OT BOJIOPOJIA U JIeTepHs BIUIOTh 10 I'aI0OIMHUS U BOJIb(ppama.

B corpyannuectse ¢ O CAH (r.bpatucnasa, CnoBakusi) aHaJIU3UPOBAINCH HAHOCIOU
METAJUIOB W OKHCIIOB METaJUIOB, HAaHECEHHbIE Ha KpEeMHHUEBble MOMIOKKH. C MOMOIIBIO
Hepaspymaomei MeToanku RBS BBIMONHEH 37MeMEHTHBIH aHAmM3 ci1os, coxeprkamtero 1,9x10'
aTt/cM” TaJoJIuHMA, 2,7)(1015 at/cm? CKaHIusg U 4,5)(1016 at/cm> kucinopona. Ha Puc. 27 nokazan
CIEeKTp MOHOB renusi ¢ 3Hepruen 2,035 M»sB, paccesnnsix Ha yron 170 rpamycoB Ha 00pasIle,
TOJILIMHOW KOTOpOro cocrtapiser 17 HaHOMeTpoB. TousIIMHA MOBEPXHOCTHOTO CIIOSI M €ro
JJIEMEHTHBIM  COCTaB ObuM  ompenenéHsl B pe3yJbTaTe KOMITBIOTEPHOW  00paboTKH
9KCHEPUMEHTAIBHOTO CIIEKTPA.
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Puc. 27 DxcnepuMeHTANBHBIH CHEKTP (TOYKH) M PACCYMTAHHBINA (IMHHSA) A8 ONTHMU3HPOBAHHOI MoaenIn
o0pa3zua.

AHaJOrMYHBIE HCCIENOBAaHUSA NPOBOAMINCH B COTpyIHUYECTBE ¢ BopoHexcKuM
YHuBepcuteToM. bBbUT BBIMOMHEH aHAINW3 00pa3IOB CIOUCTBIX CTPYKTYP C TOJIIMHAMHU CIOEB OT
HAaHOMETpPOB A0 1-2 MukpoH. JlJI1 2JIEMEHTHOIO aHajau3a CJIOUCTBIX CTPYKTYpP MHMKPOHHOM
TOJIIIMHBI UCIIOJIH30BAJICS TAK)KE€ MyYOK MPOTOHOB, MOJydaeMmbix OT yckopurens OI'-5 JIHO. C
noMoipio Metoaukn ERD  Obll BBINOJIHEH aHaIM3 KPEMHHUEBBIX OOpa3loB, HACBIIIEHHBIX
BOJOPOAOM U JEUTEPUEM.

B corpynunuectse ¢ YMKC u JIVT (r.JIro6mnun, Ilonsma), a takke ¢ CUMII (r. Cywmsl,
VYKpanHa) aHAIM3HPOBAIUCH 00pa3bl MOIUGHUIMPOBAHHBIX KOHCTPYKIMOHHBIX MaTepuajioB. B
YaCTHOCTH  BBINIOJIHEHBl  JETAJIbHBIE HCCICIOBAaHUS HW3MEHEHUS IIOBEPXHOCTHBIX CBOMWCTB
HEep’KaBeIoILEH CTalu MapKy , UMIUIAHTHPOBAHHOM PAa3IMYHBIMU J103aMH a30Ta. BBINOIIHEHBI TaKkke
HCCIIEIOBAaHU TPOLIECCA DKCTPAKLUU IOJIOKUTENBHO 3apSHKCHHBIX MOHOB M3 IUIa3Mbl B LIEJAX
ONTHMHU3ALMY HOHHBIX HCTOUYHUKOB JJI1 UMIUIAHTATOPOB.

3.3 AnanumuuecKkue uccie006aHus ¢ NPUMEHEHUeM Memooa HeUmpOHHO-AKMUBAUUOHHO20
ananuza (HAA) na peakmope H5P-2

Pa3BuTHe 3xcniepuMeHTaNbHOM 0a3bl cekTopa HAA

B mepuon crosukum peaktopa WMBP-2 mpoBoasTcs paboThl MO yCOBEPIIEHCTBOBAHHUIO
CIEKTPOMETPUYECKOTO U cepBUCHOro obopynoBanus ycranoBku PEIATA. B 2007 roamy



MIPUOOPETEHBI MOITYIPOBOAHUKOBBIN F€PMaHUEBbIN AETEKTOP U Pl 3JIEKTPOHHBIX OJIOKOB (pUpMBI
Canberra. TlpoBenena kaauOpoBKa JeTeKTOpa MO 3(PQPEKTUBHOCTH C 3aHECEHUEM IOJIyUYEHHBIX
JAaHHBIX B MpOrpamMMy pacuera KOHLEHTpaluil 31eMeHTOB. COBEPILIEHCTBYETCS MAaKET MPOrpaMM
Ui 00pabOTKM HKCIEPUMEHTANbHBIX JaHHbIX. HadaTel paboThl MO CO3AaHUIO CIIEKTpOMETpa Jis
MPOBEICHUS HU3KO(OHOBBIX M3MEPEHHIA.

ITo paspaboranHoii panee B Kb JIH® xkoHcTpykTOpcKOW aoKymeHTanuuu B ONBITHOM
npousBoacTe OMSAN B 2007 roxy OblIM U3rOTOBJIEHBI HOBBIE KaHAIbl OOIYYEHUS JUIsl YCTAHOBKU
PET'ATA na peaktope WBP-2M. IlpoBeaeH 4aCTHMYHBIA JI€MOHTaX MArucTpajled UM yCTpPOUCTB
THEBMOTPAHCIIOPTA B KOJIBIIEBOM KOPHIOPE peakTopa sl 00eCIIeYeHUsT BO3SMOKHOCTH MTPOBEACHUS
paboT Mo MojAepHM3aLMU peakTopa. M3rotoBieHa U CMOHTHPOBAHA MAarucTpaib JAJs 3arOJHEHHS
JETEKTOPOB JKUJIKUM a30TOM.

IIpoBenena TeopeTnueckas OLEHKA BO3MOKHOCTH NpoBeneHnss HAA Ha HOBOM MCTOYHHUKE
HertpoHoB UPEH, nns yero ObunM paccunTaHbl pacHpeleeHUs MIOTHOCTEH MOTOKOB TEIUIOBBIX,
PE30HAHCHBIX M OBICTPBIX HEHTPOHOB BOKPYr MHUIIEHM M BBIOPAHO ONTHMAJIBHOE MECTO
pacrosio’keHusl KaHaloB 0o0nydeHus. HammcaHo TeXHUYeckoe 3aJaHue Ha pa3pabOTKy CUCTEMBI
ITHEBMOTPAHCIIOpTA JJIsl IPOBEACHUS aKTUBALIMOHHOTO aHanu3a Ha ycrtaHoBke IPEH.

JKoj0rus
buomonumopune

B wmapre 2007 roma B Jlyone Ha roOuneitHom XX Cosemanun komuccun OOH mo
TPaHCTPAHUYHOMY TEPEHOCY BO3AYLIHBIX 3arpsi3sHeHUil B EBpome Obul moaBeieH UTOr paboTam
cektopa HAA, MpoBOAMMEBIX B paMKax MEXIYHapOJHOH mMporpamMmbl «ATMOc(epHbIe BBIAICHUS
TSDKENIBIX METauioB B EBporie — OIlEHKM Ha OCHOBE aHAllM3a MXOB-OMOMOHHTOPOB». JTHU PabOTHI
OXBaThIBAIOT HEKOTOPbIE peruonsl LlentpanbHoit Poccun, FOxnoro Ypana, benopyccun, bonrapuu,
Crnosaxkuwu, [Tonem, Pymsinuu, Cepbun, Makenonuu, Xopsatuu u ['pennn, a Taxxke MoHronuu u
Brernama, Tiie ObutH cOOpaHbI U poaHaTu3upoBanbl 6oee 2500 00pa3oB MXOB-OHOMOHHTOPOB.

Pesynbrarel ananu3za juisi eBporeickux cTpan mo 13 snementam: Al, As, Cd, Cr, Cu, Fe, Hg,
Ni, Pb, Sb, Ti, V u Zn — nepenansl B EBponeiickuii Atnac arMoc(epHBIX BBINAJACHUN TSHKEIBIX
METaJUIOB, a TMOJHbIA cHnekTp JaHHbiXx 10 40-43 »snemMeHTaMm, BKJIIOYas JIAHTAHUBI
(penko3eMenbHbIE 3JIEMEHTB) M aKTUHHIABI (ypaH M TOpHi), OTpaXXeH B MyOJHKAIMAX II0
COOTBECTBYIOIIMM peruoHaM. JIJisi OLEHKH YypOBHEW 3arpsA3HEHUs] OKpPY’KAOUIEH Cpeabl B
IIPOMBIIIJIEHHBIX paiioHax Poccuu, noaBEpKEHHBIX CHJIBHOMY 3KOJIOTHYECKOMY CTPECCY, KaueCTBE
(OHOBBIX OBLIM pE3yJIbTATHl aHAIM3a MXOB-OMOMOHHTOPOB M3 OHOC(EPHBIX 3alOBEIHUKOB
(ITpnokcko-TeppacHoro u BopoHekckoro), mHoiaydyeHHbIE B COTpyaHMYecTBe ¢ MHcTUTyTOM
mI00aNbHOTO KMMaTa 1 3kosioruu (MockBa).

B 2007 romy HamedeHbl BO3MOXHBIE IIyTH CcOTpyaHHuYecuBa co CremieHOOmCKUM
VYuusepcurerom (FOAP) B oGmactu OMOMOHUTOpHWHTA (M3y4YEHHE pacCHpeeieHUsT aTMOC(EPHBIX
BBINAJICHUN METUII-PTYTH C IOMOIIBIO0 MXOB-OMOMOHUTOPOB 1 HAA).

OneHka COCTOSTHUSI IKOCUCTEM

B pamkax npoexkra PODPU — PymbiHckas Axagemust «l'€oXpoHOJOrMS M HM3ydeHHUE
PETPOCIIEKTUBHBIX 3arpsS3HEHUN HE3aTBEPAEBIINX JOHHBIX OTJIOKEHUN M3 KHUCIOPOA0COIEPIKALIUX
1 OECKUCIIOPOJHBIX aKBaTOpHUH 3amaaHoil yactu YepuHoro mops» B 2007 romy Obuia 3aBeplieHa
obpabotka pesyiabTaToB HAA HOHHBIX OTIIOKEHHH, OTOOpaHHBIX Ha Ienbde YepHOMOpPCKOTO
noOepexbsi PyMBIHUHM, ¥ TpOBEJCHA OLEHKA PETPOCIEKTUBHOIO 3arpsA3HEHUs] 3TOr0 pPEruoHa.
COBMECTHO ¢ PyMBIHCKOW CTOPOHOM MOATOTOBJICHBI TP MyOaukamuu u ot4eT B PODU o mpoekty
3a 2007 ron.

3aBepiieHa paboTa W TMPEACTaBICHBI B Ie€4YaTh pe3yJbTaThl MHOTOAIEMEHTHoro HAA
KOJUIGKIIMH a3pPO30JbHBIX (DUIBTPOB Pa3HBIX JIET, MOTYYCHHBIX M3 BpaTuCiaBbl, 4TO MO3BOJIMIIO
OXapaKTepU30BaTh TUHAMUKY 3arps3HeHHst aTMocepsl cTonuibl CIOBaKUH TSHKEIBIMUA MeTalllaMu
3a nocinegHue 15 ner.



CoBmectHO ¢ YHuBepcuteroM B Onose (Ilonbia) BEIMOIHEHO KOMIUIEKCHOE UCCIIEI0BaHUE
M0 OICHKE COCTOSIHUSI OKpPY’KaloIeH Cpeabl Ha «aHOMAaIbHOW TeppuTOopHM» Ha 3amane [lompmm,
XapaKTePU3YIOMICHCS MOBBIIICHHBIM PaJHOaKTHBHBIM (JOHOM BciencTBUE YepHOOBUTBCKOM aBapuu
U TEXHOTEHHOTO BO3/CHCTBUS TPOMBINUICHHOCTH. [lepBble pe3ynbTaThl TPENCTABICHBI B
COBMECTHOM cTaThe, npuHAToN B 2007 TOqy K medaTtu moJbCKUM KypHaioMm «Ecological Chemistry
and Engineering».

IIpu ywactum yHuBepcurera «/lyOHa» 3aBeplIeHO HUCCIENOBaHHME PpaCIpeAcICHUs psaaa
TSDKEJIBIX METaJJIOB BOJIM3H TPaHCHIOPTHBIX pa3BsA3ok B JlyoHe u Mockse (IllenkoBckoe 1 MuHckoe
mrooce). PaboThI 0I0KEHBI Ha IBYX MEKIYHAPOIHBIX KOH()EPEHIUIX U HAIIPABIICHBI B I1€YATh.

Pesynbratel HAA (OUAN) u AAC (YauBepcuret B Ckonbe) 200 00pa3iioB no4B U3 paiioHa
CBUHIIOBO-ITMHKOBOTO KOMOWHAaTa B MaKeJOHWU TIOCHY>KWJIM OCHOBOW s ATinaca KapT
pacrpeaeneHus psaia TsHKEIbIX METAIJIOB, TOTOBSIIETOCs K IeyaTH B Make10Huu.

IIpoaykThI NMTAHNUS M 310POBbE YeT0BEKA

B 2007 roxy Ha peakrope MUDU (MockBa) mpoaomKeHsl paboThl 10 aHAIN3Y MPOIYKTOB
NUTaHus B CBA3U ¢ mpoektoM cektopa HAA ¢ Kopnopanmeilt mo atomuoil sHeprum HOxxHOMH
Adpuxku (NECSA): «CpaBHUTENbHOE HW3YYCHHE BO3JCHCTBUS Ha 3/I0pOBbE JAETEH MOTpeOIeHUs
MIPOAYKTOB MHUTAHUs, BBIPALICHHBIX B HEKOTOPBIX MPOMBIIUICHHBIX paiioHax Poccum u HOxxHOM
AdpukH, ¢ HCTIOTB30BaHUEM SACPHO-PU3NIECKUX aHATUTHUECKUX METOIOB.

Omnpenenenue psaa KOPOTKOKUBYIIUX U30TOMOB B MPOAYKTaX MUTAHUS ObUIO MPOBEACHO Ha
peaktope llenTpa HeiTpoHHbIX uccrnenoBanuii B bynamemre B oktsaOpe 2007 roma. Pesynbrarsl
o0OpabaTsIBaroTCsl.

B pamkax xoopauHammonHoi mporpammbl MAI'ATD «Bo3zaeiicTBue TOKCHYHBIX U
MOTEHIMATBHO TOKCUYHBIX 3JIEMEHTOB Ha >KEHIIMH PENPOIYKTUBHOIO BO3pACTa B Pa3BUBAOLINXCS
CTpaHax» COBMECTHO ¢ PoccuiickuM rocyJapCTBEHHBIM METUIIMHCKUM yHUBepcuTeToM (MockBa),
AHanutnyeckuM LeHTpoM [‘eonormyeckoro mHcruryta PAH m MenunuHckoir Akagemuen um.
N.I1. CeueHoBa npogomkeHa padboTa 1Mo MHTEPIPETULIMN PE3YIHTATOB MHOTO3JIEMEHTHOTO aHATN3a
00pa30B KpPOBH CHELMAIHLHO MOAOOPAHHBIX MAllMEHTOB M3 OJAHOTIO W3 MPOMBIIUICHHBIX PailoHOB
MockBbl. DTH UcCnEAOBaHUS MOATBEPAMIA TUIIOTE3Y O KOPPEISAIUU TAKUX TOKCUYHBIX JIEMEHTOB,
KaKk CBHWHEI, IMHK U CypbMa, ¢ HWHAekcoM Mmacchl Tena (Body Mass Index) oOcnemyempix
MalUEeHTOB.

buorexnonoruun

[Iponomxensl uccienoBaHUsI MO OWOTEXHOJNOTUM OYHUCTKU OKpY’Kalollel Cpeasl OT
TOKCUYHBIX 3JIEMEHTOB (PTYTb, XpOM H JIp.), KOTOpble BeayTcs B cektope HAA coBMecTHO co
cnenuanuctaMmu MHctutytom ¢usuku uMm. O. AxgponukamBuin (TOwmucu, 'pysus). Hoswie
pe3yabTaThl 1O HCHOJB30BAHMIO TIPUPOAHBIX IITaMMOB Oaktepuil Arthrobacter oxidans,
BBIJICISIEMBIX M3 0a3alIbTOB 711 BoccTaHOBIeHUsT TokcuaHoro Cr-VI B Hetokcuunyto ¢opmy Cr-I11,
ObUTM TpEACTaBIEHBI Ha MeXAyHapoaHoW KoHpepeHmnu «COBpEeMEHHbIE HAMpaBICHUS B
akTuBarmoHHoM aHaym3e» (17-21 centsops, Tokwo, Anonwms). Lukn u3 cemu pabot B oOiactu
MPUMEHEHUS SIIEPHO-(PU3MUECKMX METOJ0B B OMOTEXHOJIOTMM MpeAcTaBiIeH Ha koHkKypc OWSUN
Hay4YHO-TEXHUYECKUX MPUKIaIHBIX padot 2007 roxa.

MarepuaJsioBeieHue

Cunmes MerKOKpUCALIUYECKUX ATMA308

CoBmectHas pabotra ¢ HCTUTYTOM TBEpIOTO Tela W IMOJYNPOBOAHUKOB AKaJIeMUH HAyK
Benapycu mo u3ydeHUIO BIUSHUS HEUTPOHHOTO OOJTy4YEHHS Ha CBOWCTBA CHHTETHUECKHUX alIMa30B
Ha mpumepe cucrembl Ni-Mn-C-Al,O; B 2007 romy HampaBlieHa B POCCHMCKHN KypHas



«Kpucrammorpadus», a 0000IICHHBII MaTepral O MOBEACHUH IS(DEKTOB B MEIIKOKPUCTAILTHIICCKIX
aJiMasax ToJ BO3ICHCTBHEM HEHTPOHHOTO OOJIyYEHUS B MPUCYTCTBUU KAaTAJIM3aTOPOB MPEICTABICH
B BUIC OTAelbHOU riaBbl B KHure «Diamond and Related Materials»y (CIIIA), maxonsiieiics B
MEYaTH.

Apxeonozus

B pamkax corpynnudectBa ¢ ['ocymapctBenHbiM OpmutakeM (Cankt-IletepOypr) Obut
MIPOBE/IEH CTATHUCTUYECKUN aHAIM3 paHee MOJy4YeHHBIX pe3yibTaroB HAA o0pa3unoB kepamuk u3
npeBuux KypraHoB (Ceiptess Cwmonenckoit oOmactu u  CeBepubiii  KaBkaz). OOcyxaeHue
pe3yJbTaTOB MPOXOJWIO Ha pabouyeM cemuHape B Opmurtaxe (23 Hos6ps 2007 r), rae ObuH
HaMEUYECHbI HAIPABJICHHS] NAJIbHEUIINX MCCIIETOBAHUN.

Panmoskonorus

CoBmectHO ¢ yHuBepcureToM KomeHckoro B bpatucinaBe B HM3KO(OHOBOI jabopatopun
¢usnveckoro (akyypTeTa BIEpBbIe OBLIN MPOBENEHBI pafuoMeTpuyeckie u3mepeHust S0 o0pas3moB
MXOB-OMOMOHUTOPOB, cOOpaHHBIX B MuHckoi u ['omensckoit obnactsx benapycu cmycts 20 et
nocne apapuu Ha YepHoObuibckor ADC. PesynbraThl HW3MEpeHH MOKa3aid, YTO YpPOBEHb
axTiBHOCTH °'Cs B [OMEIIbCKOIT OGACTH B TPH pa3a MPEBHIIIACT yPOBEHb AKTHBHOCTH B MHHCKO#
o6macTi. OTMEYEHO MOBBIMIEHHOE COAEpKaHHe ° 'Pb, 4TO, MO BCEH BEPOSTHOCTH, CBA3AHO C
MEpONPUATUAMHU 1O JUKBUAAIMM mociuencteuii aBapum Ha UYADC B 1986 romy. I'otoButcs
nyOnukanus B peepupyeMoM KypHae.

Y4eOHblii nporiecc

Ha 6a3e ycranoBku PEI'ATA B 2007 rogy mpoBoaunics IIpakTukyMm 1Jisi CTY/IeHTOB
cTapmmx KypcoB YHuBepcurera «JlyoHa» m crynenroB MexayHapoausix Jlernux Ikod,
oprannsyemsbix YHI[ OUSIN. 3a oTueTHbIil nepuoa Ha 0a3e cekTtopa HAA ObliiM BBINOJIHEHBI
2 KYpPCOBBIX M 3 MArUCTEPCKUX PadOTHI.

Opranuzanys coBenaHui

XX Cosemjanue komrccun OOH mo TpaHCrpaHUYHOMY MEPEHOCY BO3MYIIHBIX 3arpsi3HEHUN
B EBporie (5-9 mapta 2007, [lyOHa).

[TepBoe pabouee coBemaHwe B pamMKax MpoekTa TexHuueckou koomeparuu cektopa HAA
JJHO ¢ MATATD «l'apMoHHM3amMs CHCTEMBI KOHTpOJIsi KauyecTBa B Jabopartopusix PO,
WCTIONB3YIOMUX SACPHO-(QU3NIECKUE aHATUTHIeCKHuEe MeToabl (9-15 mekabps 2007, lyoHa).



2. NEUTRON SOURCES

2.1. The IBR-2 pulsed reactor

Starting in December 2006 after the reactor shutdown the works on the modernization of IBR-

2 were conducted in accordance with the “Program of activities on the IBR-2 reactor during its
temporary shutdown (2007-2010)” in compliance with the quarterly plans approved by the FLNP
chief engineer.

By now, work on the moving reflector PO-3, fuel elements and design documentation for all

reactor equipment for the IBR-2M reactor has been completed.

1.
I.1.

1.2.

1.3.

1.4.
L.5.

1.6.
1.7.
1.8.

1.9.

2.2.

2.3.

Work on the dismantling of IBR-2:

The main task in 2007 according to the schedule of works on modernization is the defueling
of the IBR-2 reactor core and the removal of sodium from the extracted fuel assemblies (FA).
This work after thorough preparations started on March 12, 2007 and on June 22, 2007 it was
successfully completed.

On July 6, 2007 sodium was drained from the Ist and IInd contours. The equipment and
pipelines of sodium contours were filled with argon.

The actuating mechanisms of the safety control system (SCS) and ionization chambers were
dismantled and placed in a storehouse.

The rolling shielding was moved away from the reactor.

The moving reflector was moved away from the reactor. Temporary service lines were laid
for feeding helium and oil to PO-3 thus providing a temporary laying-up mode.

Water moderator and inclined moderator were dismantled.
Cooling pipes of stationary reflectors were dismantled.

The sodium cooling pipelines (pressure and outlet collectors) were cut off from the reactor
vessel. A package of measures to remove the IBR-2 reactor vessel was carried out.

On December 12, 2007 the reactor vessel was placed in a standard depository in the reactor hall
for long-term storage.

Safety Control System (SCS) of IBR-2M:

The manufacturing of a standard ASCS, reactor control panel (SNIIP-SYSTEMATOM) and
CM system (INEUM) continued.

In JINR EW standard actuating mechanisms (AM) for control units of compensating
regulators and manual regulators and a prototype model of AM of emergency shutdown
system (ESS) were manufactured. The manufacturing of standard AM of ESS and AP is in
progress.

On the FLNP test-bench the longevity tests of the prototype model of AM of CO and ESS
were carried out.

In NIKIET the manufacturing of a new reactor vessel continued. The in-vessel FA reloading
device was delivered to FLNP.

In JINR Experimental Workshops the manufacturing of rolling shielding, stationary reflectors
and blocks of regulation for the stationary reflector was completed. The check assembly of
this equipment complex was conducted. The specified equipment was accepted by the
Commission with participation of NIKIET and Rostehnadzor (Federal Service for Supervision
of Environment, Technology and Nuclear Management) and moved to the IBR-2 reactor hall.

Complex of cryogenic moderators (CM):

- CHF-700 (Heliymash) was manufactured;
- detail design of CM (NIKIET) was completed,
- the manufacturing of cryogenic pipelines in Heliymash is in progress;




in NIKIET the design documentation for CM 202 (beams 7+11) is being worked out;
in JINR Experimental Workshops the manufacturing of water moderators started.

In 2007 for financing of works on the IBR-2 modernization a total of 915 k$ was spent as of
January 1, 2008, which amounts to 106% of the plan for the year.

2.2. The IREN Project

The main tasks of the Frank Laboratory of Neutron Physics and the Laboratory of Particle
Physics in 2007 were the development of engineering infrastructure and the installation of the
available equipment of the 1* stage of the LUE-200 accelerator.

1. Development of engineering infrastructure

In 2007 in accordance with the approved plan-schedule the following works on the
construction and installation of power supply systems, water-cooling and thermostabilization
systems, control and alarm systems of the 1*' stage of the IREN facility were performed:

all electric equipment of the LUE-200 accelerator and auxiliary systems were installed
and tested;

systems of water-cooling, thermostabilization and of distillate preparation were installed;
interlock and alarm systems were installed;

repairs to control console and service rooms were done, the installation of equipment of
AMCS (automated monitoring and control system) is underway;

work to construct ARCS (automated radiation control system) started;

installation of fire alarm and fire extinguishing systems is nearing completion.

2. The LUE-200 accelerator

In spite of the delay due to the accident with the klystron SLAC 5045, the installation of the
accelerator systems is carried out in accordance with the corrected plan-schedule.

The gun modulator charging system was started up on its regular place.

The power supplies of the focusing magnets: UM-10, VC-25 (INP), Bruker D1 Bruker
D2, Bruker Q1 were installed on their regular place and connected to the mains;

The high-current power supplies of the focusing solenoids of the 1** accelerating section
(Bruker D1) and of the SHF-buncher (Bruker Q1) were tested under real load conditions.

Magnetic measurements and correction of magnetic field of the focusing solenoid were
carried out. Magnetic field nonuniformity Br/Bz in the beam region is no worse than +
5%10°.

At a full-scale test stand of the LUE-200 accelerator the power supply system of the
SLAC 5045 klystron was adapted to the TH2129 klystron.

Correcting coils of the first accelerating segment were installed.

The first accelerating section was assembled.

The installation of the SHF feeder was completed, vacuum tests of the accelerator
comprising the electron source, the first accelerating segment and the first accelerating
section were carried out.

The installation of the magnetic spectrometer is nearing completion.

The installation of the AMCS equipment is nearing completion.



2. HEUTPOHHBIE UCTOUYHUKHU

2.1. UmnyabcHblii peaktop UBP-2

Pabotsl mo monepuusauuu MBP-2, Haunnas ¢ nekadps 2006 r. mociae OCTaHOBKH peakTopa,

BenyTcsi B cooTBeTcTBHM C «lIporpammoii pabor Ha peaktope MBP-2 B pexxume BpeMEHHOTO
ocra”oBa (2007-2010 r.r.)» mo KBapTaJIbHBIM IUIAHAM, YTBEPKIA€MbIM TJIaBHBIM HHKeHepoM JIHD.

1.2.

1.3.

1.4.
L.5.

1.6.
1.7.
1.8.

1.9.

2.2.

K HacTosimieMy BpeMeHHU MOTHOCTHIO TOTOBHI i1 peaktopa UBP-2M:

- HOJBWXKHBIN oTpaxatens [10-3;
- TOIUTMBHAS 3arpy3Ka;
- KOHCTPYKTOPCKAsl IOKYMEHTAIIMsI TI0 BCEMY PEaKTOPHOMY 000PYI0BaHHUIO.

PaGots! o nemonTaxxy UBP-2:

I'maBnas 3amava 2007 r. mo rpaduky MOAEpHHM3AIMU — pas3rpy3ka akTuBHOU 30HBI MBP-2 u
OTMBIBKA BHITpYkeHHBIX TBC ot HaTpusa. Jta paboTa mocie THaTelbHON MOATOTOBKH Obla
Havara 12.03.2007 r. 22.06.2007 r. 3ta pabota Oblja YCIEIIHO 3aBEpIIICHA.

06.07.2007 r. 6bu1 apeHupoBaH Hatpuii w3 [ u II* koutypoB. OGopynoBaHuWe u
TPYyOOIPOBOIBI HATPUEBBIX KOHTYPOB 3aIIOJHEHBI APTOHOM.

HcnonuurensHple MexaHu3mbl CY3 M  HMOHM3AaLMOHHBIE KaMepbl JEMOHTHUPOBAHbI M
pa3MeEIeHbl B XPaHWIHUILIE.

YZ[aJ'ICHI)I OT p€aKTOpa OTKATHLIC 3allIUThI.

[ToxBkHBIN oTpakaTenb yaaneH oT peakTopa. CMOHTHPOBAHbI BPEMEHHbIE KOMMYHUKALIUN
i nogauu B [10-3 renust u macia, yTo oGecrednBaeT pexUM BPEMEHHOW KOHCEPBAIHH.

I[eMOHTI/IpOBaHLI BOJISTHOM 3aMeqINTEIh U HAKIOHHBIM 3aMeIJIUTEb.
I[eMOHTI/IpOBaHLI pr6I>I OXJIAXKACHUS CTAlUOHAPHBIX OTpa)i(aTCHeﬁ.

TpyOonpoBoabl HATPUEBOTO OXJIAXAEHUS (HAMOPHBIM M CIMBHOM KOJIJIEKTOPBI) OTpE3aHbl OT
KOpIlyca peaktopa. BeinoaHeH koMiieke Mep i yaaneHus kopmyca UBP-2.

Kopnyc peaxtopa 12 nexabps 2007 r. yaaneH B IITaATHOE XpPaHWJIUIIE PEAKTOPHOrO 3ana JUlst
JUTUTEIBHOTO XPaHCHHUS.

CY3 1bP-2M:

[Iponomxkanoce n3rotosiaenne B CHUUIT-CUCTEMATOM mrarHoro komiuiekta ACY3, a
TAK)Ke ITyJIbTa YIPaBJICHUS PEaKTOPOM, CHUCTEMBI KOHTPOJSA TEXHOJIOTHMYECKHUX ITapaMeTpOB

(MHDYM).

B OIl OUSM wm3roToBiieHBl INTaTHBIC WCIOMHUTENIbHBIE MexaHu3Mmbl (UM) st opraHos
perynmupoBanus KO u PP u onbitHeI 00pazeny UM A3, BeneTcs U3rotoBieHue mraTHbix MM
A3 u AP.

Ha crenne JIH® 3aBepmieHs! pecypcHble HCTIBITaHMs ONMBITHOTO oOpasia UM KO u A3.

B HUKHUOIT npogoipKaaoch U3rOTOBIEHME HOBOTO  Kopmyca. BHyTpukopmycHoe
neperpy3ouHoe ycrporictBo TBC gocraBneno B JIHOD.

B OIl OMAU 3aBepiieHO M3rOTOBICHHE OTKATHBIX 3alllUT, CTAllMOHAPHBIX OTpa)kaTeiaeu u
OJIOKOB pEryJUpOBaHMs B CTAl[MOHAPHOM OTpa)karese. BplnosiHeHa KOHTpoJibHas cOOpka
3TOTO KOMIUIEKCa OOOpYyJIOBaHUS. YKa3zaHHOE OOOpYyIOBaHHWE MPHUHATO KOMHUCCHEH C
yuactueM HUKHNIT u PocrexHnanzopa u nepeBe3eHo B peakTopHbii 3ai1 MBbP-2.

Kommiekc KPHUOTCHHBIX 3aMEINTEIICH:

- m3roroBieHa KI'Y-700 (I'enuitmanr);

- BbIIy1IeH Texunueckuit npoekt K3 (HUKUIT);

- BEJIeTCs M3rOTOBJICHUE KPHOT€HHBIX TpyOoIpoBo1oB B ['enuiimare;
- B HUKUOT Benercs pazpadorka K nns K3 202 (myuku 7+11);



- B OIl OMSIN HavaTO M3rOTOBIIEHHE BOASHEIX 3aMeIIUTEIIEH.

Ha oGecnieuenne padot mo moaepuusamuu MBP-2 B 2007 1. 6p110 n3pacxomoano Ha 01.01.2008 .
oko010 915 k$, uro cocrasaser 106 % oT miana roaa.

2.2. llpoext UPEH

['maBHbIME 3amayamu JlabopaTopun HeWTpoHHOH Qu3uku u Jlabopatopun (HU3UKU YaCTHUI] B
2007 rTomy SIBJIISIOCH CO3JAaHUEC WHXKEHEPHOH WHQPPACTPYKTYpPHl W MOHTaX HMMEIOIIETOCS
o0opyoBaHus nepBoi ouepean yckopurens JIYD-200.

1. Co3naHne MHXKEHEPHOH HHd)DaCTDVKTVDbI

B Teuenne 2007 roma B COOTBETCTBHM C YTBEPIKICHHBIM IIAHOM-TPA(QUKOM OBLIH
BBITOJIHEHBI CJIEAYIOLIME paboThl IO  CO3/[aHUIO0 CUCTEM AJIEKTPOIUTAHUS, BOJOOXJIAXKICHUS U
TEPMOCTAOMIIN3AINH, YIIPABIICHHS U CUTHAJIM3AINH ITepBOi ouepenn ycraHoBku IPEH:

CMOHTHPOBAaHO M HCIIBITAHO BCE AJIEKTpooOopyaoBanue yckoputens JIYD-200 u
BCIIOMOTI'aTCJIbHBIX CUCTCM,

CMOHTHpOBaHa CHCTEMa BOJOOXJAXKICHHUS, TEPMOCTAOMIM3alUd W  TOJATOTOBKHU
JTUCTUILIATA;

CMoHTHpOBaHA cUCTEeMa OJIOKMPOBOK U CUTHATH3AIINN;

[IpoBeneH peMOHT IMyNbTa YNPaBICHUS U BCIIOMOTATENbHBIX OMEUICHUH, ST MOHTAX
obopymoBanusi cucrembl ACKY (aBTOMaTU3WpOBaHHAs CHUCTeMa KOHTPOJIS U
yTpaBICHUS;

Hauater pabotel mo wusroroienuto cucrteMbl ACPK (aBTromartusupoBaHHas cucTtema
paanaliiOHHOTO KOHTPOJIS);

3aBeplIaeTcsi MOHTaX CHCTEMbl AaBTOMATHYECKOTO TMOXAPOTYIICHUS U TOKapHOM
CUTHAJIN3alUH.

2. PaGotel o yekopurero JIVD-200

HecMoTps Ha 3amepKy, BbI3BaHHYIO aBapuei ¢ kimuctpoHoM SLAC 5045, paGoTsl 1o
MOHTaXy CHUCTCM YCKOPHUTCIIS BBIIIOJHAKOTCA B COOTBCTCTBHU C OTKOPPCKTUPOBAHHBLIM IIJIAHOM-
rpaguKoM.

3anymeHa Ha HMITATHOM MECTE CUCTEMA 3apAAKN MOAYJIATOPA ITYIIKH,

CMOHTHpOBaHBI HA INTATHOM MECTC M CTAIIMOHAPHO MOJKIIOYEHBI K CETH WUCTOYHUKHU
nutanus (pokycupyronmx MarautoB: YM-10, BU-25 (USAD), Bruker D1 Bruker D2,
Bruker Q1.

VcnibiTaHbl Ha pealibHyI0 Harpy3Ky CHJIbHOTOYHBIE HCTOYHUKU MUTaHUS (POKYCHPYIOLINX
coieHonnoB 1-ii yckopsromeit cexiun  (Bruker D1) m CBU-rpynmuposarens (Bruker

Ql);

[IpoBeneHbl MarHUTHBIE U3MEPEHUSI U KOPPEKIMS MAarHUTHOTO MO (DOKYCHPYIOIIETO
conenHouna. Heognopoanocts nonst Br/Bz B obnactu mydka He xyxe, ueM £ 5* 107 ;

Ha nomnomacmrabrom crenae yckoputens JIYD-200 npousBeaeHa aganTaiys CUCTEMbI
nutanus knuctpoHa SLAC 5045 k xnucrpony TH2129;

CMOHTHPOBaHBI KaTyIIKH KOPPEKTOPHI IEPBOTO YCKOPUTEIHHOT'O MTPOMEKYTKA;
YcTaHoBIEeHa iepBasl yCKOPUTENbHAs CEKIINS;

3aBepmieH mMoHTaxk CBY ¢dunepa, mpoBeneHbl BaKyyMHBbIE UCHBITAHUS YCKOPUTENS B
COCTaBE HCTOYHHMKA DJIEKTPOHOB, IEPBOIO YCKOPUTEIBHOTO MPOMEXKYTKA U TEPBOM
YCKOPUTEJIHHOUN CEKIINU;

3aBCpIHaCTC$I MOHTaX MaroHuTHOTO CIICKTPOMETPA,

3aBepiuaeTcst MOHTaXx obopyaoBanus cucteMbl ACKY.



3. DEVELOPMENT AND CONSTRUCTION OF ELEMENTS OF NEUTRON
SPECTROMETERS FOR CONDENSED MATTER INVESTIGATIONS

In 2007 work in the framework of the theme was focused on the following main
activities:
- construction of gas and scintillation neutron detectors;
- development of neutron beam-forming systems and sample environment systems;
- development of data acquisition systems and computing infrastructure.

1. Construction of neutron detectors
a) Gas detectors

Because of insufficiency of financial resources and in connection with the plans for 2008-
2010 to develop a specialized readout ASIC for MWPC detectors within the frameworks of the
EU project “DETNI” (Detectors for Neutron Instrumentation) it has been decided to postpone
the commencement of works on construction of PSD with individual readout from each wire to
2008. At the first stage of this work the prototype of the detector with a limited number of wires
(16-32) will be constructed.

In accordance with the plan the following works on the optimization of geometry and
working parameters of the 2D detector with an active area of 225x225 mm? and delay line data
readout (Fig. 1) were carried out:

- diameter of the anode wire was reduced from 15um to 10 pm;

- tension and accuracy of positioning of cathode wires were improved;

- parallelism of anode and cathode wires (spread is less than 2 um) was provided;

- length of the delay line was reduced by a factor of 1.5.

All these changes made it possible to improve the spatial resolution down to 2mm.

Fig. 1. 2D PSD with an active area of 225x225 mm?.

Owing to the financial support of the Hungarian Academy of Sciences the development
and manufacturing of a similar PSD detector for the GRAINS spectrometer started. In 2007 the
design documentation for a PSD casing was worked out and the casing was produced; a high-
voltage power supply, NIM crate and a constant fraction timing discriminator were purchased.
Preamplifiers for signal readout from anode and cathode planes of the detector were made as
well.



For the period of 2007-2008 a grant from the Federal Agency for Science and
Innovations of the RF Ministry of Science and Education was received to design and create a
system for monitoring cold moderators of new type based on a solid frozen mixture of aromatic
hydrocarbons in the form of pellets at a temperature of 20-30 K (State Contract
Ne02.518.11.7035 of 19.04.07). Within the framework of this contract the project of the
monitoring system, whose main element is a 2D PSD with an active area of 200x200 mm?®, was
developed. In 2007 the casing and electrodes of the detector were manufactured and standard
electronic blocks were purchased.

In cooperation with INRNE BAS, Sofia, a gas-filled curved position-sensitive detector
intended for studies in the area of X-ray structure analysis of solid-state samples is being
designed.

A flow-type detector of cylindrical geometry, arc radius is 223.9 mm, occupied angle —
63°, height of the entrance window — 35 mm, has been designed. The spacing between anode
wires is 1 mm, in cylindrical geometry it corresponds to 12 angular minutes. At such geometry
the angular resolution of detected x-ray quanta is expected to be better than 10 angular minutes.
Data on the place of detection are readout using delay lines with time spacing of 2 ns. The
drawings of the detector have undergone a technological inspection and have been turned over
for production to the JINR Experimental Workshops (Fig. 2).

Fig. 2. Overall view of the curved PSD for X-ray diffraction measurements.

A chamber for the MiniFobos detector, which is intended for precise positioning of a
fission fragment source, has been developed for FLNR JINR. The chamber (Fig. 3) allows
micrometer movement along all three coordinate axes and rotation of the source through +15°
relative to the plane perpendicular to the MiniFobos axis. In addition, there is a possibility of
preliminary positioning of the whole block. The drawings of the chamber have been turned over
for production to the FLNP Experimental Workshops.

- |

N L

Fig. 3. Positioning chamber of the MiniFobos detector (front view).




Work to modernize the detector test stand

| (Fig. 4) has been carried out. A new block of

Fig. 4. Detector test stand.

To manufacture gas position-sensitive
detectors with a large active area, a new winding
machine (Fig. 5) has been constructed, making it
possible to stretch fine gilded tungsten wires (up to
10 um) across electrode frames of detectors. The
machine comprises a platform rotating on a
supporting stand. The plates intended to fix
electrode frames are attached on both sides of the
platform. The plates can be raised and lowered over
the platform. The wire spacing is set by means of
screws. The machine allows one to wind
simultaneously one or two frames with an area of
up to 800x800 mm?. The maximum frame thickness
is 12 mm. The wire spacing is a multiple of 1 mm,
the minimum wire spacing is 1 mm.

moderators for working with the detectors with an
| active area of up to 200x200 mm’ has been

. manufactured. Also, the re-layout of the room has
' been conducted to reduce human exposure to
radiation and to improve the operators’ working
conditions. As a result of these measures, the total
neutron and gamma-radiation dose rate at the
operators’ workplace with an installed source is no
more than 0.5 uSv/h.

Fig. 5. Winding machine.

2. Neutron beam-forming systems and sample environment systems

In 2007, in the framework of the BMBF-JINR project in cooperation with the German
Institutes and PNPI (Gatchina) work to construct curved mirror neutron guides on beam 7a of the
IBR-2 reactor and to radically modernize the EPSILON and SKAT spectrometers was started:

2.1. Calculations and simulation of the neutron guide elements were performed.

2.2. Positioning of the neutron guide constructions relative to real construction axes of

channel N7 and building 117/2 (Fig. 6) was completed.

, .

]

Fig. 6. Layout of mirror neutron guides on channel N7 of IBR-2.



2.3. Angular directions of axes of the direct part of neutron channels for neutron guides 7a-
1 and 7a-2 relative to the geometrical axis of channel N7 for the SKAT and EPSILON
spectrometers, respectively, were agreed upon and approved.

2.4. The entrance cross-sections for neutron guides 7a-1 and 7a-2 were determined and
approved in accordance with the optimized calculated parameters of neutron beam transmission.

2.5. Draft and detail designs of vacuum housings for a three-channel optical collimator of
the neutron guide system of channel N7 (Fig. 7) were developed.

Fig. 7. Three-channel optical collimator of a neutron guide system.

2.6. Draft and detail designs of two types of vacuum housings with the necessary
infrastructure for assembling and positioning of separate optical channels of neutron guides 7a-1
and 7a-2 (Fig. 8) were developed.

Fig. 8. Vacuum housing for two mirror channels.

2.7. Draft and detail designs of supporting piers and alignment tables for all types of
vacuum housings of the neutron guide system of channel N7a (Fig. 9) were developed.



Fig. 9. Positioning mechanism on a supporting frame of vacuum housing.

2.8. The old neutron guide on channel N7a was dismantled and the biological shielding
was partially disassembled (Fig. 10).

Fig. 10. Beam gallery of channel 7 of IBR-2 before and after dismantling.

The following activities were carried out to upgrade the control systems of actuating
mechanisms of the spectrometers:

1. Controllers SMC-32-CAN for the control systems of actuating mechanisms of the
IBR-2M spectrometers were developed and tested:

e Angular movement sensor (16 bits) and control block of DR-1.5RA direct-current
motors were integrated into the control system;

e Controller program was designed to provide access to several blocks via a CAN line.

The above-mentioned blocks are in the CAN industrial standard. All spectrometers of
IBR-2M will be equipped with these unified blocks.

2. The control block of the MOND spectrometer and the control block of 15 direct-
current motors of the DISK spectrometer in the RRC «Kurchatov Institute» were put into
operation.

A bore cryostat with a closed-cycle refrigerator SUMITOMO RP-062B (Fig. 11) was
designed to carry out diffraction experiments with samples in high-pressure sapphire anvil cells
on thermal neutron beams in the temperature range of 6-300 K. The cryostat has a vertical
channel for inserting high-pressure cells into thermostatic temperature control area, and cells can
be replaced without defrosting the cryostat. At present, the documentation is being processed in
the JINR Experimental Workshops.



Fig. 11. Bore cryostat.

On the basis of the equipment received on account of the Romanian dues, a vacuum test-
bench with a helium leak detector L200 (Leybold) intended to test various vacuum and
cryogenic systems of the IBR-2 spectrometers was constructed and put into operation. Also, a
contract with CRYOMECH (USA) to deliver cryorefrigerator PT 403, which is the main element
of the cryogenic test stand, was concluded.

3. Development of data acquisition systems, computing infrastructure and software

The development of a DAQ block for multicounter systems (up to 64 channels in one
block) was completed. The block was prepared for tests on the neutron source in PNPI
(Gatchina). DAQ blocks for the system of acquisition and accumulation of data from 1D and 2D
PSD were manufactured. These blocks will be tested on the BER-II reactor (HMI, Berlin) in
early 2008. The expected count rate will be no less than 10° events/s.

The work on the construction of cable infrastructure of the network segment of the IBR-2
experimental halls (Gigabit Ethernet) was started. A contract to supply component parts was
concluded with the “CONTACT” company. The work on the laying and welding of a fiber-optic
cable was completed.

In the works on software, particular attention has been given to the development of the
Sonix+ software package intended to operate at the IBR-2M reactor and to practical tests of the
programs on the reactors of outside organizations (IPPE, Obninsk and RRC KI, Moscow). In
particular,

— modules for control systems of actuating mechanisms with CAN interface were developed;

—  spectrum visualization program was improved to operate in on-line and off-line modes;

— design of software for new electronic DAQ blocks connected to PC via USB-interface was
started;

—  first version of the Web Sonix system of remote supervision and control over the progress
of the experiment at the spectrometers was prepared.

The Web Sonix system is intended for remote supervision and control over the
experiments at the IBR-2M spectrometers. It should meet the requirements of all groups of users.
The architecture of the system is independent of specific features of spectrometers and provides
the user with:

e detailed information on parameters of the current measurement;



e contents of log files of measurements (current and previous);
e visualization of current spectra from all detectors.

The control assumes that the service provided by the Web site includes tools to read, edit
and manipulate scripts.

In the FLNP network a special server is allocated to the Web Sonix system. The system is
a client of Apache HTTP server 2.2.4 (Fig. 11). For generation of dynamical Web pages the
language PHP 5.0 has been chosen. Command channel is realized at the socket level in the
client-server model. FTP (SFTP) protocol is used to transfer files.

Preliminary tests of the Web Sonix system with a limited set of functions were carried
out in December, 2006 on the spectrometers REMUR, NERA-PR and HRFD in the experiments
using position-sensitive detectors. The tests have shown that the supervision system is
serviceable and does not affect the reliability of operation of data acquisition systems. At
present, the full version of Web Sonix is being tested.
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Fig.11. Scheme of command channel.

In collaboration with HMI, Berlin, a large amount of work to integrate the software
(designed in FLNP) for the system of data acquisition from 2D PSD into the program system
CARESS and to test its long-term stability was carried out. These activities were successfully
completed at several spectrometers of the BER-II reactor and the synchrotron source of HMI.

In 2007, the development of the software package VITESS for simulation of new
elements of spectrometers and neutron scattering methods was continued. As before, the Monte
Carlo method (particle motion in three-dimensional space) was used. The modules were
designed in the C/C++ programming language and for the graphical interface the TCL/TK
interactive language was used.

The following modules for the VITESS package (Fig. 12) were designed, tested and put
into service:



—  Module for the refraction lens system with a set of accessory programs (bringing to a focus,
etc.). The basic module includes visualization (Fig. 13).

—  Module for simulation of neutron spin precession in pulsed magnetic fields (“triangle”,
“saw” shapes).

—  Module for analysis of polarization in time intervals (TIME GATE) for simulation of a
spin-echo spectrometer.

—  Module for simulation of multichannel polarizers (in the stage of testing and introduction).
The module includes visualization.

Preliminary calculations were made and the following instruments were simulated:

b 1Y

1) Spin-echo spectrometer with time-dependent magnetic fields (“triangle”, “saw” shapes).

2) Systems of focusing refraction lenses and their application in the simplest small-angle
setup to improve data quality.

3) Neutron beam polarizers (of N, V, Double V form).
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Fig. 12. Graphical shell for VITESS with new modules.
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3. PASPABOTKA M CO3JJAHHME 3JIEMEHTOB HEVMTPOHHBIX CHEKTPOMETPOB
JJIs1 UCCIAEJOBAHUA KOHAEHCUPOBAHHBIX CPEJ]

PaboTh! 0 TeMe BeIMCh B CIEAYIONIMX OCHOBHBIX HAIIPABICHUSIX:

— CO3/IaHHE T'a30BbIX U CHUHTWUISILIMOHHBIX HEUTPOHHBIX JE€TEKTOPOB;

— cuctemMbl OPMHUPOBAHUS HEUTPOHHBIX MTyYKOB U CUCTEMBI OKPY>KEHUS 00pa3La;
— pa3BUTHE CUCTEM cOOPa JAHHBIX M BEIYUCIUTEIEHOW HHPPACTPYKTYPHI.

1. Co3naHue HEHTPOHHBIX AETEKTOPOB
a) I'azoBbIe 1eTEKTOPbI

N3-3a orpannyeHHOCTH (PUHAHCOBBIX PECYPCOB M B CBSI3U C IJITAHUPOBAHUEM pa3pabOTKH
B 2008-2010r.r. cnenmanusupoBanHoil mukpocxemsl ASIC mis ceema undopmanuu ¢ MWPC
nerektopoB B pamkax npoekrta EU “DETNI” (Detectors for Neutron Instrumentation) 0110
pelIeHo MepeHecTd Havano pabor mo coszganuio I[TYJ[ ¢ MHOUBUAYalbHBIM CUHUTBIBAHHUEM
uHpopmanuu ¢ kaxnoi HuTH Ha 2008T. Ha mepBom aTame 3tux paboTt OyneT co3aaH MPOTOTHII
JIETEKTOpa C OrPaHUYCHHBIM UnciIoM HuTeil (16-32).

B cooTBeTrcTBUU ¢ TUTaHOM OBUIH BBIMTOJHEHBI PAOOTHI 1O ONTHMH3ALUN T€OMETPUU H
paGouux mnapameTpoB JByXxkoopauHaTHoro ITHJ[ ¢ pasmepamMu 4YyBCTBUTEIBHOH 00JIACTH

225x225 MM? 1 cheMoM HHpopMaluK ¢ uHui 3anepxku (Puc. 1):

TUAMETpP aHOJHOM HUTH YMEHbIIEH ¢ 15MKM 110 10 MKM;

IIOBBIIICHBI HATSDKCHUEC U TOYHOCTh MOHTAaXXa KaTOAHBIX HI/ITCI;'I;

o0ecrieyeHa napaieIbHOCTh AaHOIHBIX M KaTOIHBIX HUTEH (pa30poc MeHee 2 MKM);
- B 1,5 pa3a yMeHbIlIeHA JUIMHA JIMHUM 3aJCPKKHU.

Bce 3TO mo3BONMIIO yIyYIIUTh NPOCTPAHCTBEHHOE paspelieHHe 10 2 MM 1o 00eum
KOOpJMHATaM.

Puc.1 [Isyxxoopaunatasiii [T4Y/] ¢ pasmepamu 4yBCTBUTENBEHON 00macTh 225x225 MM2.

brnaromapst ¢punancoBoit momnepkke Benrepckoit Axkamemun Hayk Hauata paspaboTka u
usrotosyenne ananoruunoro [TYJ[ nerekropa ansa cnexkrpomerpa «l'opuzont». Ha stane 2007 r.
pa3paboTaHa KOHCTPYKTOpPCKasi JOKyMEHTaIus u u3rorosiieH kopryc [T/, mpuobperens! B/B
UCTOYHMK nuTaHus, NIM KpeUT U AUCKPUMUHATOP C TOYHOM BPEMEHHOW IIPUBSI3KOM.
H3rotoBieHsl Takke MperyCHINTENN i1 CheMa CUTHAJIOB ¢ aHOJHOM M KaTOJIHBIX IIOCKOCTEN
JIETeKTOopa.

Ha nepuoza 2007-08 rr. monyden rpant denepaibHOro areHTCTBA IO HAYKE U HHHOBAIUSM
MunoOpHayku P® Ha pa3paboTKy U CO3[JaHHE CUCTEMbl MOHHUTOPUHTA XOJIOJHBIX 3aMeITUTEIICH



HOBOI'O THUIIa HA OCHOBE TBEPAOHN 3aMOPOKEHHOM CMECH apOMaTHYECKHUX YIJIEBOJOPOIOB B BHJIE
mapukoB npu Temmeparype 20-30 K (T'ocynapcrBennsiii konTpakt Ne 02.518.11.7035 ot
19.04.07). B pamkax 3TOro KOHTpakTa pa3pab0TaH MPOEKT CUCTEMbl MOHHUTOPHUHTA, OCHOBHBIM
3JIEMEHTOM KOTOPOil siByseTcst AByxkoopAuHaTHbIA PSD ¢ wyBcTBUTENBHOM 001acThio 200x200
MM?. B 2007r. U3rOTOBJIEHBI KOPIMYC M AJIEKTPOIbI JACTEKTOpa U MPUOOPETEHBI CTaHIAPTHHIC
JJIEKTPOHHBIE OJIOKH.

B corpynandectse USANAD BAH, Codust pazpabaTsiBaeTCst Ta30HATIOTHEHHBIA H30THYTHIN
NO3ULIMOHHO-YYBCTBUTENBHBIN JETEKTOp, NpEeIHA3HAUYEHHBIH U1 HCCIeloBaHUM B o0jacTu
PEHITEHO-CTPYKTYPHOTO aHAJIN3a TBEPAOTEIbHBIX 00Pa3LIOB.

JleTexkTop MPOTOYHOrO THUMA LMJIMHAPUYECKON N€OMETpHUM, paauyc Ayrd paBHsercs 223.9
MM, 3aHUMaeMbIil yroi - 63°, BbIcOTa BXOAHOTO OKHA — 35 MM. PaccrosiHue Mexy aHOJIHBIMU
HUTSAMU paBHseTCd MM, B IWJIMHAPHUYECKOM I€OMETPHM 3TO PACCTOSHUE COOTBETCTBYET 12
yIJa0BbIM  MHUHyTaM. Ilpu Takoil TreoMeTpuM YIJIOBOE pa3pelieHHe pPETUCTPUPYEMBIX
PEHTI€HOBCKUX KBaHTOB okujaaercs gydmie 10 yrnoBeix MuHyT. CheM HH(OpMAIMM O MECTe
perucTpanyy Ipou3BOJUTCS € MOMOILBIO JIMHUU 3aJ€PKKHU C BpEMEHHBIM I1aroM 2Hc. YepTrexu
JETEKTOpa IPOLUINM 3Tall TEXHOJOTMYECKOW MPOBEPKU M nepenaHsl s usrorosieHus B Ol
OUsU (Puc. 2).

Puc.2. O6uwmii Bua uzornyrtoro [TY/] st uamepeHuii peHTTeHOBCKOH Au(paKkuuu.

Hus JISIP OUSIN Owina paspaborana kamepa K jaerekropy Mwunau®oboc, kotopas
npeaHa3HayeHa Ui TOYHOM IOCTUPOBKH HCTOYHUKA OCKOJKOB nenenus. Kamepa (Puc.3)
MIO3BOJISIET MUKPOMETPHUYECKHE NEPEIBHKEHHS IO BCEM TPEM KOOpPJIMHATaM, a TaKXKeE MOBOPOT
UCTOYHHMKA Ha yros £15° Mo OTHOIIEHHIO K MJIOCKOCTH, MepneHauKyIsipHoit ocu Munndoboca.
Kpome Toro, nMeeTcsi BO3SMOXHOCTh TPEIBAPUTEIHLHON IOCTUPOBKH Beero Oyioka. B HacTosimunit
MOMEHT YepTeXH Kamepbl nnepeaansl s ucnoiaHenus B OOOIT JIHO.

Ll | L

Puc. 3. FOctupoBounas kamepa gerekropa Muan@®o6oc — ppoHTanbHast IPOESKIHUS.




beuti ipoBesieHB padOTHI TT0 MOJICPHHU3AIUT
nerektopHoro creHga (Puc.4). UWsrotosnen
HOBBIM OJIOK 3aMeIuTeNIed Uil  paboThl  C
JNETeKTOpaMH,  HMEIOIIMMU  YYBCTBUTEIHHYIO
obmacte g0  200x200 mm”.  Taxke  6bima
MPOU3BE/ICHA TEPEIUIAaHUPOBKA TIOMEIICHHUS C
IENbI0  YCWICHHS  OWOJOTHYECKOW  3aIIUTHI
OTIepaTOpPOB M YIy4ILIEHHUS yCIOBUM X paboThl. B
pesynbrare 3THX pPaboT, cymMMapHas MOIIHOCTh
036l TI0O HEUTpPOHAM M TraMMa-u3Iy4eHHIO Ha
paboueM MecTe OMepaTopoB MPHU YCTAHOBICHHOM

Puc. 4. JleTexTOpHBII CTEHA,.

Hns  wmsroroBimenuss  ra3oBbix  [TY]]
JETEKTOPOB c OoNbIION  YyBCTBUTEIbHOM
IUIOIIA/IbI0 CO3JAaH HaMOTOuYHbIM craHOK (Pwue. S),
NO3BOJIIIOIIMI HAMaTbIBaTh TOHKHE IPOBOJIOYKH
(mo 10MKM) W3 TMO30JI0YEHHOTO BOJb(ppaMa Ha
pamku AJIEKTPOJIOB JETEKTOPOB. Cranok
IpEJCTaBIISIET coboit IUIOCKYIO OCHOBY,
BpALIAIOIyIOCs Ha yKperieHHoH ctanuHe. C o0enx
CTOPOH  OCHOBBl  MpPHUKpPEIJICHbl  IJACTHHBI,
IpeJHa3HAaYCHHbIE I KpEIUIEHUS  paMoOK
91eKTpoaoB. IlmacTuHel MOTyT NOAHMMATHCA U
omyckatbcsd  Hax — ocHoBo. Illar  HamMOTKM
IIPOBOJIOYEK 33JJA€TCs C OMOUIBIO JUCTAHIIMOHHBIX
BUHTOB. CraHok MO3BOJISIET ~ HaMaThIBaTh

HCTOYHHUKE cocTaBiisgeT He Oojee 0,5 Mk3B/4ac.

Puc. 5. HaMOTOYHEBIN CTAHOK.

2
OJIHOBPEMEHHO OJHY WJIM JIBe paMku ¢ pazmepamu a0 800x800 mm~. MakcumanbHasi TOJIIMHA
pamku — 12 mm. [llar HaMmOTKHM KpaTeH | MM, MUHMUMAaJIbHBIM Iar HAMOTKHM COCTAaBJIAET 1 MM.

2. CucteMbl (pOPpMHPOBAHNS HEHTPOHHBIX MYYKOB H CHCTEMbI OKPY:KeHHs 00pa3ua.

B 2007 rony B pamkax npoekta BMBF-JINR coBmectHO ¢ uHcTUuTyTamu OPI u [TUAD
r. [aTunHa HA9aThl pabOTHI IO CO3JJAHUIO U30THYTHIX 3€PKATBHBIX HEUTPOHOBOJIOB Ha KaHaje 7a
peaktopa UBP-2 u xapaunansHoM Moaepau3anuu criektpomerpoB SITCHUJIOH u CKAT:

2.1.  BbINosHEHBI pacyeThl U MOAEIUPOBAHUE JIEMEHTOB HEUTPOHOBOIA.

2.2. 3aBepmeHa IMPpUBA3Ka KOHCTPYKI_II/Iﬁ HeﬁTpOHOBOﬂOB K pC€aJIbHbIM CTPOUTCIbHBIM

ocsim kanana Ne7 u 3manus 117/2 (Puc. 6).

) [. ]
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Puc. 6. PazMemnenue 3epKanbHBIX HEHTPOHOBOIOB Ha KaHajie No7 UbP-2.



2.3.  CormnacoBaHbl U YTBEp)KJEHbl YIJIOBBIE HaIlpaBICHUS OCEW NPSIMOM YaCTU
HEHUTPOHOBOJHBIX KaHAJIOB JIJIl HEUTPOHOBOAOB 7a-1 U 7a-2 MO OTHOLIEHUIO K TEOMETPUUYECKON
ocu kaHasa Ne7 peakropa 115t yctaHoBOK SKAT u EPSILON cooTBeTCTBEHHO.

2.4. B CcoOOTBETCTBUUM C ONTHUMHU3HPOBAHHBIMU PpACUETHBIMU IapaMeTpaMu 110
IIPOIYCKAaHUI0 HEHUTPOHHOIO IIOTOKA, COIJIACOBAaHBI U YTBEPXKACHBI BXOIHBIE CEUCHMS MJIs
HEHUTpOHOBOJOB 7a-1 u 7a-2.

2.5. Pa3paboraHbl 3CKH3HBIH M PaOOUYMI MPOEKTHI BAKyYMHBIX KOXYXOB BXOJHOTO
TPEXKaHAJIBHOI'O ONTHYECKOr0 KOJIIUMAaTopa HEMTPOHOBOAHOM cucteMsl kaHana Ne7 (Puc. 7).

Puc. 7. BxoaHoll TpexKaHaIbHBIN ONTHYECKUN KOJIIIMMATOP HEHTPOHOBOIHOM CHCTEMBI.

2.6.  Pa3paboraH 3CKM3HBII U pabOYMiA TPOEKT IS IBYX THIIOB BAaKyyMHBIX KOXKYXOB C
HE00X0UMON UHPPACTPYKTYPOi, Al COOPKH U FOCTUPOBKHU Pa3JENbHBIX ONTHYECKUX KaHAIIOB
HEUTPOHOBOIOB 7a-1 u 7a-2 (Puc. 8).

Puc. 8. BakyymHBII KOXYX IJI1 JBYX 3€pKaJIbHBIX KaHAJIOB.

2.7. Pa3paboraH 3CKU3HBIH M pabO4YMii NPOEKT HECYIIUX OMOp U IOCTUPOBOYHBIX
CTOJIOB JUIsl BCEX BHIOB BaKyyMHBIX KOXXYXOB HEUTPOHOBOIHOM crcTeMbl kaHana Ne7a (Puc. 9).

Puc. 9. FOcTrpoBOYHBII MEXaHU3M Ha HECyIIeM KapKace BaKyyMHOTO KOXyXa.



2.8. IlpousBeneH AeMOHTaXX CTApOro HEHUTpPOHOBOAA Ha KaHaje Ne7a W YacTUYHAA
pa3bopka Ouosnornueckoit 3amutel (Puc. 10).

Puc. 10. I'anepes BeiBoga myukoB 7 kanana MBP-2 1o u mocne nemoHTaxa

[Io cucremam ympaBieHUSI HCHOJHUTEIBHBIMH MEXaHHU3MaMU CHEKTPOMETPOB
BBITIOJTHEHBI CJIEIYIONINE PaOOTHI:

1. Pa3pabortanbl u wucnbiTanbl KoHTpoiutepsl SMC-32-CAN 11t cucTeM ympaBlIeHUs
HUCTIOJIHUTEIbHBIMU MEXaHU3MaMU CIIEKTPOMETPOB Ha peakTope MbP-2M:
® B COCTaB CHUCTEMbI yNpABJIECHUS BBEJEHBI JAaTUUK YIJOBOro nepemMerienus (16 6ur) u
OJIOK ympaBJeHHsl IBUTATEIIIMUA TOCTOSTHHOTO ToKa THuma JIP-1,5PA;
e pazpaboraHa mporpamMma KoHTpoJuiepa uis goctyna mo jJuHud CAN K HECKOJIbKHM
Oy10KaM.
VYkazanHble OJIOKM BBIIOJIHEHB B mpoMblnuieHHOM craHaapre CAN. Otumu
YHUDUIIMPOBAHHBIMU OJIOKaMH OyIyT OCHAIIaThCs Bee criekTpoMeTpsl UBP-2M.

2. Cpanbl B O3KCIUTyaTalldio cucTeMa ynpasieHus crnexkrpomerpa MOHJ[ u cucrema
ympaBiaeHus: 15 npBurarensMu mocTtosHHOTO Toka cmektpomerpa JIMCK B PHII
«KypuaToBCKUIl HHCTUTYTY.

Pazpaboran maxTHpIi KpuocTaT ¢ pedpmkepaTopom 3aMmkHyToro mukiaa SUMITOMO
RP-062B (Puc. 11) anis mpoBeAeHUs 3KCIEPUMEHTOB MO Audpaknuu ¢ obpasliaMu B KaMepax
BBICOKOT'O JIaBJICHUS C canupOBbHIMM HAKOBAJIbHSIMH Ha IIy4yKax TEIUIOBBIX HEHTPOHOB B
nuanasone temreparyp 6-300 K. Kpuocrar conepxut BepTUKaabHBIA KaHal JUIsl BBOJA Kamep
BBICOKOTO JIaBJIEHUSI B 30HY TEPMOCTaTHpPOBAHMS, MPUYEM 3aMeHa KaMephl MOKET
MIPOU3BOIUTHCS 0€3 pasMOpaKuBaHHs KpuocTaTa. JIOKyMeHTaIHs B HACTOALIEE BPEMsI IIPOXOIUT
TexXHoJIoTHYecKyro oopadotky B OIT OUSN.
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Puc. 11 lIaxTHBIH KpHOCTAT.



Ha 0a3ze o0opymoBaHHs, IOJy4eHHOTO MO JOJEBOMY B3HOCY PyMbIHWMH, cO3maH H
3amymieH B pa0oTy BakyyMHBbIM cTeHA ¢ renueBbiM Teueuckarenem L200 (Leybold),
NpeIHAa3HAYCHHBIM Ui WMCOBITAHUA PA3UYHBIX BAaKYyMHBIX HM KPHOTEHHBIX CHCTEM
cnektpomerpoB MBP-2. 3akmiouen Takxke KoHTpakT ¢ ¢upmoii CRYOMECH (CIHA) nHa
noctaBky Kpuopedpuwxkeparopa PT 403, sBistonierocss OCHOBHBIM 3JIEMEHTOM KPHOT€HHOTO
CTEHJA.

3. PazButHe cucteM cOOpa JAHHBIX M BBIYMCJIMTEJIbHOH HHQPACTPYKTYpbl, pa3padoTka
NPOrpaMMHOro odecrne4eHHs

3aBepmieHa pa3zpaboTka Onoka cOopa IJaHHBIX C MHOTOCUETYMKOBBIX cHCTEM (1o 64
KaHaJoB B OJHOM Ojoke). Biok MOAroTOBIEH K WCHBITAHUSM Ha HEHTPOHHOM MCTOYHUKE B
[MUA® (atumna). M3roTtoBiensl Takke Omokum DAQ cucremsr ans cOopa M HaKOIUICHHS
nanHbIx ¢ 1D u 2D ITY/I. TectupoBanue 3tux 06510K0B OyneT nmpoBoauThes B Hadasie 2008 r. Ha
peakrope BER-II (MM, Bepmun). Oxumaemasi CKOPOCTh CYeTa cOCTaBUT He MeHee no 10°
coOBITHI/C.

Hauatel pabGoThl 1O co3maHui0 KaOenbHOM HHPPACTPYKTYpPhl CETEBOTO CETMEHTa
skcnepuMeHTanbHbIX 3amoB WBP-2 (Gigabit Ethernet). 3aximioyeH KOHTpakT ¢ KOMITaHUEH
«KoHTakT» Ha TOCTaBKY KOMIUIEKTYIOIIMX H3IEIHHA, BBIMOJIHEHBI pabOThl MO MPOKJIAIKe U
CBapKe BOJIOKOHHO-ONITUYECKOT0 Kabes.

B pabotax no nporpaMMHOMY OOECIHEUEHUI0 OCHOBHOE BHUMaHHUE YAEAIOCh PA3BUTHIO
KomIiekca Sonix+ ans  paborel Ha peakrope WBP-2M  u  mpaktudeckoil npoBepke
MOJITOTOBJICHHBIX IMPOTPaMM Ha peakTopax cTtopoHHuX opranmzamuii ®OU, (O6uuHCcK) 1 PIIKU
(Mockga). B wactHOCTH,

—  pa3paboTaHbl MOJYJIU /ISl CHCTEM YIPABJICHUS MCIIONHUTENFHBIMU Mexanm3Mamu ¢ CAN
uHTepdericom;

—  YCOBEpUICHCTBOBaHA MporpamMma BH3Yyalu3alluu CIIEKTPOB AJi paboThl B on-line u off-line
pexuMax;

— HayaTa pa3paboTKa MPOrpaMMHOIO OOECIEYEeHHS HOBBIX 3JIEKTPOHHBIX OiokoB DAQ,
MOJIKJTIOYaeMBIX K KommbioTepy uepe3 USB- untepdeiic;

—  TOJATOTOBIJICHA K NMPOBEPKE MEpBasi BEPCHUS CUCTEMBI YAAICHHOTO CIEKEHUS U yIPaBICHUSI
XOJIOM 3KCIIEpHMEHTa Ha criekTpoMeTpax Web Sonix.

Cucrema Web Sonix mnpemHasHaueHa i YJAJICHHOTO HAOMIOACHUS W KOHTPOJIS
IKCIEpUMEHTOB Ha crekrpoMerpax MBP-2M. Ona nomkHa yaoBIETBOPATH TPEOOBAHUSAM BCEX
IpynI NOJb30BaTeNed. APXUTEKTYpa CHUCTEMBbI HE 3aBHCUT OT CHELM(PHUUECKUX OCOOEHHOCTEH
CIEKTPOMETPOB U IPEIOCTABISAET MOIb30BATEINIO:

® JleTalbHYI0 HH(OPMALIMIO O MTapaMeTpax TeKYIIEro H3MEPEHNUS;
® COJEPKUMOE KypHaJla PETUCTPALIUY U3MEPEHHH (TeKyIllee U IpeapIayIee);
® BU3yaIM3alMI0 TEKYIUX CIIEKTPOB OT BCEX JETEKTOPOB.

KonTpone mnpennonaraer, 4tro CepBHC oOecrmeunBaeTcs web caiiToM U BKIIOYAET
CpEIICTBA AJISl YT€HUs, PEJAaKTUPOBAHUS U MAaHUITYJISIIUN CKPUIITAMU.

B ceru JIH® BbiieneH crneuuanbHblidi cepBep anst cuctembl Web Sonix . Cucrema
spisieTcst kimmeHToM Apache HTTP server 2.2.4 (Puc. 11). [y reHepanuu JTuHAMAYECKUX Web
crpanun; BeIOpaH s3bik  PHP 5.0. Komanasblii kaHam cCBsi3u cepBepa € YIPaBISAIOIIAM
KOMITBIOTEPOM CHEKTPOMETPA pealu30BaH MO0 MOJENIN KIHEHT-CEpBEp ¢ OOMEHOM Ha YpOBHE
cokeroB. Iy nepenaun aitnos ucnonsyercs npotokos FTP (SFTP).

[IpenBaputenbHOe TeCTHpOBaHHE cuUcTeMbl Web Sonix ¢ orpaHu4eHHBIM HaOOpOM
¢yHkuuit 66U10 BhImonHEHO B Aekadpe 2006 r. na cnekrpomerpax PEMYP, HEPA-IIP u ®/IBP



B OKCICPUMCHTAX C HCHOJb30BAHUCM IMO3UIIMOHHO-YYBCTBUTCIBHBIX AOCTCKTOPOB. TecTnl
MoKa3ajiy, 4TO CUCTeMa HaOIIOJeHUs MPUroHA K AKCIUTyaTallid U HE BIUAET Ha HAJIEKHOCTh
cucTeM cOopa JaHHBIX. B HacrtosIee BpeMs TeCTHpyeTcs MmoyiHas Bepcust Web Sonix.

ﬂ Internet
'y Web Sonlix\ PC

Windows Server 2003
sew@r (Linux)

Apache(2.2.4)
PHP
k code J

PC
Windows XP
Sonix+

| Local network

Puc. 11.Cxema KOMaHIHOI'O KaHaja.

CoBmectHo ¢ UI'M, Bepnaun BeimosHeH OonblIod 00beM pabOT MO HHTErpaluu B
nporpaMMubiii  kommiekc CARESS  u  npoBepke  JOATOBpeMEHHOM — CTaOMIBHOCTHU
paspaboranHoro B JIH® mnporpamMmMHoro oOecrmeyeHHs CHUCTEMBbl cOOpa JaHHBIX C
nBykoopauHaTHeIX [TY/[. Otu paboThl ycneniHo 3aBeplleHbl Ha HECKOJBKHUX CHEKTPOMETpax
peakTopa BER-II u cuaxporponnoro ncrouynuka UI'M.

B 2007 romy mnpomomxkanoch pa3BuTue mporpammHoro komiuiekca VITESS mns
MOJICIIMPOBAHMSI HOBBIX DJIEMEHTOB CIIEKTPOMETPOB M METOJIOB HEMTPOHHOTO paccesHus. Kak u
panee ObT wmcnoib30BaH MeTox MonTte-Kapino (IBWKEHHE YacTHIl B TPEXMEPHOM
npoctpaHcTBe). PaspaboTka Moxyneit Benack Ha s3blke mporpammupoBanusi C/C++, a s
rpadudeckoro uaTepdeiica ncrnoap3oBaics HHTEpakTUBHBIN 361K TCL/TK.

bbimn co3nanbl, MPOTECTUPOBAHBI U BHEAPEHBI cleaytonme Moayau s nakera VITESS
(Puc. 12):

— Monyns st cucTeMbl pedpaKIMOHHBIX JIMH3 C KOMIUIGKTOM BCIIOMOTATEIbHBIX
nporpamM (tiouck ¢okyca u 1.11.). B 6a30BbIif MOIYTh BcTpoeHa Bu3yanu3amus (Puc. 13).

- MOI{y.]'II) AJi1 MOACIIMPOBAHUA MPELHCCCUN CIIMHA HeﬁTpOHa B UMITYJIbCHBIX MAarHMUTHBIX

9% ¢

NOJISIX “TPEYroJIbHUK’, “‘iuna’.

— Monyne s aHanuza mnojispuzanuu Bo BpeMmeHHbIX uHTepBanax (TIME GATE) nns
MOJEIUPOBAHUS CIEKTPOMETPA CIIUH-IXO.

— Mopayne s MOJAEIMPOBAHMS MHOTOKaHAIBHBIX IMPOMYCKAIOIIUX MOJISPU3ATOPOB (B
CTaJu TECTUPOBAHMS ¥ BHEAPEHUS ). B MOIyNIb BCTpoeHa BU3Yyaln3aIus.
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Puc. 12. I'paduyeckas o6onouxa VITESS ¢ HOBEIMU MOayIsiMHL.
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The magnetic, transport and electronic properties of LaCoO3; have been extensively
studied with a growing interest from 1950s until now. At ambient pressure this compound
exhibits unique behavior - it is a nonmagnetic semiconductor at low temperature and
undergoes a phase transition to a paramagnetic insulating state at T = 100 K and paramagnetic
metallic state at T = 500 K [1, 2]. These transitions are usually considered to be related to a
change of the Co®" spin state, from low spin state LS (tegg, S=0) to intermediate state IS
(tP2ge', S = 1) and from IS to high state HS (t*,,¢%, S=2), respectively. Both transitions are
associated with anomalies in the magnetic susceptibility and thermal volume expansion.

The stability of different spin states of LaCoO3; depend substantially on the geometry
of CoOg octahedra which determines the crystal field splitting of ty and eq energy levels and
the strength of the hybridization between 3d orbitals of cobalt and 2p orbitals of oxygen [3,
4]. Lattice contraction under high pressure is thus very influential factor in the Co®* spin-state
equilibria. Due to strong correlation between spin state, magnetic and transport properties of
this and related compounds, the knowledge of relationship between spin-state equilibria and
crystal structure features (unit cell volume, interatomic distances and angles), which can be
derived from high pressure investigations, is very essential for understanding the nature of
physical phenomena observed in these compounds and constructing of theoretical models and
ab-initio calculations.

In order to investigate the spin-state transitions in LaCoOj3 in 0-5 GPa pressure and 10-
900 K temperature ranges, neutron diffraction experiments were performed at DN-12
spectrometer (IBR-2 pulsed reactor, FLNP JINR, Russia) and Pearl/HiPr diffractometer (ISIS
spallation pulsed neutron source, RAL, UK).

The anomalous contribution to thermal volume expansion of LaCoO; at selected
pressures is shown in fig. 1. It was analysed using three-level model with ground LS state and
thermally activated IS and HS states [1,2].
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Fig. 1. The anomalous part Q of the thermal volume expansion for LaCoO; at different
pressures obtained in the low temperature 16 — 250 K (DN-12 data) and high temperature
300 — 900 K (Pearl/HiPr data, inset) ranges. The solid lines represent the LS-1S-HS model
fits. The dashed line in the inset is the expected low temperature behavior of Q at 3.7 GPa.

The obtained pressure and temperature dependences of LS-IS (E;) and LS-HS (E,) energy
splittings and populations of LS, 1S and HS states are shown in fig. 2.
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Fig. 2. Left: LS-IS (E1) and LS-HS (E,) energy splittings as functions of pressure. Right:
Populations of LS, IS and HS states at different pressures.

Both LS-IS and LS-HS energy splittings increase substantially under high pressure with a
larger dInEy/dP = 0.37 GPa™ value in comparison with dInEy/dP = 0.23 GPa™. With
increasing pressure the IS and HS states are depopulated in favour of the LS ground state. In
the low temperatures region T < 250 K, where population of HS state is negligible, the
population of the LS state progressively increases and that for the IS state decreases.
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Pyridinium salts belong to the group of molecular-ionic crystals with hydrogen bonds, which
exhibit a reach variety of interesting phenomena such as structural phase transitions,
ferroelectricity and dynamical orientational disorder of the pyridine cations [1-4]. Two latter
compounds are of special interest because their Curie temperatures are above room temperature.
The para-ferroelectric transition is accompanied by the structural phase transformation, resulting
in the change of the disorder degree of pyridinium and perrhenate ions [5].

In the recent study of the P-T phase diagram of deuterated pyridinium perrhenate
(dsPyH)ReO4 (CsDsNHReO,) at high pressure up to 3.5 GPa and temperature by means of
powder X-ray diffraction and neutron diffraction tree phases were observed [6]. At ambient
conditions deuterated pyridinium perrhenate has orthorhombic structure of the Cmc2; symmetry
(ferroelectric phase II). At T < 250 K a phase transition to the orthorhombic phase of the Pbca
symmetry (paraelectric phase III) was observed. At P > 0.7 GPa the phase transition to
orthorhombic phase with the Cmcm symmetry (paraelectric phase I) was observed at ambient
temperature. At P = 2 GPa the phase I is stable in the temperature range 10-293 K, indicating a
suppression of the ferroelectricity in (dsPyH)ReO,4 by application of high pressure [6]. In order
more complete investigate of structure changes of the deuterated pyridinium perrhenate
(dsPyH)ReOy at extended pressure range, we have performed X-ray diffraction measurements up
to 15 GPa with a deuterated pyridinium perrhenate (dsPyH)ReO4 (CsDsNHReO,).

X-ray powder diffraction measurements were made at high pressures up to 9.4 GPa and
ambient temperature by means high pressure diffractometer at Bayerisches Geoinstitute
(Bayreuth, Germany) [7]. The some parts of X-ray diffraction experiments at high pressures up
to 15 GPa and ambient temperature with a diamond anvil cell were carried out using the powder
diffractometer at experimental station “Mediana” [8] (KCSRNT, RRC “Kurchatov Institute”,
Moscow, Russia).

At ambient conditions the orthorhombic phase II with space group Cmc2; was evidenced. At
pressures appearance of the orthorhombic phase I with space group Cmem and this result is good
compared with Ref. [6] data. At pressure P>5 GPa the significantly changes in diffraction
patterns were observed. This changes were correspond to the appearance new high pressure
phase of the (dsPyH)ReOs4. The peak indexing of diffraction patterns were carried out and
parameters of new phase were obtained. The new phase is monoclinic with space group P2, and
its parameters are: a=7.693(5) A, b=13.265(7) A, c=11.915(5) A and 3=94.9(5)".
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Figure 1. The pressure dependence of lattice parameters of the pyridinium perrhenate (for high pressure
phase). The solid lines represent the linear fit of the experimental data.

The dependence of the lattice parameters of high pressure phase are shown in figure 1. The
compressibility data were fitted by the third-order Birch—Murnaghan equation of state [9]:

P=3/2Bo(x * —xP)[1+3/4B -4 -1, (1)

where x = V/Vj is the relative volume change, V) is the unit cell volume at P = 0, and By and B’
are the bulk modulus By = =V (dP/dV)r and its pressure derivative B’ = (dBo/dP)r. The
calculated values for high pressure phase are By = 21(8) GPa, B” = 4(1).

[1] Czarnecki P, Nawrocik W, Pajak Z and Wasicki J 1994 Phys. Rev. B 49 1511
[2] Czarnecki P, Nawrocik W, Pajak Z and Wasicki J 1994 J. Phys.: Condensed Matter 6
4955
[3] Wasicki J, Czarnecki P, Pajak Z, Nawrocik W and Szczepanski W 1997 J. Chem. Phys.
107 576
[4] Pajak Z, Czarnecki P, Wasicki J and Nawrocik W 1996 J. Chem. Phys. 109 6420
[5] Czarnecki P, Beskrovny A 1, Bobrovicz-Sarga L, Lewicki S and Wasicki J, 2005 J.
Phys.: Condensed Matter 17 S3131
[6] S.E. Kichanov, D.P. Kozlenko, J. Wasicki, W. Nawrocik, P. Czarnecki, B.N. Savenko,
V.P. Glazkov and C. Lathe, Journal of Molecular Structure, accepted for publication
(2007).
[7] L. Dubrovinsky, N. Dubrovinskaia, I. Kantor, F. Nestola, D. Gatta, International Journal
of High Pressure Research, 26, 137-143
[8] V.L.Aksenov, V.P.Glazkov, S.E.Kichanov, D.K.Pogoreliy, K.M. Podurets,
V.A.Somenkov, B.N. Savenko, NIMA, 575, p. 266-268 (2007).
[9] F.J.Birch, J. Geophys. Res. 91, 4949 (1986).
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Objectives

To characterize fabric-related anisotropy (lattice preferred orientation of minerals, LPO)
neutron diffraction measurements were carried out on selected biotite gneisses of the Outokumpu
deep drill hole. Measurements were done at the texture diffractometer SKAT at Dubna, Russia.
Using the orientation distribution function (ODF) as a parameter characterizing the LPO of the
constituent minerals, the seismic properties (3D velocity distribution of P- and S-waves) of bulk
samples were calculated from the corresponding properties of major minerals.

Results and discussion

Eight core samples collected from the Upper and Lower gneiss series (depth range: 578 —
1093 m and 1609 — 2238 m) were used for the measurements. The strongly foliated biotite gneisses
are mainly composed of biotite, muscovite, quartz and plagioclase with varying volume fractions.

Due to the high resolution of the SKAT neutron texture diffractometer at Dubna, Russia, a
sufficient number of pole figures could be extracted from the diffraction spectra. In order to
describe the complete mineral texture, we calculated the ODF and pole figures of the significant
crystallographic planes.
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As an example, the calculated pole figures of the sample OKU1844.90 (number indicates
the depth of sample recovery in meters) are shown in Figure 1. Pole figures of biotite, quartz and
plagioclase are recalculated based on the ODF’s of the corresponding mineral textures. The biotite
(001) pole figure is unimodal, the degree of preferred orientation is large; the intensity maximum
parallels the foliation normal. The poles to the (100)+(010)-planes are concentrated on a great circle



within the foliation plane. A similar type of biotite preferred orientation is observed in all
investigated samples. The textures of quartz and plagioclase are also well-pronounced, but are much
weaker than those of biotite and muscovite. In general, the gneiss samples exhibit roughly the same
quartz texture (LPO), whereas the LPQO’s of plagioclase are different. It is worthy to note, that the
pole figures of the phyllosilicates are in general symmetrically disposed to foliation and lineation.
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Figure 2 presents the LPO-based calculation of Vp and Vs velocity surfaces of biotite,
quartz and plagioclase (100 vol.-%) and the resulting bulk Vp and Vs1 — Vs2 (shear wave splitting)
for sample OKU 1844.90, according to the volume fractions of the constituent minerals. It is clear
from Fig. 1 that the seismic anisotropy of the biotite gneiss (Fig.2) is dominated by the biotite
preferred orientation. The directions of minimum and maximum Vp as well as the directions of
minimum and maximum shear wave splitting (Vs1-Vs2) of the bulk rock correspond to the slow
(001) and fast (100) + (010) directions of the biotite single crystal.

Conclusions

3D velocity calculations based on neutron diffraction texture measurements provide an
important means to interpret the nature of the intrinsic (matrix) anisotropy and to assess the
contribution of the LPO-related anisotropy to the bulk anisotropy measured on the cores sampled by
the Outokumpu deep drill hole. The calculated bulk velocity anisotropy (average value of AVp ~
10%) is generally smaller than the experimentally determined anisotropy (up to about 20 %).
Obviously, shape preferred orientation (SPO) of the major minerals as well as oriented microcracks
and grain boundary effects contribute to the bulk elastic properties of the Outokumpu core samples,
in addition to the crystallographic orientation fabric.
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New tendencies in biomedical applications [1] of magnetic nanofluids—fine dispersions of
magnetic materials in liquids—stimulate a search for effective and biocompatible surfactants used to
stabilize these systems. In this paper the possibility to use short chain length mono-carboxylic acids
(lauric, Ci2H240,, and myristic, Ci4H230,, saturated acids) for stabilizing magnetic fluids with
organic carriers is reported. Such short chain length surfactants were experimented especially for
water based magnetic fluids [2]. As a first step, these surfactants were probed to coat magnetite
nanoparticles in non-polar organic liquids by the procedure described in [3, 4]. It is well known that
the most effective stabilizing agent in such type of magnetic fluids is oleic acid, CigH340;,
unsaturated carboxylic acid with a double bond kink in the middle of its tale. The kink plays a crucial
role in the organization of the surfactant on the surface of magnetic particles, which results in proper
steric repulsion [5]. This is confirmed by the fact that the saturated stearic acid of the same tail
length, C1gH340,, but without this kink, is a bad stabilizer. Nevertheless, as we show [6], shorter
saturated mono-carboxylic acids provide high colloidal stability of organic magnetic fluids in respect
both to the time factor and external magnetic field. The only significant difference compared to the
classical fluids concerns the size distribution of stabilized magnetite particles, which is analyzed
carefully including small-angle scattering of non-polarized and polarized neutrons.

The studied samples were synthesized at the Laboratory of Magnetic Fluids of the Center of
Fundamental and Advanced Technical Research (LMF CFATR), Timisoara Branch of Romanian
Academy of Sciences. Magnetite, Fe;O., obtained by co-precipitation in aqueous solution of Fe?* and
Fe** ions in the presence of NH,OH (temperature ~80°C) was dispersed in light hydrocarbon
(petroleum), using lauric (LA) or myristic (MA) acid as chemisorbed surfactant. Repeated
flocculation with acetone and redispersion in petroleum were performed to remove free surfactant
and to concentrate samples. Finally, magnetite nanoparticles with single layer surface coating were
dispersed in different organic media, particularly, cyclohexane. It can be seen during the procedure
that the preparation of magnetic fluids with short chain surfactants are characterized by a larger
amount of non-dispersed material in comparison with the case of oleic acid (OA) and requires more
cycles to achieve the same concentration. Nevertheless, in principle no difficulties to concentrate
samples up to magnetic volume fraction ¢y, = 20 % were found. The fluids show excellent stability in
time (at least two years), as well as under effect of magnetic field (up to 2.5 T). The same procedure
for stearic acid (SA) resulted in significantly less stable fluid.

Two-dimensional small-angle scattering patterns of scattering of polarized neutrons are shown in
Fig.1. Changes for different neutron polarization states under effect of saturating magnetic field are



Fig.1. 2D experimental SANS patterns (SANS-1, GKSS) for two neutron
polarizations in the case of magnetic fluids (¢n = 2.8 %) based on d-
cyclohexane and stabilized by oleic and myristic acids. Detector area is 55 x 55
cm?. Sample-detector distance is 4.5 m. Wavelength of incident neutrons is
0.81 nm. White rectangle spot in the center of images is a shadow of the beam
stop. Small side spots along the left and right edges are the shadows from the
units of the magnetic system at the instrument.

demonstrated for the OA and MA ferrofluids based on d-cyclohexane. In the absence of the field
there is no orientation of magnetic moments in the systems, so the scattering is isotropic over the ¢-
angle on the detector and both neutron polarizations result in similar pictures. Under the saturation
field 1" (q, ¢) and I'(g, ¢) are anisotropic. As one can see, the scattering differs depending on the used
surfactants. It is more evident in Fig.2 where the <Fn?(q)>r function as a result of the separation of
nuclear and magnetic scattering components is presented. The nuclear scattering curve for the OA
fluid fits well (Fig.2) the model of non-interacting polydisperse core-shell spheres with the log-
normal particle size distribution function of magnetite:

Dn(R) = (1/(272)Y2SR)exp[-In*(R/Ro)/(252)],
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Fig.2. 1D curves for the nuclear scattering
contribution <F\*(q)>s (points) obtained as a
result of treatment of 2D patterns (including those
in Fig.1). Solid lines are the best fits of the model
of non-interacting polydisperse core-shell spheres
with log-normal distribution (1) of the magnetite
core radius. Results of the fits are the following.
OA-Ry=34nm; S=0.38; (KR>=3.7nm; o=
1.4nm) h=1.38 nm; MA - Ry =2.3nm; S=0.28;
(<R> =24 nm; o= 0.7 nm), h = 1.35 nm. The
corresponding Dy(R) functions are shown in the
inset.



In caption to Fig.2 we give the resulting values of the varied parameters, which are the parameters of
the Dn(R) function (1) and the surfactant shell thickness, h. The MA fluid fits the above-mentioned
core-shell model too (Fig.2). A great difference in the Dy(R) function for the OA and MA samples
can be seen.

The fact that MA is better stabilizer than SA can be explained by weaker van der Waals attraction
between short chain length molecules. It provides higher solvation of surfactant tails and does not
allow surfactants to collapse on the magnetite surface as was concluded for SA [5]. The resulting
surfactant shell is closer by its properties to the OA case. Still, the effect is not the same in respect to
compensation of magnetic attraction between particles, and if OA is proved to be highly efficient
surfactant to stabilize nanomagnetite over the wide radius interval of 1-10 nm, MA stabilizes partially
this interval dispersing in the carrier only a fraction of smaller particles. The same can be concluded
about LA.

To summarize, we have shown that short chain length mono-carboxylic acids (lauric and myristic
acids) can be used for the synthesis of highly stable magnetic fluids in organic non-polar media. The
surfactant length is an important parameter, which determines the molecule organization on the
surface of magnetic particles. In comparison with the classical surfactant oleic acid the shorter
surfactants stabilize magnetite particles of smaller size and reduced polydispersity in organic media.
The preparation of organic magnetic fluids is often the first stage in various techniques on synthesis
of biocompatible magnetic carriers [1]. We believe that the given results determine a significant step
in the understanding of this stage and development of these techniques.

This research project has been supported by the European Commission under the 6th Framework
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Infrastructures. Contract nr: RII3-CT-2003-505925, GKSS, Germany, as well as by the
AEROSPATIAL research program of the Romanian Ministry of Education and Research, contracts
OALM nr.111/2004 and contract TRAMAG nr.173/2004.
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The organic non-polar magnetic fluids (magnetite dispersed in benzene and stabilized by single
layer of myristic or oleic acid) were studied by the SANS contrast variation at the GKSS Research
Rentre (SANS-1 set-up). The new approach of basic functions for polydisperse multicompnonet and
superparamagnetic systems [1] was applied. The approach is the development of the classical method
[2]. It employs the fact that in comparison with systems of monodisperse and non-magnetic particles
for polydisperse and magnetic particles there is a residual scattering intensity around the effective
match point, which can be reliably treated. Now, the effective match point takes the form:

P, =< pVZ >1<V}? >, 1)
and the scattering intensity can be written as

(@) = 1,(@) + A2l (@) + (49)°1. (@), (2)

Ap=p.—p;- (3)
where Ap is the modified contrast and i (q), I.(q), i.(q) are the modified basic functions.

The expressions for integral parameters of the scattering (intensity in zero angle, radius of
gyration, Porod volume) as a function of the modified contrast are also changed. For example, the
behavior of the radius of gyration as a function of the modified contrast:

<V/RZ> A B
<VE> A (Ap)

D
1 : 4
where R is the radius of gyration related to the whole particle shape and A, B, D are the parameters,
differs qualitatively from the classical expression:

R: =RZ+alAp—BI(Ap), (5)

Re = (

with parameters «, . Particularly, Eq.4 has limit —-B/D at Ap — 0. The similar qualitative difference

can be found for the Porod volume as a function of contrast.

So, the given method allows us to exclude the effect of magnetic scattering and obtain the
additional information about the particles in ferrofluids. Such parameters like A, B, D in Eg.4 can also
be used to check out particle models. The given experiment is the first step in the detailed study of
possibilities and limits of the proposed approach.

For the fluid stabilized with myristic acid, the initial sample in D-benzene (CFATR, Romania)
with the magnetite volume fraction of 6 % was diluted down to 0.8 % with different mixtures of D-
and H-benzene with variation of D-benzene in the final solution from 10 to 100 %. Measurements
were made at twelve points over this interval. The special attention was given to the vicinity of the
match point estimated as ~35 % of D-benzene. The obtained scattering curves for different contrasts
are presented in Fig.1la with the visible squared radius of gyration (as obtained from the Guinier
approximation to these curves). The effective match point is  determined
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Fig.1. Contrast variation for two organic non-polar ferrofluids Graphs to the left show
experimental curves at different content of deuterated component in the liquid carrier (indicated
in the sample names). Graphs to the right show the behavior of the visible radius of gyration as
a function of the inverse modified contrast. Lines correspond to calculations according to (4).

as 33.7 % of D-benzene, which corresponds to the scattering length density of 2.58 x 10'° cm™. The
fit of Eq. (4) to the experimental data results in squared radius of gyration R;> = 1670 + 20 A? or R,
= 40 + 3 A. Taking into account the quasi-spherical shape of particles one obtains for the
characteristic radius of the whole particle the value of (<R?V?>/<V*>)¥? = 52 A, which is consistent
with the previous results obtained for this type of magnetic fluids with the use of polarized neutrons

[3].

For the other fluid stabilized with oleic acid, the initial sample on D-benzene (CFATR,
Romania) with the magnetite volume fraction of 10 % was diluted down to 0.7 % with different
mixtures of D- and H-benzene. Measurements were made at ten points over this interval. The special
attention was given to the vicinity of the match point estimated as ~0.6 of the D-benzene relative
content. The obtained scattering curves for different contrasts are presented in Fig.1b. Some amount
of aggregation in the fluids was detected, which we connect with the age effect (about one year after
preparation). The intensity at zero angle and visible squared radius of gyration were obtained by the
Guinier approximation to these curves over g—interval 0.1-0.25 nm™, where the effect of aggregates
was small. The corresponding treatment of the dependence of the visible radius of gyration on the
inverse modified contrast is also shown in Fig. 2b. The effective match point is determined as 0.63 +
0.03 of the D-benzene relative content in the solvent, which corresponds to the scattering length



density of (3.86 + 0.15) x 10'° cm™. The fit of Eq. (4) to the experimental data results in the squared
radius of gyration R.> = 6450 + 65 A% or R, = 80.3 + 0.4 A. Taking into account the quasi-spherical
shape of particles one obtains for the characteristic radius of the whole particle the value of
(<RAV?>/<Vv?>)M2 = 103.3 + 0.5 A. It is twice larger compared to 52 A in the previous experiment,
which is in agreement with the results on the scattering of polarized neutrons [3]. Obtained
parameters of (4) are to be compared with the values calculated by the polydispersity function from
direct modeling of the curves.

The work is done in the frame of the project RFBR-Helmholtz (HRJRG-016).
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The interaction of non-saturated (oleic acid) and saturated (stearic and myristic acids) mono-
carboxylic acids in solutions of a non-polar organic solvent (deuterated benzene) is derived from the
concentration dependence of the small-angle neutron scattering data. The study is related to different
stabilization properties of these acids in ferrofluids. Oleic acid, a non-saturated mono-carboxylic acid, is
a classical stabilizing agent used in the synthesis of ferrofluids for coating magnetic nanoparticles in
non-polar organic liquids. The reason for high stabilization efficiency of oleic acid is often associated
with its non-saturated bond, which results in a kink in the middle of the molecule. This conclusion
comes from the fact that the linear saturated analog of oleic acid, stearic acid, exhibits extremely low
stabilization efficiency in ferrofluids. This difference is not fully understood, and, after more than thirty
years (first ferrofluids appeared in the middle of 1960s), still the problem is referred to as a “puzzle of
stearic acid” [1]. The work was also initiated by recent discovery [2] of the fact that saturated mono-
carboxylic acids with shorter chain length than stearic acid, namely myristic acid and lauric acid, reveal
better possibility for stabilizing magnetite in non-polar organic liquids as compared to stearic acid.

Pure oleic, stearic and myristic acids were dissolved in d-benzene (CgDg) with ultrasonication.
Several solutions of OA, MA and SA in d-benzene were obtained with the volume fraction of the
surfactant within intervals of 5-35%, 3-25% and 2-7%, respectively.

SANS experiments were performed on the YuMO small-angle time-of-flight diffractometer at
the IBR-2 pulsed reactor, JINR, Dubna and the Yellow Submarine small-angle instrument at the steady-
state reactor of the Budapest Neutron Centre, Hungary.

As shown previously [3], for small molecules (characteristic radius ~ 1 nm) the concentration
dependence of the forward scattering intensity can be approximated by a function:

%~C(1+ B®), 1)

where C is a constant and B is the dimensionless analog of the second virial coefficient [4]. The sign of
this coefficient corresponds to the repulsive (B < 0) or attractive (B > 0) type of interaction in the
solution.

The Guinier plots of the experimental SANS curves for OA and MA at different volume
fractions of the solute are presented in Fig.1. The data are well approximated by the Guinier formula. In
both OA and MA systems the concentration dependences of the forward scattering intensity and the
apparent radius of gyration (Fig.2) reveal negative slopes corresponding to the effective repulsion
between the acid molecules.

Scattering curves for SA solutions (Fig. 3) reflect behavior drastically different compared to the
OA and MA solutions. In the concentration range of @ = 0.02-0.05, in contrast to the previous cases, the
Guinier approximations for the SA solutions (Fig. 3a) reveal an increase both in normalized forward
scattering intensity and in the apparent radius of gyration with the growth of the acid concentration
(Fig.4). The positive sign of B shows effective attraction between the SA molecules in the solution.
Above @ = 0.05 this attraction results in aggregation of the acid molecules. At @ = 0.07 the SANS
signal from these aggregates is rather distinguished, allowing us to estimate their size roughly as 10 nm
from the additional Guinier-type term.

1
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Figure 1. Guinier plots of experimental SANS curves from solutions of oleic (a) and myristic acids
(b) in d-benzene referred to one volume fraction of solute. Arrow indicates the concentration
growth. Inset shows the scattering intensity referred to one volume fraction of solute in the double
logarithmic scale. Solid lines in both graphs correspond to Guinier approximations.
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Figure 2. Forward scattering intensity referred to one volume fraction of solute (a) and squared
radius of gyration (b) vs. acid volume fraction for solutions of oleic and myristic acids in d-benzene.
Solid lines show linear fits.

The experimental molecular volumes of the acids molecules in solution were found from the
constant C in (1) and are about 20 % larger than excluded volumes estimated by Tanford’s formula [5],

which was connected with fact that neutrons interact with nuclei and not with electrons.

Thus, OA and MA molecules show quite close behavior in benzene in terms of the second virial
coefficient. Its value B ~ -2 is significantly larger than that for cases of rigid cylinders and hard-
spheres, which means that besides the major excluded volume repulsion, an attractive component
contributes significantly in the pair interaction potential. This component becomes strong enough in the
SA solution to be the major contribution, which provides the effective attraction between the acid

molecules.
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Figure 3. Experimental SANS curves from solutions of stearic acid in d-benzene with various volume
fractions of the acid: @-interval of 0.02-0.05 (a) and @ > 0.05 (b).
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The possible origin of the discussed interaction component is solute-solvent interaction. The rate
of solvation is concluded from the ratio Vexp / Vexa, Which is the approximately the same for all
molecules, and, hence, cannot explain the difference in the attraction of the acid molecules.

Thus, taking into account the colloidal size of the acid molecules (> 1 nm) one can assume that
the observed attraction is a result of the van der Waals interaction. It increases with the effective
molecular size, which explains why the behavior of OA and MA are close and differs from that of SA.

The van der Waals attraction observed in SANS experiments explains the shift of the transition
into the liquid crystalline phase towards smaller acid concentrations.

The formation of the nematic phase in bulk solutions of mono-carboxylic acids can be important
factor affecting the stabilization procedure of ferrofluids. This fact should be considered further in
details with respect to poor stabilizing properties of SA in ferrofluids.

The work is partially done in the frame of the project RFBR-Helmholtz (HRJRG-016).
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Molecular dynamic simulations (MDS) of limiting solutions of non-saturating mono-
carboxylic acids - oleic (OA), stearic (SA), myristic (MA) acids - in benzene were carried out with
the DL POLY package [1]. The aim of this study was to conclude about the possible difference in
the organization of benzene around the acid molecules in solutions. Since the size of the solvent
molecule is comparable with that of the solute, such organization can result in a specific solute-
solvent interaction, a significant contribution in the interaction potential for the acid molecules in
solutions.

Solutions of fatty (mono-carboxylic) acids are of current interest from the viewpoint of
stabilization of magnetic fluids. Non-saturated oleic acid C;s.; is a classical surfactant used in
synthesis of magnetic fluids for coating magnetic nanoparticles. Saturated stearic acid C,g.o does not
belong to good stabilizers, while stabilizing properties of shorter myristic acid C4.9 are significantly
better [2]. Recently, a great difference in the behaviour of these acids in benzene was revealed my
means of small-angle neutron scattering (SANS) [3].

Molecular interaction in solution was modeled with the Lennard-Jones potential with cutoff
radius 10 A. Parameters of interaction between non-identical atoms were found according to the
combination rule Gjj = (o; + 0j)/2 u g = (Sigj)]/z, where oj, oj and ¢;, €; are parameters of the
Lennard-Jones potential for atoms of i-s and j-s sorts taken from [4] for benzene and from [5] for
acids.

Molecules of benzene and acids were of rigid atomic units. The initial configuration of
benzene atoms was taken from the crystalline structure of benzene at 270 K [6]. One molecule of a
fatty acid was put in the center of benzene cell of 1536 molecules with sizes 8a, 6b, 8c (Fig. 1). For
imitation of infinite number of benzene molecules (limiting solution) orthorhombic periodical
boundary conditions were used. After 20 ps of equilibration atoms coordinates were recorded every
0.1 ps in 150 ps trajectory of MDS at the constant both temperature (300 K) and cell volume.

Obtained radial distribution functions (RDFs) for pure benzene are shown in Fig.2. They
agree well with the functions found experimentally and modeled by other research groups [7].
RDFs for benzene in solutions are close to those for pure benzene, i.e. acid molecules do not disturb
much the structure of benzene. The comparison of the benzene organization at the

Fig.1. Snapshot of the equilibrium configuration for
limiting benzene solution of oleic acid
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Fig.2. Partial RDFs for pure benzene. (1) C-C; (2) C-
H; (3) H-H.

interface with acid molecules can be judged from the partial solute-solvent RDFs, which are given
in Fig.3. Since no significant difference is seen for the three acids, there is strong evidence that the
difference in the interaction of these molecules in solutions does not connect with solute-solvent
interaction. The last is approximately the same for these molecules.
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Fig.3. Partial RDFs for atoms of the solute acid (1 — OA, 2 — SA, 3 - MA) and benzene. (a) C benzene — C
acid; (b) C benzene — H acid; (c) H benzene — C acid; (d) H benzene — H benzene.



In [8] it was shown that the limiting partial volume of the solute molecules, V *, can be

found from the expression:

o J,a-gmyar
V o

= ; —
I—V—J.mdg(r)dr

where ¢(r) is any solute-solvent partial RDF, cutoff boundary |F| = A around the solute beyond

which the solvent properties would equal to their asymptotic limit, V is the volume of the modeled
cell.

Results of calculations are given in Table 1. They are compared with the data of SANS [3].
As one can see, MDS give smaller values than SANS. We connect this difference with the fact that

neutrons interact with nuclei, while V * in our calculations is determined by the van der Waals radii

of atoms. The difference of about 0.1 nm in the effective radius of the molecule cross-section is
enough to explain why the volume is larger in neutron scattering experiments. The data of MDS are

very close to V'™ for oleic acid obtained from the vibration densitometry, V= =514 + 2 A [9].

Table 1. Limiting partial molar volume V * (A?) of fatty acids in benzene

Fatty acid MDS SANS
Oleic acid 522+ 6 669 + 50
Stearic acid 375+ 5 644 + 80
Myristic acid 311 +6 522+ 50
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Small-angle neutron scattering (SANS), UV-Vis spectroscopy and mass-spectroscopy
experiments were performed on the solutions of Cgp in N-methyl-2-pyrrolidone (NMP) and on the
binary mixture NMP/water to improve the understanding of the cluster organization of Cgp in
nitrogen-containing solvents [1-3]. NMP is a comparatively good solvent for Ce (solubility is 1240
UM [4]) and is miscible with water. It can be used for fullerene transfer into aqueous media, which is
important for employing biological activity of fullerenes in medical applications [5, 6].

Fullerene (Fullerenovye Tekhnologii, purity > 99.5%) was dissolved in NMP (Merck, purity >
99.5%) to obtain the Cg/NMP system. Then the solution was stirred for four days at room
temperature. The solution was stored for one month after preparation in a dark place at room
temperature. The solution concentration ¢ = 1 pM was determined from the absorbance value at a
wavelength of 342 nm, which was measured at Hitachi U-2000 spectrophotometer. Ternary solutions
Cs0/NMP/H,0 were obtained by addition of distilled water (Millipore) to the Cso/NMP solution.

Absorption spectra were obtained using Shimadzu UV-2401PC and Hitachi U-2000 UV/Vis
spectrophotometers. SANS experiments were performed at the small-angle diffractometers at the
research reactors of the Budapest Neutron Center (Hungary) and the Joint Institute for Nuclear
Research (Dubna, Russia) according to standard procedures. The observable SANS signal was
registered in the g-interval of 0.1-1 nm™. Mass spectrometry measurements were conducted using the
Bruker Daltonics Autoflex II instrument at the Institute of surface chemistry, Kyiv, Ukraine.

Comparison of the SANS signals from systems Cgo/NMP and Cso/NMP/H,0O are presented in
Fig.1. One can see that the scattering from pure NMP solution is at the background level, while the
addition of water results in its significant arise and reflects an effect of clusters within the size-
interval of 10-100 nm corresponding to the covered g-range. The observed effect has a critical
character in respect to the water relative content and takes place when later approaches 40 %, which
is seen (Fig.2) in the behavior of the mean scattering intensity referred to one concentration. The rate
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Fig.1. SANS signals from systems Cg/NMP and Fig.2. Mean scattering intensity of the SANS signal
Cso/NMP/H,0 with water content of 50 vol. %. The (over g-interval 0.14-044 nm™) from system

concentration of Cg in both solutions is 500 pM. Cso/NMP/H,O0 as a function of relative water content.



of the intensity change depends on the age of the initial Cso/NMP solutions, and it is less for older
solutions.

The appearance of the SANS signal makes it possible to apply the contrast variation procedure
for estimating the inner structure of the clusters. To find out the match point of the mean cluster
density we used the dependence of the mean scattering intensity on the D,O content (Fig.3). The
precision of the determined match point is poor, 0.8+£0.3, however, its mean value corresponds well to
the scattering length density p ~ 5.6 x 10'° cm™ of packed fullerene structures (crystals or highly
packed amorphous clusters).
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Fig.3. Contrast variation in the system
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Ternary solutions Cso/NMP/H,0, which were obtained by addition of water to a fresh (type I)
and old, age more than 1 month, (type II) C¢o/NMP solutions was investigated by SANS (Fig. 4). For
estimation of the clusters size in these systems, the scattering curves were processed using indirect
Fourier transformation. The distribution functions of the pair distances p(r) for Ces/NMP/H,O
solutions are shown in Fig. 5.

A change of UV-Vis spectrum with time (temporal solvatochromic effect) within one month
after preparation of the C¢o/NMP system and sharp solvatochromic effect after water addition to the
fresh Cso/NMP system was observed (Fig. 6). Addition of water to a two-component system with a
smooth spectrum does not show change in the spectral curve.
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Fig.4. SANS curves from the system C,/NMP/H,O. Fig.5. The distribution functions of pair distances as a
The volume content of water in both solutions is 50% result of treatment of the SANS curves by the indirect
and the fullerene concentration is 500 uM. Solid lines Fourier transformation.

are the model curves obtained by the indirect Fourier

transformation.
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Mass-spectrum of fresh Cgo/NMP solution is shown on Fig. 7. The fullerene clusters with
number of monomers from 2 to 4 are present in the fresh solution. The ternary system Cgo/NMP/H,0
has only clusters with 2 numbers of monomers (Fig. 8). Peaks, corresponding to the fullerene clusters
as well as monomers were not observed in the case of old (age more than 1 month) solution
Ceo/NMP. This fact indicates that fullerenes form large scale clusters with strong bonds between
molecules. However, the addition of water in this system leads to appearing of a monomer peak (Fig.
9). Therefore, the decomposition of clusters in solutions occurs as a result of the monomer
detachment.
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Dendrimers, tree-shaped acyclic macromolecules with a regular structure, form a new
class of polymers [1, 2]. They were synthesized in the mid-1980s and studied by many methods
[3—6]. However, some problems of dendrimer structure remain open: in particular, questions of
internal hollows existence and penetration of solvent into the inner dendrimer volume [7].
Solution of these problems is important for practical using of dendrimer macromolecules as the
functional carriers of universal purpose. The paper develops the previous investigations [8-13] to
resolve that problem.

We experimentally investigate the structure of polycarbosilane dendrimers of the gth
generation G9Bu with 4-functional core and butyl end groups [1]. Synthesis of such kind of
dendrimers is well controlled, and presence of the non-functional end groups provides long-term
stability of the chemical structure, which is essential for investigating properties with various
physical methods and long-term storing.

SANS experiments were performed with the two-detector system [14,15] at the YuMO
instrument.

The dendrimers for the measurement were solved in mixture of benzene CsH¢ and
deuterated benzene Cg¢Dg with the following volume ratio C¢Hg/CeDg: 0/1, 0.75/0.25, 0.5/0.5,
0.25/0.75, 1/0. Concentration of the dendrimers in solvent was 20 mg/cm’. The solutions were
placed into standard cells (Hellma) with thickness of 1 mm in the direction of neutron beam. The
samples were kept at 20+0.03 °C in a special thermal box connected to a Lauda computer —
controlled thermostat. The range of transferred momentum was 0.007 — 0.35 A. The
experimental data were treated with the SAS package [16], which makes it possible to sum the
data for the same sample; calculate the instrumental resolution function for given experimental
conditions; correct the data for the dead times of neutron detectors; and subtract the substrate
background from the detector data, normalize the obtained spectrum to the spectrum of standard
vanadium scatterer, and subtract the background sample data [17].

SANS data for dendrimers in mixtures of C¢Hg/CsDg is shown in Fig 1. The behavior of
curves does not change with contrast which is indirect evidence of homogeneity of scattering

density inside the studied dendrimer.



The presents of two maximums on the scattering curve proves the assumption about

monodispersion of dendrimers (Fig.2).
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Guiener approximation for experimental curves (Fig.1) is shown on Fig.3. Mean radius of

gyration R . is equal to 39.6(+0.12)A .
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Fig. 1. gyration on the reverse contrast.

The value R ; does not depend on the contrast within experimental errors (Fig.4). This

implies homogeneous distribution of scattering density inside the dendrimers.
In Fig. 5, the intensity in zero angle is shown as function of scattering length density. The fitting
parabola attains the abscissa axis. This means [8-12] that dendrimers are monodispersive with

respect to the scattering length density.



data can be consided as an evidence that first,
the distribution of the scattering length density
is homogeneous insides the dendrimers, and

10
inner structure. /

second, the dendrimers are identical in their

Concluding, the present experimentsal
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Fig. 5. Intensity in zero angle versus the

scattering length density of the solvent.
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Measurements with New Type of Position Sensitive Detector in

Backscattering and Small-angle Scattering Arrangements

A.I.Kuklinl, S.A.Kutuzovl, A.Gabrielz, G.Eckold3, P.K.Utrobin1’4, A.A.Smimovl, A.Ivankov 1’5,

AXh.Islamov', Yu.S.Kovalev' , A.Feoktistov'>, A.V.Rogachevl’6, A.S Kirilov', V.I.Gordeliyl’4’7.
'FLNP, JINR Dubna, Russia;’EMBL, Grenoble, France;’Institute of Physics Chemistry Univ. Goettingen, Germany;
* Centre for Biophysics and Physical Chemistry of Supramolecular Structures, Moscow Institute

for Physics and Technology, Dolgoprudny, Russia;
SPhysical Faculty, Kyiv Taras Shevchenko National University, Kyiv, Ukraine;

®Skobeltsyn Institute of Nuclear Physics of Moscow State University, Moscow, Russia;
IBI-2, Forshungszentrum Juelich , Germany.

Two detector system (TDS) is the key element of a modernized YuMO spectrometer [1,2].
New setup of the instrument allows collecting SANS data in a wide interval of scattering vectors
simultaneously. The momentum transfer dynamic range of the instrument has increased
considerably to more than 90 and data acquisition time was reduced about two times. TDS has
shown efficiency on ring wire detector basis. For the studies of anisotropic samples by SANS
spectrometer it is necessary to use PSD with a central hole. The idea of this detector was created by
the SAS group of FLNPh and the detector was developed in a tight cooperation with A. Gabriel and
G. Eckold. First results with neutron were obtained at low pressure (1.1 atm) at the beam-line G5-6
in LLB [3]. In this paper we report about the results obtained in two experimental arrangements:
diffraction (back scattering mode), as well as small-angle scattering using standard experimental
setup.

In Fig.1. the main view of PSD detector is presented with the following parameters: external
size diameter - 1070 mm, weigth is about 200 kg; size of the sensitive part of the detector is
580x580 mm?; detector comprises 230 wires with the 2.5 mm gap; diameter of the central hole - 70
mm; type of the position encoding - delay-line readout .

Fig.1. Main view of the PSD with Vn-standard device and the special support for 3-D
adjustments to neutron beam inserted in the detectors tube.



Fig.2. shows the setup of PSD for experiment in backscattering geometry. The results,
obtained from Bi crystal can be observed in Fig.3. Resolution of the detector is better than 3 mm.

Data acquisition system processes 1.7 Mevents/sec.

Sum = 21930
Wl 77949 I 160

| Time-of-Flight
(| spectrum

Fig.3. Raw data from PSD of Bi
crystall.
Finally the detector was placed into the detector vacuum tube of the YuMO spectrometer

(Fig.1) and the experimental tests were performed in the operational configuration of the instrument.
Test of the PSD as TDS in working position in vacuum tube was made. Problems with vacuum and
high voltage at the detector were resolved. The vanadium standard device was installed in front of
the detector (Fig.1). Software for data acquisition and data treatment was prepared. The detector has
a special support for 3 dimensional adjustments to neutron beam (Fig 1). Raw data of steel in space
coordinate, time-of-flight and 1-dimensional spectrum and section through the middle part of space
coordinate are presented in Fig.4.

Fig.2. Setup of PSD for backscattering geometry.

Fig.4. Raw data in space coordinate (left), time-of-flight (middle) and 1-dimensional spectrum
(right top) and section through the middle part of space coordinate (right down).

In standard geometry, PSD was used during several cycles like second detector in TDS
setup. The data from apoferritin, ferritin and silver behenate in g-space scale are presented in Fig.5.



The g-range of PSD is wide as the NEW circle detector in the same position.
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Fig.5. Scattering curves from ferritin(triangle), apoferritin (square)and silver
behenate(circle), obtained by PSD

It has been shown that the PSD with a central hole can be used for diffraction experiments in
the backscattering geometry as well as small angle neutron scattering arrangement. The
experimental scattering curves collected with the PSD and a standard YuMO circle detector are in
agreement within experimental errors.
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INVESTIGATION OF INTERMEMBRANE INTERACTION IN PRESENCE OF
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Dimethyl sulfoxide (DMSO) is a solvent that has found wide application in cell biology,
cryobiology, pharmacology, medicine, and agriculture. The influence of DMSO on the structures of
lipid membranes was investigated early. However, a number of important properties exhibited by these
systems are still not clearly understood. For example, there is no direct information regarding the
influence of DMSO on the membrane thickness and the intermembrane distance (intermembrane
interaction) in an excess of a water/DMSO solvent. It would be extremely important to obtain direct
information on the interaction of DMSO with the membrane surface. In order to solve the above
problems, we investigated the DMPC/DMSO/water ternary system.

The present work is devoted to analysis of dimethylsulfoxide (DMSO) influence on the
structure of dimyristoylphosphocholine (DMPC) lipid membrane in wide-range DMSO mole fractions

0.0<Xpus0<1.0 at T=12.5°C and T=55°C. The DMSO concentration influence on the repeat distance
d of the multilayer membranes and intermembrane spacing dj, of the vesicles in gel L, and liquid L,

phases was studied by Small-Angle Neutron Scattering (SANS). The intermembrane distance d; was
obtained using d and d, values. It was shown that the intermembrane distance sharp decrease with
increasing Xpuso (Fig.1). At Xpuso = 0.4 the neighboring membranes are in steric contact with each
other. This results in the fusion of single membranes into multilamellar structures (Fig.2).

At first, we calculated a number of the DMSO molecules strong connective with membrane
using DMSO-D6 and contrast variation method at Xpyso = 0.2 (Fig.3). The number of these DMSO
molecules is equal to 3.65, and their total volume amounts to 430 A°. This value is comparable to the
volume of the polar head of the lipid molecule and accounts for the previously observed phase
transition of the lipid membrane to the interdegitated phase.
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Fig.1. Dependence of the solvent layer thickness Fig.2. Kratky-Porod plot for membranes
ds on the DMSO molar concentration for the prepared through extrusion of the DMPC-
DMPC-D54 (2%, wt/wt) multilamellar D54 2% wt/wt multilamellar membranes
membranes in the water/DMSO solvent in the L, in the water/DMSO solvent in the liquid-

(T = 125°C) gel and L, (T = 55°C) liquid- crystalline L, (T=55°C) phase at the

crystalline phases. DMSO molar concentration Xpyso = 0.43.
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Coexistence of superconductivity and ferromagnetism in nanostructure
Nb(500 A)/Fe(39 A)/[Si(34 A)/Mo(34A)]40/Si.
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Study of influence of superconductivity (S) on ferromagnetism (FM) in layered
nanostructures is an actual problem, both for fundamental science, and for practical applications.
Theoretically predicted, that due to proximity effects between S and FM layers various scenarios of
influence of superconductivity on ferromagnetism are possible: formation of domain structure (so-
called cryptoferromagnetic state [1]), effect of magnetization "leakage" from FM to S layer [2,
3], change of direct and indirect exchange coupling of FM layers, etc. Practical importance
studying of such systems is connected with perspective of creation of information record devices
on two channels - electric resistance and intensity of a magnetic field. It is necessary to note, that
number of experimental works in which influence of superconductivity on magnetism was observed
is very small. For experimental study ferromagnetic resonance [4,5], synchrotron resonant
reflectometry [6,7] , low energy muon spectroscopy [8] and polarized neutron reflectometry (PNR)
[9,10,11,12] are used.

In this work study of structure Nb(500 A)/°"Fe(39 A)/[Si(34 A)/Mo(34A)]4/Si was done.
The sample has been prepared in the Institute for physics of microstructures (Nizhniy Novgorod)
[13].Test of the superconductivity for the prepared sample was done by a contactless method as a
third-harmonic nonlinear response of superconducting substance to the excitation by microwave
frequencies in helium cryostat (Nizhniy Novgorod). The temperature of superconducting transition
of niobium according to these measurements makes Tc.ny, = 9.2K. The periodic Si/Mo structure (PS)
is also a superconductor with critical temperature Tcsimo = 4.5K. Presence of the second
superconductor in layered structure allows us to compare behavior of systems N/F/N; at T > Tc w,
Si/F/N at Tcesimo < T < Teny and S1/F/ Sy at T < Te.simo-

Structural properties of system were investigated at the station for high-precision X-ray
optics at the Kurchatov center for synchrotron radiation and nanotechnology [14]. Measurements
specified high quality of structure - four Bragg peaks from periodic Si/Mo system and well resolved
Kiessig oscillations were observed.

Neutron measurements have been lead on time-of-flight spectrometer of polarized neutrons

REMUR of reactor IBR-2 in Dubna.



For change of polarization of incoming beam one spin-flipper was used : at switched off (on) spin-

flipper intensity of the scattered neutrons with polarization «+» («-») was measured (sign specifies

a projection of a neutron to external magnetic field). Measurements were done at fixed grazing

angle 0, = 9.9 mrad with divergence A0

0.4 mrad in a range of scattering angles

0, = 5.3-28.4 mrad and in the range of neutron wavelengths A = 1-11 A with resolution AL = 0.019

A. Altogether it was done three measurements at temperatures 2, 5 u 15K in magnetic field H = 0.5

KGs applied parallel to surface.
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Fig.1. Experimental (dots) and model (solid
lines) spin asymmetries at different
temperatures.

Spin asymmetry S = (R* - R)/ (R" + R)) at
given temperatures is shown on fig. 1. At
T = 15K curve is characterized by presence of
10% deep at Q = 0.03 - 0.1 A™. At downturn
of temperature up to T = 5K there is a
reduction of the deep up to 7 %. At the further
downturn of temperature up to 2K spin
asymmetry changes much. The deep in the
specified range disappears and S (Q) oscillates
about zero with the period dQ ~ 0.02 A™. Such
a period coincide to size 21t/dQ ~ 300 A in real
space. The analysis of data of neutron
experiment was done within the frame of
supermatrix formalism [15]. At the first stage
the specular reflectivity R (Q) was fitted at
variation of nuclear potential. Thickness of
layers, sizes of roughness were taken from fit
of x-ray data. Such co-processing has allowed
to define nuclear profile of structure more
reliably. At the second stage fit of spin
asymmetry was done at variation of magnetic
profile 4tM(z). Fit results are shown on fig. 2.
At T = 15K only FM layer is magnetic with
magnetization 1.9 £ 0.3 kGs. At downturn of
temperature up to SK there is a reduction of

average magnetization of iron up to 1.3 £ 0.2

kGs and appearance of the small diamagnetic moment in niobium -20 Gs. The small size of the

diamagnetic moment is explained by the fact that thickness of the film is compared with penetration



depth of magnetic field in superconducting niobium. The behavior of a curve at T = 2K can be
described by introduction in the center of Nb film magnetic layer with the thickness of the order
100 A with positive magnetization 1.5 = 0.5 kGs. In other part of niobium magnetization also
positive, monotonously decreasing from the center to interfaces. Magnetization of Fe layer and
Si/Mo system make 0.1 kGs u -0.2 kGs corresponding.

Appearance of magnetic layer with positive magnetization at 2K in niobium can be
explained by Abrikosov vortices. In-plane averaged core of the vortex has the linear size of the
order 100 A, that less than coherence length in Nb &g ~ 400 A and reflects also linear density of
distribution of vortices in Nb layer. Let's note, that, despite of quite high positive magnetization in
niobium, all structure as a whole has the diamagnetic moment. The absolute size of the diamagnetic
moment in Si/Mo is 2.5 times less than intensity of external magnetic field. This allows us to
estimate penetration depth of magnetic field inside superconducting PS as Asimo ~ 800 A. Absence
of a vortex state at 5K is probably connected by that a layer of iron with nonzero magnetization
shunts a magnetic flux, reducing intensity of a magnetic field in Nb layer. Estimations give H = 150
Oe, that it is much less than H¢y =~ 360 Oe.

Thus, it is established,

that average magnetization in

FM layer falls at downturn of )
temperature below critical on ] _¥: 155;
T= 2K
30 % at 5K and 95 % at 2K. As g
e |
decrease of diffuse scattering 3 o H
. . . <
intensity  with  temperature
) 1 Nb Fe Si/Mo
decrease was detected it is ]
possible to conclude that > ' ' '
6] 500 3000 3100

reduction of absolute size of 2, A
local value of magnetization in Fig.2. Magnetic profile of the structure at different

the magnetic domain takes temperatures.

place. Calculations show, that

observable falling of diffuse scattering can be described by reduction of local magnetization till
0.97 at 5K and 0.91 at 2K (magnetization at T = 15K is taken as unit). Authors express their
gratitude for A.V.Petrenko, V.V.Proglyado, A. Kh. Islamov and A.l. Ivankov (FLNP JINR) for

their help in measurements and M.A.Andreeva (Moscow State University) for fruitful discussion.
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OFF-SPECULAR SCATTERING IN MAGNETIC NEUTRON WAVEGUIDES

S.V. Kozhevnikov®, F. Ott®, E. Kentzinger®, A. Paul®

“Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Moscow Region, Russian Federation
®Laboratoire Léon Brillouin, CEA/CNRS, UMRI12, CEA Saclay, 91191 Gif sur Yvette Cedex, France
“Institut fiir Festkorperforschung, Forschungszentrum Jiilich, D-52425 Jiilich, Germany

In order to produce submicron neutron beams [1], we are developing neutron waveguides
(NWG). The large magnetic neutron cross section allows to fabricate guides in which the optical index
can be dynamically modulated [2]. We produced NWG with the following tri-layer structure: Py(10-
20nm)/Ti(10-80nm)/Py(10-50nm)//glass. The samples are produced by RF sputtering. The top
permalloy layer acts as the coupling layer with the incident beam, the Ti layer as the guiding layer and
the bottom layer as the reflecting layer (see Fig. 1). We have characterized our systems by polarized
neutron reflectometry (specular and off-specular) on the reflectometer HADAS [3] at the FZ Jiilich in
order to probe the effect of the different imperfections (interface roughness, magnetic non-collinearity,
dispersion of the layers thickness) on the reflectivity. A polarized neutron beam (1 = 4.52 A) is sent
onto the sample with an incident glancing angle ;. A position sensitive detector is set after the sample
and the scattered intensity is recorded as a function of a «.

The neutron wave function (WF) density for ‘“+’’ spin state is shown in Fig. 2 as a function of
the sample depth z and the incident angle ;. In the Ti guiding layer there are three resonance states
(order m = 1, 2, 3) in the total reflection region. The zero order resonance m = 0 is absent for this
system. The WF density is enhanced, at the interfaces in the Ti layer, by a factor of 10 —30. The
magnetic reflection of the waveguide has been measured in a saturating field of 100 Oe (see Fig. 3). At
the resonance conditions, one observes marked dips in the total reflection. The reflectivities have been
fitted with the program SimulReflec [4]. The fitted structure is
PyOx(1.7nm)/Py(16.5)/Ti(79)/Py(46)//glass with an interface roughness =1 nm. The regular
dynamical reflectivity calculation cannot account for the large resonance dips (10 — 15 %). The diffuse
off-specular scattering at one resonance position only represents 1 % of the specular signal and also
cannot account for the dips. Thus to fit the data, we introduced an artificially high absorption in the Ti
guiding layer (60 times the tabulated value of 6.09 b). However, we think that the neutrons are actually
lost because they channel along the sample (over a distance up to 3 mm), exit at the edge of the sample
and are lost for the specular reflectivity [5].

In the saturating field (Fig. 3) the magnetic Py layers are collinear and no spin-flip signal is
observed (R*’ =R = 0%. The magnetization M is 0.8 uB/at. or the upper Py layer and 0.9 pB/at. for

the bottom one. Off-specular scattering in the saturated state is presented in Fig. 4 (left) in the axis
coordinates (ai, af). The diagonal a ;= ar corresponds to the specular reflectivity. Along the lines
oi=const and af =const one can observe the large off-specular scattering corresponding to the
resonance modes (m =1, 2, 3). The amplitude of off-specular reflection intensity normalized on
specular reflection decreases from 107 near specular reflection to 10™ for the larger angles. The off-
specular reflection intensity integrated in the intervals A a; = A a.¢= 1 mrad and along the off-specular
angles o; and ¢ for one resonance mode consists of about 107 of the specular reflection intensity in
the corresponding interval (A ai, A a¢).

The signal has been modelled using the program sdms [6-7] based on the DWBA
approximation [8]. It is possible to qualitatively account for the data by describing the system with
magnetically collinear homogeneous layers (see Fig. 4 right). The shape and position of the diffuse
scattering due to the guide effects (along the white lines) are easy to reproduce: it is simply necessary
to introduce an in-plane roughness correlation length & of the order of 100 um. It is thus possible to
reproduce the spots of enhanced intensity corresponding to the intersections of 2 resonant modes.
However, the roughness parameter ¢ cannot be evaluated. The modelling does not account for the



absolute value of the diffuse scattering and thus the absolute intensities cannot be adjusted to obtain a
value for o.

In conclusion, with these measurements, we have shown: (i) neutron resonance states in
magnetic neutron waveguides lead to enhanced off-specular scattering up to 1 %; (ii) the amplitude of
resonances on the reflectivity (10 %) mainly depends on wave guiding effect in Ti guiding layer and
only a negligible part is connected to off-specular reflection; (iii) off-specular scattering can be
observed without any micro-magnetic structure.

More detailed results of this investigation are published in [9].

This research project has been supported by the European Commission under the 6th
Framework Programme through the Key Action: Strengthening the European Research Area, Research
Infrastructures. Contract n°: RII13-CT-2003-505925.
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Fig. 2. Wave function density “+” inside the waveguide
structure vs the incidence angle «; and the sample depth z
(calculated using SimulReflec [4]). The Ti guiding layer is
80 nm thick.
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Neutron Spin Turners with a Rotating Magnetic Field: First Experiments
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In the neutron resonance flipper [1] the neutron spin (seen in the rotating frame) rotates around the
angle of z around the resonance magnetic field created by the superposition of two perpendicular
magnetic fields: a constant field along the z-axis and a rotating in the x-y plane. However, it is
possible to achieve the same effect using a magnetic field rotating in the y-z plane of a thin spin
turner. If the neutron procession (Larmor) frequency w,=y B defined by the magnetic field strength
B (y is the gyromagnetic ratio for the neutron) is much higher than the frequency @ of the field
rotation and the spin turner is thin enough, so that the vector B is not rotated significantly during the
neutron propagation across the spin turner, then, after the z-procession of the neutron spin around
vector B, it will again arrive in the y-z-plane, i.e. effectively rotating with the frequency 2 around
an instant position of the magnetic field vector. Using such spin turners, it is possible to build a new
type of the spin-echo spectrometer [2].

As the working material for the spin turner we chose the thin foil of the metallic glassy alloy
Fe7gB13Sig of thickness 25 um (fabricated by the Goodfellow) that features a high frequency

susceptibility (300-500 kHz) and an extreme
magnetic softness, so that the external
magnetic field smaller than 50 mG is required
to control the film magnetization.

We put the foil into the field
composition generated by the y-coil inside the
z-coil, with fields B,=A4,cos(ewt) and B. =
Asin(ot) (see Fig. 1). When added, they
produce the field rotating in the y-z plane at

Fig 1. The coil configuration containing the foil. ~ the circular frequency . Currents in these
coils are generated by two KEPCO amplifiers,
controlled by the software of the spectrometer

PANDA (TU Delft) [3]. The phase of KEPCO-y is delayed by 90° with respect to KEPCO-z. Data
are collected in “dynamic mode” in N.j,,, = 100 channels per revolution, coupled to the rotation of

the field. When energising y- and z-coils simultaneously, the currents are carefully adjusted to be
equal and shifted by z/2 by an oscilloscope.

The response of a monochromatic (4=0.2 nm) polarised neutron beam is measured by 3D
polarisation analysis [3]. While the neutron beam propagates across the coil system, the polarisation

subjected to the rotation R(2)(s) around z by the field of the outer coil before and after the inner coil,
where ¢ = c¢AB,((l, - 1)/2) with B,=B,M4Xcos(et). We transform the argument ¢ into the time
channel n by means of wt = 2z(n/N). (N - the total number of time channels). To account for the




delay 7= lzi) dey/v between the foil and the detector, r is diminished by . Hence, the rotation &

in the z-field before and after the inner coil is given by

&= (0/1|B|

I,-1,

! cos(Z;riT— j=6'cos(2ﬂ£T— j
N 77 N 7

1)

When entering the inner coil (y), the polarisation vector is subjected to the rotating magnetic field
denoted B . We describe the rotation in this field in the coordinate system, where the vector B
remains pointing along the z direction by the (3x3) matrix R(2)(®) , and
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where the angle 6 = between the
positive z-axis and the rotating field, in
analogy with the phase of B, is written:

(4)

Here we neglect the field component
along the rotation axis x B.=w/y. Hence,
the complete transformation undergone by
the polarisation vector reads:

R(g ®.n, )=R@ ()R (0(n, p))RE (@) x
xR(X) (-6, 9))R(Z) (), (5)
where g @ and G, ¢) are given by egs.
(1), (2) and (3). They contain &, @ and ¢
as parameters. Eq.(1) for the lengths ly
and /, given above, combined with |B|=16
G gives £=0.9. Eq.(2) in the case of
empty coil gives @=1.7, when the foil is
mounted @=3.45. Above we found for 1

kHz: ¢=5.6 rad.

n
0=2r—T -
N @

Fig 2. Elements of the depolarisation
matrix with rotating magnetic fields,
measured  (circles) and  calculated
according to Eq.(5) (lines) as the function
of the time channel in one cycle of the
field: (a) empty coil system, 1 kHz, (b)
with the foil 1 kHz, (c) idem, 16.6 kHz. It is
seen at 16.6 kHz that the measured matrix
elements “lag behind” the calculated
elements by about 7 channels.

Figure 2(a) contains  the
depolarisation matrix elements for the
empty coil system at 1 kHz; Figure 2(b)
gives the same, with the foil in the coil



system. The lines refer to the results calculated according to Eq.(5) with properly chosen &, @and ¢
as parameters. The simulation gives a rather consistent description of the observed matrices,
especially at low frequencies. This is seen from comparing the data points at 1 kHz (circles) with the
full lines (simulations). At higher frequencies the phenomena become smeared over time channels,
as to be expected from the wavelength spread of PANDA. For the simulation at frequencies above
10 kHz, the values for the parameter ¢, is more than 10 times 2z within the precision of 5%.
Reduced between 0 and 2z, this parameter gets an uncertainty corresponding to the half field period.
To obtain a more precise value we carried out simulations for the empty beam measurements,
choosing ¢ in a such way that the simulations coincide with measurements. These values of ¢ were
used to simulate measurements with the foil; Figure 2(c) (see parameters below) shows the result for
16.6 kHz. Measured matrix elements appear to be shifted by about 7 channels (~4.s) towards the
calculated data. This means that the magnetization in the foil "lags behind" the imposed rotating
field. At 20 kHz this effect amounts to 64s. Simultaneously, we observe that the determinant
decreases with an increasing frequency. Both phenomena indicate the presence of a domain
structure, which becomes increasingly difficult to eliminate at higher frequencies, so the much
stronger field is required to achieve the foil’s saturation at higher frequencies. We have shown that
the intended field configuration is reasonably realised and the behaviour of the observed
polarization vector corresponds to the calculations. The increasing depolarisation and the fact that
the magnetisation lags behind the rotating field at 16 kHz suggests that the proposed concept of a
ferromagnetic foil with rotating magnetization for a spin turner has a limited range (5-10 kHz) of
frequencies. From the point of view of applications of such foils, for purposes of the rotating
magnetic field neutron spin-echo spectroscopy it means a limited range in the spin-echo time; in
SESANS a limited maximum spin-echo length. Perhaps the reason of high depolarisation is the
domain structure in the studied amorphous ferromagnetic foil. Indeed, the present alloy needs much
stronger field (>30 G) to get fully magnetised, so for our practical
purposes another alloy may be required.
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DISPERSION RELATION FOR LIQUID LITHIUM STUDY
BY MEANS OF INELASTIC NEUTRON SCATTERING
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We report here the main results for liquid lithium obtained with the help of experiment held
on the neutron TOF-spectrometer DIN-2PI incorporated with the pulsed reactor IBR-2 [1]. The
first set of these results is accumulated in the detailed study of frequency spectrum inferred from
the incoherent part of neutron scattering (Ey=31 meV) by liquid lithium at T=227C, 397C, and
557C [2]. The aim of present communication is to demonstrate some collective modes of
motions in liquid lithium medium, in contrary with individual atoms motions studied in paper [2]
where essentially the incoherent scattering of neutrons has been taken into account.

To separate the coherent one-phonon component from incoherently scattered component,
and to evaluate the quasielactic, multiple and multiphonon content in the resulting double-
differential scattering (DDS) cross-section, the computer code SLOWN [3] has been used.
Typical coherent DDS in the energy scale after subtraction of incoherent component and
multiple and multiphonon pattern in “Q=const” representation is shown at fig.1 together with its
decomposition onto two lorentzians. Fig.2 demonstrates a degree of advantage to use the
“Q=const” representation in the comparison of case “®=const”. A very close resemblance is due
to high extent of vertical-like behaivour of scattering conservation laws for the 31 meV initial
energy.
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Dispersion curves obtained were evaluated by correctly taking into account the coherent
component, in accord with the formula [5]:

5Q a))=S(Q)~ ra)g[a)f—a)g]
’ 7 |or@ -0 Q) +|o* -2 @QFf

(1)

Here S(Q)-the structure factor of liquid lithium,
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The dispersion curve expression (2) is correct for longitudinal oscillations [6], and is applied
for next iterations. Full-component result of development is depicted by fig.3 and fig.4.
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Remark that curves (H-B) and (H-B). corresponding to the usual and current dispersion relations
do not coincide. One can take the averaged value of interatomic distance and Eg, namely:

r,=3.12+0.08A°, E, =22.4+0.4meV 3)

Note that interatomic distance (3) coincides with doubled radius of atom, 2R = 2*1.56 = 3.12A°.
It should be noted also a good accordance of the slope of obtained &(Q) at Q—0, and the
hydrodynamic sound velocity, with a slightly revealed anomalous positive dispersion (fig.4).

Another way to use data on dispersion relation is possible extraction of the interatomic
potential U(r) on the basis of estimated dependence U(Q). On the one hand, we have for £(Q) the
expression (2), fitting the experimental data. On the other hand, there are a lot of theoretical
formulas linking the kinetic and potential energy of atoms onto the elementary excitation’s
energy. For example, a very simple expression of this type is represented as follows [7]:

) Qiz b Qiz 1/2
S(Q)l[ZM} Q) ] 3)

This expression gives linear behavior at small values of Q, ¢(Q—0)=CQ, C = [nU Q)/M ]”2 ,



appearance of local maximum and minimum of &(Q ~ 27 / ry) for Q = 1 — 2A°" and asymptotic
form of free-atom dispersion, (Q>>1) = Q*2M for very large values of Q.

From theoretical expression (3) and experimental (2) one can infer the Fourier-component
of interatomic potential U(Q). Next, using the inverse Fourier transform, one obtains:

U= [UQRQsin@Qn) @

27°nr
This radial distribution has a first pronounced minimum at r = 3.15A°. This value agrees very
well with mean interatomic distance estimated previously, ry = 3.12A°. Unfortunately, the
second derivative of U(r) at minimum point has overestimated value. However, if one regards
somewhat modified the dispersion relation €(Q) as asymptotically approaching the free atom
dispersion at Q > 4A°", while having the first minimum of the same type as depicted at fig.4,
the agreement between result to be obtained and estimated value of d*U(r)/dr* [2] will be better.
The value of dZU(r)/dlr2 at minimum point becomes ~ 18.0 n/m, and minimum depth Uy, ~ 80
meV, in accord with other theoretical estimation [8]: d*U(r)/dr* = 18.5 n/m; Upin ~ 75 meV.
Note that this mentioned form of U(Q) leads also to the almost total absence of Friedel
oscillations in radial dependence of U(r), tending the potential shape to the Lennard-Jones kind.
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New optical effect was firstly observed with UCNs
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Abstract

As that was recognized recently after the wave of any nature passed through the
spatially restricted medium volume which is moving with linear acceleration, the wave
frequency and correspondent energy change. This effect is universal and seems was not
been detected till recently. Using of UCN allowed us to demonstrate it in neutron
experiment.

It is well known for any wave that the wave number k in a medium is related
to its vacuum value ko by the index of refraction. The generally recognized
understanding is when the wave leaves the medium back to vacuum the absolute
value of its wave number is exactly equal to the incident wave number, although
the propagation direction may be different. This statement is valid for all types
of waves, but only for the case of a medium in rest or moving with constant
velocity. In the latter case a sample movement may only result in the change of
the phase of the transmitted wave due to the change of the effective length
AL = vt of the sample. Here t=L/nc is the passage time through the sample of
length L, and ¢ — wave speed in vacuum.

However, at the end of the last century it was found theoretically, that wave
number and frequency change when the wave passes through an accelerating
sample of a refractive medium. That was firstly shown by K.Tanaka [1] for the
case of light optics. Later the same result was derived for neutron waves [2,3].

More generally, a refractive index may be introduced for waves of any nature
and the only requirement is the presence of scattering centers in the medium.
Therefore particles of any nature should change their energy passing through the
bounded volume of accelerating medium [4].

It is worth noting that the Tanaka effect is so small, that despite the fantastic
sensitivity of modern optical methods it hasn’t been observed yet. However, the
neutron-optics experiment of this kind appeared to be feasible and was
performed recently.



If a neutron passes through a refractive sample, which is moving with

acceleration a, it changes its energy by AE=(1_—njmaL. Using of Ultra Cold
n

Neutrons (UCN) limits the sample thickness L due to the strong absorption in
matter. However, this disadvantage is completely compensated by two factors: i)
In the case of UCNs the factor (1-n)/n is rather high and its value may be as
high as 0.5. For cold neutrons with wavelength, for instance, 2 nm, this value is
of order 10°. ii) UCN spectrometry methods based on neutron Fabri-Perot
interferometers have extraordinary sensitivity.

Namely such a spectrometer based on two Fabri-Perot wave length filters
(see for instance Annual Report 1999) was used for detecting the effect of
accelerating medium in neutron optics. Samples of silicon wafers of thickness
0.6 mm and 1.85 mm were placed between the two filters. The Si-Samples were
oscillated with frequencies 40 Hz and 60Hz, which gave a periodically
modulated acceleration achieving maximum values of about 10g (g — free fall
acceleration).

The value of energy change to be detected was about 0.2+0.6 neV. The
periodical modulation of the acceleration imposes a periodical change of neutron
energy. Due to the narrow band pass properties of the spectrometer this should
lead to an oscillation of the neutron count rate. Additionally the total neutron
count rate is influenced by other effects. However, measuring the phase of the
count rate oscillation provided the unambiguous way to select the effect of
accelerating medium from other systematical effects. Picture 3 shows results of
one of these measurements. Drawn results are in a quite good agreement with
theoretical predictions and are in a drastic contradiction with the assumption
when effect is absent.

So, using UCN gave one the possibility to show new optical effect that is of
universal nature.
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Fig.1. When the sample is in rest a) or moving with permanent velocity b) the wave vector
and frequency of the transmitted wave are the same as for the initial wave. The motion of the
sample with permanent acceleration c¢) causes the change of the wave frequency and of the
corresponding wave number. In the case of the matter wave the particle energy E' =7%®' also

differs from the initial value E, = 7o,
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Fig.2. Graviy UCN spectrometer. An electro-magnet driver inducing a harmonical motion to
the sample is installed at the upper flange.
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Introduction

There are large discrepancies among the few existing evaluations and measurements for the
%Zn(n,2)®Ni reaction cross sections [1-5]. The activation method is not feasible for this cross
section measurement because the residual nucleus ®Ni is stable. In our previous work,
differential and angle-integrated cross sections of the ®*Zn(n,o)®!Ni reaction were measured
at 5.03 and 5.95 MeV by using a twin-gridded ionization chamber (GIC) [1]. Now we extended
our measurements to 2.54, 4.00 and 5.50 MeV to get the near threshold and systematic behavior
of this reaction.

Experiment

The experiment was performed at the 4.5 MV Van de Graaff accelerator of Peking
University, China. Quasi- monoenergetic neutrons were produced through the T(p,n)*He reaction
with the solid Ti-T target (0.80 mg/cm?). The energy of the accelerated protons before enter
the solid target was 3.35 MeV, and the corresponding neutron energy was 2.54 = 0.03 MeV.

The deuterium gas target was used to produce neutrons through the D(d,n)*He reaction.
The gas cell was separated from the vacuum tube by a 5 um thick molybdenum film. The length
of the cell was 2.0 cm, and the deuterium gas pressure was 2.65~2.80 atm. The energies of
the accelerated deuterons before entering the film were 1.77 and 2.84 MeV, and
the corresponding neutron energies were 4.00 + 0.21 and 5.50 + 0.13 MeV, respectively.

The twin GIC was constructed at Frank Laboratory of Neutron Physics, Dubna Russia.
The detailed structure of the chamber was described in [6]. The working gas of GIC was
Kr +2.68%C0O,. The pressures of the working gas were 0.90, 1.25 and 1.55 atm for 2.54, 4.00
and 5.50 MeV measurements.

Two ®Zn samples (mass 4.05 + 0.05 mg and thickness 266.3 pg/cm? each) back-to-back
attached to the common cathode were used for forward (0 to 90°) and backward (90 to 180°)
alpha event measurement simultaneously. The abundance of the ®*Zn isotope material was
99.4%. Each sample was evaporated on a tantalum backing 4.8 cm in diameter and 50 um
in thickness. The absolute neutron flux was determined by a 2*®U foil (7.85 + 0.10 mg,
@4.50 cm, abundance 99.999%). The *®U(n, f) cross section was taken from the ENDF/B-VI.8
library. Two compound alpha sources were used for the adjustment of electronics and energy
calibration of the data acquisition system. It is suitable to change sample positions using the
sample changer without opening the chamber.

A BF3 long counter was used as neutron flux monitor. The axis of the BF3 long counter and
the center of the GIC was placed at 0° to the beam line (fig.1). The electrodes of the chamber
were perpendicular to the beam line. The distance from the front side of the BF3; long counter to
the neutron target was about 2.9 m. For E,=2.54 MeV measurement, the distance from the solid
Ti-T target to the common cathode of the twin chamber was 23.9 cm. For E;,=4.00 and 5.50 MeV
measurements, the distance from the center of the gas cell to the cathode was 18.4 cm.
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Fig. 1. Experimental setup.
Results
The cathode-anode two-dimensional spectrum for forward o-particles and differential
energy spectrum (0.8 < cosf, <0.9) at E,=5.50 MeV are shown in Fig. 2. and Fig. 3.
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Fig. 3. Alpha-particle differential energy spectra for En = 5.50 MeV (0.7 <cosd, <0.8)

Two major groups of alpha particles can be found from the figures. The first group (with
higher energies) corresponds to three energy levels of **Ni (ground state, the first and the second
excited states of 67 and 283 keV). The second group corresponds to higher excited states of *'Ni.

The measured differential cross sections for the ®*Zn(n, o12)*Ni and ®zZn(n, o4, )®*Ni
reaction (correspond to the first and the second group of alpha particles) in the center of mass
system are plotted in Figs. 4 - 6. Even though the beam time for E,=2.54 MeV was 56.5 h, there
were still too less a4, particles to get the differential cross sections of the *Zn(n, oas.)*Ni
reaction at this energy point.

In Fig.7 the present cross sections are compared with existing data.
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The cross section data for the first group, second group, and total alpha particles are

shown in Table I.
Table I Angle-Integrated Cross Sections for the ®*Zn(n, @)®*Ni Reaction

E, o (mb)
(MeV) First group: Second group: Total:
7Zn(n, ap)®Ni | #Zn(n, az. )" Ni #7Zn(n, a)*'Ni
2.54 +0.03 9.0+£0.9 26120 116+1.1
4.00+£0.21 409+£33 178+ 14 58.7 4.7
550+0.13 30.9+25 39.6+3.1 70.5+5.6

References

1. G. Zhang, R. Cao, J. Chen, et al., Nucl. Sci. Eng., 156 (2007)115.

2. J. Yuan, Z. Chen, G. Tang, et al., Nucl. Sci. Eng., 144 (2003)108.

3. Y.Chen, Z. Chen, H. Qi, et al., Chin. J. Nucl. Phys., 17 (1995)167.

4. J. L. Casanova and M. L. Sanchez, Anales de Fisica y Quimica 72 (1976)186.

5. M. Bormann, U. Seebeck, W. Voights, G. Woelfer, Zeitschrift fuer Naturforschung,

Section A, 21 (1966) 988.
6. G.Zhang, G. Tang, J. Chen et al., Nucl. Sci. Eng., 134, 312 (2000).



Storage of Very Cold Neutrons in Bottles

E.V.Lychagin, A.Yu.Muzychka, G.V.Nekhaev, A.V.Strelkov
Frank Laboratory of Neutron Physics, JINR, Dubna, Russia

V.V.Nesvizhevsky
ILL, Grenoble, France

Abstract Ultra cold (UCN) neutrons and very cold neutrons (VCN) interact strongly with nanoparticles
due to similarity of their wavelengths and nanoparticle sizes of the order of a few nanometres; which
provides a huge enhancement of the coherent elastic interaction cross-section. We have examined in
detail the total cross-section of the interaction of VCN with nanoparticles using macroscopically thick
samples of nanoparticles, both theoretically and experimentally. This study allowed us to conclude that
the extremely short diffusion length of VCN observed in such a nano-structured medium as well as rather
small losses of VCN during their diffusion motion inside the nano-structured medium (under the
condition that the medium is produces from low-absorbing materials) would allow us to obtain the
reflection coefficient from such a nano-structured wall close to a unity in a broad range of initial neutron
velocities from nearly zero to approximately 100 m/sec. We are going therefore to investigate a
possibility to store VCN in a closed trap with nano-power walls with the thickness of one of a few
centimeters.

We carried out a first experiment on storage of very cold neutrons (VCN) in a trap (with
the volume of ~100 liters) with walls (with the thickness of ~2,5 cm) made of powder of
diamond nanoparticles (with the typical nanoparticle diameter of 5-10 nm). The entrance
window size was equal to 2 by 2 cm2 The VCN beam (with the initial velocity 40-160 m/s) was
collimated by diaphragms (with the diameter of 13 mm) and was shaped using a velocity selector
installed in front of the trap entrance window.

VCN can be stored in this trap for a certain period of time, and some of them can be
counted using a neutron detector installed at a top trap wall. A whole (with the diameter of 6 cm)
in the trap wall in front of the neutron counter allowed VCN to pass through. The whole area is
much smaller than the total surface area of the trap, therefore the corresponding VCN losses in
the neutron counter do not change considerably the VCN storage time and can be corrected for,
The VCN detection probability depends on the probability of their reflection by the trap walls.

The VCN beam was chopped in front of the trap entrance window (with the frequency of
~1 Hz). The VCN storage time in the trap is measured in such an experimental configuration as a
characteristic time of exponential decrease of the VCN count rate after closer of the entrance
valve. The velocity selector allows to measure the VCN storage time in the trap as a function of
the average VNC velocity.

The VCN trap was placed inside a vacuum chamber and pumped to the residual pressure of
lower than 10-3 mbar, then the first set of measurements of the VCN storage times was carried
out. The second set of measurements was carried out with the trap, in which the nanopowder had
been cleaned from water absorbed at surfaces of the nanoparticles using the following procedure:
the trap was heated to 150° C, this temperature was kept constant for ~24 hours, and then it was
lowed down to the room temperature. The third set of measurements was carried out while the
trap temperature was kept constant at 150°C. The results are shown in fig. 1.

We used the data shown in fig. 1 in order to calculate the probabilities of VCN reflection
per bounce, shown as a function of the VCN velocity in fig. 2. This preliminary estimation is
based on simple gas-kinetic calculation for the bounce frequency and has rather good accuracy.
It will be improved in future calculations using Monte Carlo model of VCN diffusion inside
powder.

The obtained VVCN reflection probabilities agree with theoretical expectations within the
model of independent diamond nanoparticles at rest [1], taking into account a mass admixture of
hydrogen of ~1% [2].



Thus, we have proven experimentally the feasibility of efficiently reflecting VCN at a
powder of diamond nanoparticles, thus bridging the energy gap between efficient reactor
reflectors for thermal and cold neutrons, and the effective Fermi potential for ultracold neutrons
and the feasibility of VCN storage in traps as discussed in [3].
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Fig. 1. The VCN storage time in the nanoparticle trap as a function of VCN velocity. The solid circles
indicate the data measured at room temperature just after pumping the trap. The squares show results
obtained at room temperature after degassing of the trap at the temperature of 150°C for ~24 hours. The
empty circles indicate the data measured at the trap temperature of 150°C.
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Fig. 2. The probability of VCN reflection as a function of VCN velocity. The solid circles indicate the

data measured at room temperature just after pumping the trap. The squares show results obtained at room

temperature after degassing of the trap at the temperature of 150°C for ~24 hours. The empty circles
indicate the data measured at the trap temperature of 150°C.
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Ramsey resonance makes use of Larmor precession in a static field, Hy, between two
separated oscillatory fields for a precision nuclear magnetic resonance [1]. A rotating field about
H is produced from the first oscillatory field. The effective field on the neutron spin disappears in
a rotating frame of the resonance frequency, wy, and then the neutron spin sees only H, as a static
field. As a result, neutron spin rotates about H; by 7/2 from the parallel direction to the transverse
direction to Hy in the Ramsey resonance. After n/2 rotation, the neutron spin rotates about Hy. If the
phase of the second oscillatory field is the same as the first oscillatory field, then the neutron spin is
also perpendicular to the second rotating field, which is produced from the second oscillatory field.
The neutron spin continues to rotate by /2 from the transverse direction to the anti-parallel
direction, as if there is no space between the two oscillatory fields. When the oscillatory field
frequency, w, is deviated from wy, the frequency difference, w—wy, is enhanced by the time
duration, ¢, between the two separated oscillatory fields. At the second oscillatory field, the neutron
spin direction is deviated by (w—wy)? from the perpendicular direction. After the second oscillatory
field, the projection angle of the neutron spin on the static field becomes 7+(w—wo)t, which is
analyzed in the Ramsey resonance. Neutron spin echo is similar technique to the Ramsey
resonance. The neutron spin also rotates in a static field after /2 rotation. The neutron spin rotation
phase, which has velocity dependence via the neutron time of flight (TOF) in the static field, is
compensated with a precession in another static field after z rotation. Neutron inelastic scattering is
observed as a deviation from the compensation [2] and [3].

The experimental apparatus is shown in Fig. 1 [4]. The neutrons pass through a polarized
*He neutron spin polarizer. After polarization, the neutrons enter the first oscillatory field. Higher
energy neutrons from the pulsed neutron source come to the oscillatory field earlier than lower
energy neutrons. The oscillatory field is synchronized with the neutron motion. The amplitude of
H, is modulated so that yH, ¢ becomes n/2 for all of the neutrons in some particular neutron energy
region from Ej, to E; [5] and [6]. The parameter ¢ is the neutron TOF in the RF coil. The oscillatory
field is switched on when neutrons of energy E} arrive at the RF coil and switched off when
neutrons of energy £ leave the RF coil. After 7/2 rotation, the neutrons pass through a static field
and then enter the second oscillatory field. The neutron spins rotate in the same way as in the first
oscillatory field. After the second oscillatory field, the neutron spins are analyzed by means of a
polarized *He neutron spin analyzer.

Rotating field
- cosdte + Hy-y - sinwt,
W = Wp

Fig. 1. Ramsey resonance apparatus. Neutrons from a pulsed neutron source are polarized upon
passing through a *He neutron spin polarizer. Neutron spins rotate from the longitudinal direction
to the transverse direction in the rotating field which is produced from oscillatory fields in the RF
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coils. After the first rotating field, the neutron spins rotate about the longitudinal static field, and
then rotate from the transverse to the longitudinal direction in the second rotating field. Finally the
neutron spins pass through a *He neutron spin analyzer.

The neutron transmission through the apparatus when the oscillatory fields are switched on is
obtained as

Ton=TT>(1+a(E)Py1Pp2). (1)
From a density matrix formalism [7] and [8]. Here, 7} and 7> are the neutron transmissions, and P,

and P, are the polarizing and analyzing powers of the polarized *He neutron spin polarizer and
analyzer, respectively, which are represented as [9]

T1=Aexp(-nye100d1)cosh(Pye1nye100d1), 2)
Tr=Arexp(-nue200d2)cosh(Pueanpe200d>), 3)
Pri=tanh(Pye1nne100d1), 4)
Pry=tanh(Phenner0ods). (5)

Here Pye; and Py, are the *He polarizations, nye; and nye; the 3He number densities, and d, and d>
the *He thicknesses of the polarizer and analyzer, respectively. The parameter oy is the neutron-
capture cross section of *He, which is proportional to 1/v. 4, and 4, are neutron attenuation factors
by other processes. The effect of the neutron spin rotation during transmission through the first 7z/2
coil, the static field, and the second #/2 coil is represented as a(E), which is the projection
component of the neutron polarization on the static field. Here, £ is the neutron energy. Near
resonance, o(E) is approximately represented as

a(E)=cos {r+(w-wo)t+0} . (6)

Here, we assume the phase of the second oscillatory field is shifted b § with respect to the first
oscillatory field. The neutron spin is deviated by (w—wg)¢+6 from the perpendicular direction to the
second rotating field. The Ramsey resonance is analyzed by means of a transmission ratio, which is
defined as R=To/Tor—1. Here, To is the transmission without the oscillatory fields. When the
oscillatory fields are switched off, a(£) becomes 1. Therefore, the neutron transmission ratio
becomes

R:( 1 +0!(E)Pn1Pn2)/( 1 +Pn1Pn2)- 1. (7)

We measured the transmission ratio at w=w, and 6=0. Here, the neutron spins are reversed after the
second oscillatory field, and then a(E) becomes —1. The transmission ratio is represented as

R=(1-Pp1Pn2)/(1+Py1Pp2)-1. (8)

We set the energy E}, at 80 meV, and £ at 23.6 meV. The result of the transmission ratio is shown
in Fig. 2. The effect of the oscillatory fields was clearly observed at neutron energies from
E=23.6 meV to E;,=80 meV. No effect was observed at other neutron energies. The solid curve is
the result of a least square fitting. The neutron energy dependence of the solid curve arises from the
1/v dependence of the *He cross section.
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Fig. 2. Neutron transmission ratio at an oscillatory field frequency of 60.37 kHz. The static
field was 20.78+0.02 G. This value was obtained from the neutron TOF dependence of the
ratio R.
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Ramsey resonance for a pulsed beam
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We discuss here the Ramsey resonance for a pulsed beam, for example a pulsed neutron beam. [1-
4]. From a pulsed neutron source, higher energy neutrons come to the oscillatory fields earlier than
lower energy neutrons. In the present method, oscillatory fields for NMR are synchronized with
these neutron motions. The oscillatory fields are applied to neutron spins in a time interval, which
corresponds to the TOF of some particular neutron energies, by use of the start timing of the
neutron pulse for triggering oscillatory field generation. The amplitudes of the oscillatory fields
are modulated as a function of the neutron TOF so that the condition of 7/2 spin rotation is
satisfied for all of the neutrons in this energy region [5] and [6]. In addition, the phase of the
second oscillatory field is modulated. The result of the Ramsey resonance is observed as a
neutron-beam intensity modulation as a function of the neutron TOF. A square-wave phase
modulation was tried before for the frequency stabilization of an atomic clock [7]. The present
method is different from this. The phase is modulated as a function of the neutron TOF by use of
the start timing of the neutron pulse. The neutron velocity can be measured by the neutron-beam
intensity modulation.

The experimental apparatus comprises a “He neutron spin polarizer, a first radio frequency (RF)
coil set for /2 rotation, a Larmor precession path, a second RF coil set for z/2 rotation and a *He
neutron spin analyzer, which are placed in a static magnetic field of solenoids, as shown in Fig. 1.
Each RF coil set has two pairs of 20 cm long and 7 cm wide rectangular coils. Each pair of coils
has a gap of 3 cm for a neutron beam, which is collimated in the z direction. One coil pair induces a
transversely oscillating field in the x direction and the other coil pair in the y direction. The neutron
beam size is 1.5 cm in diameter. The apparatus is placed in a neutron beam line at the KEK pulsed
neutron source, KENS. The neutron pulse width depends on the neutron energy, E, as
1.3//E7€% us_Neutrons from the pulsed neutron source are longitudinally polarized upon passing
through the *He neutron spin polarizer [17], [18] and [19]. After polarization, the neutrons enter the
first RF coil set. An oscillatory field in the x direction is switched on when neutrons of higher
energy, Ej, arrive at the RF coil, and is then switched off when neutrons of lower energy, E;, leave
from the RF coil, as shown in Fig. 2, where the start timing of the neutron pulse is used for RF
switching. When the frequency of the oscillatory field, w, is at the Larmor frequency, wo=yH,,
namely at the resonance, neutron spins rotate about a rotating field, H;, which is produced by the
oscillatory field. Hy denotes the strength of the static magnetic field and y the gyro magnetic ratio.
The rotation axis of H; is in the H, direction.
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Fig. 1. Ramsey resonance apparatus. The apparatus comprises a *He neutron spin
polarizer, an RF coil set, a Larmor precession path, another RF coil set and a “He
neutron spin analyzer. Each RF coil set has two pairs of 20 cm long and 7 cm wide
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rectangular coils. Each coil pair has a gap of 3 cm for a 1.5 cm diameter neutron
beam in the z direction. One coil pair induces a transversely oscillating field in the x
direction and the other coil pair in the y direction. From the oscillatory field in the x
or y direction, a rotating field in the xy plane is produced together with another
rotating field in opposite direction. If we switch on the oscillatory field in the y
direction with a 7/2 phase shift, in addition to the oscillatory field in the x direction,
one rotating field is induced without the opposite component.

1st oscillatory field

2nd oscillatory field

rlon fzun rl off t:ull' ¢

Fig. 2. Timing of RF pulses. The first oscillatory field is switched on at f =¥ i and

— ol . " ,
off at f =f{"  and the second on at { =" and off at § =% , respectively. Here,

" =h ikl 1T =y g ppin Ey) " =hfviky} 39 = (ly i Ep)
Parameters /; and /; are the neutron TOF lengths from the pulsed neutron source to

the fronts of the first and second RF coils, respectively, I, is the length of the RF
coils and v(E}) and v(E)) are neutron velocities at E=E;, and E=E,.

The oscillatory field is represented as a linear combination of two rotating fields, which are
rotating in opposite directions. The opposite component can be neglected in NMR, if the
condition, H,<< H, is satisfied. If we switch on the oscillatory field also in the y direction with a
7/2 phase shift, one rotating field is induced without the other rotating field in opposite direction,
and the condition, H,<<H, does not apply. In the latter case either the amplitude of H; can be
increased or the amplitude of H, decreased.

The neutron spin rotation angle in the RF coil becomes yH;t,. The parameter ¢ is the
neutron TOF in the RF coil, which is represented in terms of the RF coil length, /,», and the
neutron velocity, v, as [;»/v. The amplitude of the rotating field, H,, is modulated as a function of
the neutron TOF so that all of the neutron spins in the energy region from Ej to E; rotate by 7/2,
and then become perpendicular to Hy. After the first RF coil set, the neutron spins rotate about Hy
with a Larmor frequency of w. After Larmor precession, the neutrons enter the second RF coil
set, and then another oscillatory field in the x direction is switched on and off in the same way as
in the first RF coil set. The neutron spins are always perpendicular to the first rotating field before
entering the second RF coil set. When the phase of the second oscillatory field is the same as the
first one, the neutron spins continue to rotate about the second rotating field, H;, by 7/2 in exactly
the same way as in the first RF coil set, as if there is no space between the two RF coil sets. As a
result, the neutron spins rotate by z. If the phase of the second oscillatory field is shifted by @, this
phase shift is transformed to the projection angle of the neutron spin on the direction of H, after
the second RF coil set and is then detected by means of the *He neutron spin analyzer. If the
oscillatory field frequency is deviated from the resonance frequency, any phase difference,
(w—wo)t, 1s transformed to the projection angle of the neutron spin on the static magnetic field
after the second RF coil set. The variable ¢ denotes the neutron TOF between the two RF coil sets.
Neutron transmission can be analyzed by means of the density matrix formalism [8] and [20]. The
neutron transmission becomes 7,,=717>{1+a(E)P,1 P2}, when the oscillatory fields are switched
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on. Here, T} and T are the neutron transmissions of the polarized *He neutron spin polarizer and
analyzer, which are represented as

T1=Aexp(—nue100d1)-cosh(Pre1nHe100d1)
and

TzzAzeXp(—nHeQO'()dz).COSh(PHezl’lHeQO'()dz),

respectively [19]. Pye; and Pye; are *He polarizations, nye; and nye, the 3He number densities, and
d; and d, the 3He thicknesses. The parameter oy is the neutron capture cross section of 3He, which
is proportional to 1/v. In terms of oy, the neutron cross section of polarized *He is represented as
0:=00(1F Py.) for parallel and antiparallel neutron spin states to “He polarization, respectively
[21]. Here, the polarization cross section is the same as the neutron capture cross section for *He.
A, and 4, are neutron attenuation factors by other processes. P, and P,, are the polarizing and
analyzing powers of the polarizer and analyzer, which are represented as P,;=tanh(Ppei7ne100d1)
and P,=tanh(Pueonue0oodz), respectively. The effect of the neutron spin rotation during
transmission through the first z/2 coil, the static field and the second #/2 coil is represented as
a(E), which is the projection component of the neutron polarization on the static field. Here, E is
the neutron energy. Near resonance, a(E) is approximately represented as cos{m+(w—wo)t+6}.
When the oscillatory fields are switched off, a(E) becomes 1, then the neutron transmission
becomes Toi=T1T>{1+P1Pn2}.

The *He polarizations and the thicknesses of the neutron spin polarizer and analyzer were
measured by means of neutron transmission. The results of the polarizations were Pye;=31% and
Pre=51%, respectively. The two *He polarizations were in the same longitudinal direction. The
He gas pressures were 2.32 atm and 2.13 atm at 300 K, respectively. The length of the *He gas in
the neutron beam direction was 5 cm for both the polarizer and the analyzer. The neutron energies,
Ej, and E;, were set at 80 meV and 23.6 meV, respectively. The amplitude of H; was modulated
from 1.7 G to 0.9 G. The value of Hy was 20.7 G. Therefore, the condition, H; < H, was satisfied.
We counted the neutrons that passed through the apparatus shown in Fig. 1 as a function of the
neutron TOF.

We changed the frequency of the oscillatory fields around the resonance frequency. When we
switched on the oscillatory fields, the neutron counts were greatly changed at neutron energies
from 80 to 23.6 meV. No effect was observed at other neutron energies. For normalization of the
incident neutron spectrum, we calculated the neutron transmission ratio, which was defined as
R=T,/Torr—1. In the transmission ratio, the transmission factors, 77 and 7>, were also removed,
since it is described as R=(1+a(E)P,1Pn)/(1+P,1P,;2)—1. The experimental results of the
transmission ratio are shown in Fig. 3, Fig. 4, Fig. 5, Fig. 6 and Fig. 7 from lower to higher
oscillatory field frequencies. We modulated the phase of the second oscillatory field
proportionally to the neutron TOF, ¢, between the two RF coil sets from 2z to 0 for the energy
region from FEj, to E; The transmission ratio with the phase modulation becomes
Rioa=[1+cos(m+6).P,1 P,2) /[ 1+P,1Ppa]—1. Here, 0=2r(t(E))—t)/(t(E;))—t(E})), which is a function of
the neutron velocity. The parameters # E), #(E;), and ¢ are the neutron TOF at neutron energies, Ej,
E;, and E, which are represented in terms of the TOF length between the two RF coil sets, /;,, and
the neutron velocities, v(E;), W(E;) and v(E) as [12/v(Ey), L12/v(E;) and [12/v(E), respectively. We set
the energies Ej, and E; at 80 meV and 23.6 meV, respectively. The result of the transmission ratio
is shown in Fig. 8 as a function of the neutron energy. Here, the neutron energy was obtained from
the neutron TOF. At E=80 meV and 23.6 meV, the phase differences of the second oscillatory
field from the first oscillatory field were adjusted to 2z and 0, respectively. At some particular
energy E between 80 meV and 23.6 meV, the phase difference was adjusted to 6. A sinusoidal
beam intensity modulation is found in Fig. 8, as expected. The solid curve was obtained from the
least square fitting by using the phase modulation € and the neutron TOF. The result shows the
neutron velocity obtained from the phase modulation is consistent with the value from the neutron
TOF.
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Temperature dependence of neutron scattering on He-4 gas
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Abstract

A suggestion [?] that temperature dependence of the total neutron-*He cross section
can be proportional to 7%/2 is checked. The experiment is described. The temperature
dependence was found to be T7"/2 in agreement with the standard scattering theory (SST).
The consequence of this result for the scattering theory is discussed.

1 Introduction

Experiments on storage of ultracold neutrons (UCN) reveal [1] anomalously high loss coefficient
at a single collision of neutrons with material walls of storage vessels. After many unsuccessful
attempts to explain this anomaly, a hypothesis was spoken out [2] that the cause of high losses
is related to wave packet form of the free neutron wave function. It was supposed (there are
also other arguments that lead to the same hypothesis [3]) that the wave packet can be of the
de Broglie singular form [4]:

exp(—s|r — vt|

Yap(r,t) = \/;exp(z’vr — wt) P (1)

where w = [v? — s?|/2, s determines the packet width, and v is wave packet velocity, which in
our units m = h = 1 coincides with the wave vector k.

The wave packet can be representable in Fourier expansion form. Because of its width s a
particle incident on a mirror surface at grazing angles € less than critical 6. can go through the
mirror with probability w o s\., where A, is critical wavelength of the mirror substance. A
problem, which arises here is: what is the parameter s? Is it a fundamental constant or some
function, which depends on neutron energy? At first sight it should be proportional to the
neutron speed v. However in such a case the transmission probability at subcritical incidence
angles should increase with the neutron energy. Experiments searching for such a transmission
[5] did not reveal a dependence on energy, and it was concluded that parameter s is some
fundamental constant.

However, if s does not depend on speed, then neutron transmission through gases would
decrease with the gas temperature proportionally to 7°/2. So, it was necessary to check this
temperature dependence. Experiments of such type were performed long ago [6]. However
that time it was measured not the temperature dependence but dependence of cross section on
energy of incident neutrons, and temperature dependence was deduced from it.

It was possible to make direct measurement of the temperature dependence of neutron
transmission through “He gas, and thanks to kind permission and help of P.Geltenbort and
T. Brenner these measurements were done. Below we describe the experiment, its results and
discuss the consequences of the obtained temperature dependence.

2 Description of the experiment and its results

The experiment, scheme of which is shown in fig. 1, was performed at the PF2/TEST beam
port. Ultra-cold neutrons (UCN) pass through an electropolished stainless steel tube of length
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Figure 1: Scheme of the experiment. S — source of the neutrons, D — detector, V — system
for vacuum, He — helium tank, H — heating wire.

d = 0.5 m, which has at both ends stainless steel or Al windows of 0.1 mm thickness. Therefore,
either only neutrons with energies above the limiting energy of stainless steel or only those with
energies above the limiting energy of Al are transmitted. When the tube was evacuated and kept
at room temperature the average neutron count rate was 6700 n/s for stainless steel windows
and 34000 n/s with Al windows. For the detector we used a strip *He counter. Without any
special shielding the background count rate (exit shutter of PF2/TES closed) was 2.3 n/s for
both window types.

When the stainless steel tube is filled with “He gas the neutron count rate of the detectors
decreases. For small He pressures the decrease of count rate is proportional to AJ = JNad,
where N is the density of the He gas, J is the count rate for the evacuated bottle, d is the
length of the tube and o is the total neutron scattering cross section in He. At pressures P up
to 1000 mbar the count rate decreased linearly: AJ oc P. When the tube was filled with 1000
mbar of He at room temperature, the count rate was only 20% less than for evacuated tube.

The main idea of the experiment was to check the dependence of AJ on P when P increased
not because of amount of He, but because of the gas temperature increase, which was achieved
with the heating wire H shown in fig. 1.

The results of measurements for Al windows (the results for stainless steel windows were
the same) are demonstrated in fig. 2. Curve 1 shows the dependence of AJ = JNod on P
at room temperature, when the He pressure is increased by pumping He into the tube. The
branch 2 of the curve 1 shows the same dependence, when the pressure is increased by heating
the stainless steel tube with fixed amount of He. In this case JNod increases not because of
increase of the density N of the He gas, but due to increase of the total cross section . The
graph shows that the increase of ¢ with P is about two times slower than the increase of N
with P. Such a behavior is predicted by the standard scattering theory where o o< T2 o P'/2.

We were not able to measure whether the power of T' is really 1/2, because we had no
monitor, and the decrease of count rate with increase of temperature by ~ 60° C, was only
several %, while reactor intensity! was fluctuating at the level 1.5%. Nevertheless, since the
fluctuations were sufficiently slow, we could find an interval of time where the measurements
were reproducible, and they show that the temperature dependence is below the linear one and
not above it. This dependence testifies in favor of 7"/2? and against 7°/2.

3 Conclusion

This experiment definitely shows that the packet width s is proportional to the relative speed
v of the neutron with respect to scattering nucleus, and we now must resolve the contradiction,
which arises between this work and the results of the experiment [5] on subcritical transmission.

Tt was reported by reactor staff.
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Figure 2: Dependence of JNod on the pressure P of *He-gas in stainless steel tube with Al
windows: 1 - at room temperature (28°C); 2- for a constant number N of atoms, but different
temperatures. The numbers indicate the gas temperature in °C. All the other points correspond
to room temperature.

We think that the experiment [5] should be repeated with more careful search of the transmitted
neutrons, when grazing angle of incident beam is below the critical one.
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Abstract

The effects of nitrogen ion implantation into AISI316L stainless steel on friction, wear,
and microhardness have been investigated at an energy level of 125 keV at a fluence of 1x10*'-
1x10™ N/cm? The composition of the surface layer was investigated by RBS, XRD (GXRD),
SEM and EDX. The friction coefficient and abrasive wear rate of the stainless steel was
measured in atmospheres of air, oxygen, argon, and vacuum. As follows from the investigations,
there is increase in resistance to frictional wear in the studied samples after implantation;
however, these changes are of different characters in the various atmospheres. The largest
decrease in wear was observed during the tests in air, and the largest reduction in the value of the
friction coefficient for all implanted samples was obtained during tests in the argon atmosphere.
Tribological tests revealed larger contents of nitrogen, carbon, and oxygen in the products of
surface layer wear than in the surface layer itself of the sample directly after implantation.

1. Introduction

Surface modification of stainless steels by nitrogen ion implantation is a well-established
process. The possible mechanisms of such modification are not fully understood, but the
formation of new nitride phases in the implanted layers is expected to have a large effect on
tribological properties. The microstructure of the implanted layer has attracted much attention
because of its important influence on the surface properties of a work piece implanted with
nitrogen ions.

In austenitic stainless steels (304, 304L, 316, 316L), ion implantation treatments are able to
produce a modified surface layer consisting of metastable phase, known as supersaturated or
expanded austenite yn [1-4]. However, the authors of [5] concluded that the ion implantation did
not create any new phase and did not influence the crystallographic texture that they observed
before the implantation. Implantation at the fluence 6x10*°-1.2x10"" (N/cm?) to the steel of types
304 and 316 is responsible for precipitation of CrN [6].

Changes in the surface layer due to nitrogen implantation may be larger than those observed
so far. Paper [7] shows that the high-fluence carbon ion implantation modified the microstructure
of the steel, as demonstrated by the presence of two amorphous layers separated by a layer of
extended austenite. The divergent opinions about the effect of nitrogen implantation on
properties of the steel AISI 316L inspired us to study the crystalline structure of steel, formation
of the compounds Fe-N and Cr-N, as well as change of steel tribological properties after
implantation.

As mentioned before, implantation with nitrogen ions is a well-recognized technique of
surface modification that improves the tribological properties of machine tools and is frequently
used for steels. However, there is lack of information concerning the influence that the type of
atmosphere has on the course of development of tribological process of ion-implanted metals.
Changes of steel tribological properties after implantation are rarely studied. Paper [8] studied
the effect of implantation on the change of steel wear in air and nitrogen atmospheres. Nitrogen
implantation at high fluence has been shown to increase microhardness [1], but friction and wear
tests show no significant change of the friction coefficient, whatever the relative humidity during
the tests; however, an important wear resistance improvement was observed.



In this paper, friction tests in various atmospheres—air, oxygen, argon, and vacuum—show a
considerable influence of the atmospheric environment on the rate and character of wear, which
indicates the importance of the modified ion-implanted layer and its reaction with the
environment. The aim of the experiments was to test the changes in tribological properties
caused by various kinds of atmospheres in which the friction process takes place.

2. Experimental details and discussion

AISI316L stainless steel samples were used in this study. The chemical composition of the
samples was: (wt %) (0.1% C, 0.16% Al, 0.29% Si, 0.52% S, 17.58% Cr, 10.32% Ni, 0.36% Cu,
Fe = balance). The specimens were the discs of 25 mm diameter and 4 mm thickness,
mechanically polished to a mirror finish to obtain a roughness parameter R, = 0.08 pum.

The subsequent implantation with 125 keV N* ions was carried out using the standard ion
accelerator. The beam current density was 3pA/cm?®. The samples were implanted over the
fluence range 1x10" to 1x10"® N/cm?.

Depth profiles of the nitrogen distribution were measured in the JINR Dubna via the RBS
technique, using a He beam with the energy 2.04 MeV scattered at the angle 170°. The depth
distribution profiles of the implanted nitrogen atoms, evaluated from the Rutherford
Backscattering Spectrometry (RBS) measurements at different fluences, are presented in Fig.1.

—a— ®=1.0E17 ions/cm? (Satval)
—a— ®©=5.0E17 ions/cm? (Satval)
—a—®=1.0e17 N/cm? (RBS)
Ny | —m— ®=5.0e17 N/cm? (RBS)

Concentration (at.%)

Fig. 1. RBS and simulated by SATVAL code depth profiles for AISI316L stainless steel
implanted with nitrogen at the energy 125 keV.

The figure shows also the predicted distribution of nitrogen atoms calculated by means of the
program SATVAL [9]. As follows from RBS measurements with the increase of the implanted
ions fluence, more nitrogen atoms are found in farther layers of the sample than predicted from
the theoretical distribution. However, after implantation of the fluence 5x10' N/cm?, their
amount diminishes significantly in the surface layer. This situation is attributable to the two
factors—diffusion of nitrogen atoms, both deep down into the sample and towards the surface, as
well as sputtering of the sample surface layer during implantation. With the increase of the



fluence, the thickness of the sputtered layer containing larger nitrogen atoms concentration
increases.

X-ray diffraction (XRD) experiments were performed using a CuK, source (0.15406 nm)
over the 26 range from 20° to 100°. Grazing incidence X-ray diffraction (GXRD) was performed
for 1° and 5° incidence angles. Unimplanted 316 L stainless steel showed the characteristic
spectra of face-centred-cubic austenite a = 0.3601(5) nm. After implantation with the fluence of
1x10"" N/cm?, the lattice constant increases to reach the value a = 0.3719(5) nm. Implantation
with the fluence of 5x10*" N/cm? causes a to increase up to the value of 0.3887(5) nm. Further
increase in implanted ions fluence does not result in lattice changes.

Friction and wear testing for the stainless steel samples was performed on a ball-on-disc
tribotester, using a tungsten carbide ball of a diameter 0.5 mm at the indentation load 491 mN
and velocity about 56 mm/s. The friction measurements for the stainless steel samples were
carried out under the technically dry friction. The environment temperature was about 20°C and
relative humidity 25-30%; the atmospheric pressure value was about 1000 hPa. A hermetic
cover was used over the measurement area to produce a controlled atmosphere for friction tests.
A vacuum pump was used to obtain pressures of 10™ Pa in the bench measurement chamber and
various gases could also be admitted to produce a test environment at normal atmosphere.Ball on
disc wear tracks were analyzed by means of a Taylor Hobson profilometer. Sets of about 20
profilograms were made for each wear track.

Energy dispersive X-ray spectroscopy (EDX) has been obtained to measure the chemical
composition of the surface layers. The relative contents of nitrogen and oxygen as well as carbon
increase in worn out fragments of the sample compared to the portion surrounding the track.
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Fig. 2. Sample wear as a function of nitrogen dose for the AISI316L steel in addition
to the unimplanted sample at energy 125keV.

The large friction coefficients in the vacuum for the unimplanted sample and for that
implanted with the smallest fluence is probably a result of local welding with the countersample
owing to the Fe-C bonds. A small amount of carbon (~0.1%) is contained in the sample material
and the rest comes from the countersample (WC). This interaction leads to significant wear of



these samples in vacuum (Fig. 2). This mechanism confirms the increase of carbon content on
the track surface by 0.04(2)%.

In the studies of wear products formed during friction, larger amounts of nitrogen, carbon,
and chromium were observed compared to their contents in the track and in the surface layer of
the sample.

3. Summary and conclusion

The depth distribution of nitrogen implanted into the steel AISI 316L departs from that
predicted theoretically because of diffusion. Nitrogen implantation leads to a change of
crystalline structure and chemical changes in the surface layer. The new phase-expanded
austenite CrN inserts as well as crystalline lattice defects formed during implantation improve
the steel’s tribological properties.

The lower wear rate after implantation is a result of the lower coefficient of friction, which,
in turn, is probably ascribable to the increase in surface hardness, leading to a smaller contact
area and possibly a change in the mode of wear, from adhesive (unimplanted) to abrasive (after
implantation).

The largest decrease of friction coefficient for all implanted samples was observed in the
argon atmosphere. When the modified surface layer was rubbed off, the friction coefficient has a
value characteristic of the unimplanted sample. Oxidizing wear found in the oxygen and air
atmospheres does not occur in the argon atmosphere. Moreover, tribocorrosion caused by water
vapour occurs in air.

The large friction coefficient in the vacuum for the unimplanted sample and that implanted
with the smallest fluence is probably attributable to local tacking with the countersample owing
to the Fe-C bonds. The wear products contain larger contents of nitrogen, carbon, and chromium
than do the surface layer of the sample.

Finally, one can conclude that:

¢ Implantation of nitrogen into AISI 316L stainless steel forms the new phase—expanded

austenite, precipitation of CrN, and increase of lattice constant by ~8%.

e Increase of sample temperature during implantation and formation of the phase yn are

responsible for large nitrogen mobility.

e Nitrogen implantation improves tribological properties of the steel AISI 316L and

changes the character of wear. Adhesive wear decreases and abrasive wear increases.
Mild oxidizing wear remains one of kind of wear in the air and oxygen atmosphere.

e Local increase of temperature during friction promotes mobility of nitrogen, chromium,

and carbon.
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Contamination with chromium is widespread throughout the environment because of its
use in dyes, pigments, refractory material, leather tanning, and electroplating [1]. As an
environmental contaminant, chromium is found mostly in its oxidized, hexavalent form. Cr(\V1)
is a toxic, soluble species that moves fairly rapidly in the subsurface and that can readily enter
a cell, whereas the reduced form, trivalent chromium Cr(111), is relatively insoluble, and thus
not bioavailable and nontoxic. Some indigenous microorganisms, especially those residing at
heavy metal contaminated sites, have developed abilities to co-exist with the toxic metals.
Among these microorganisms are common soil bacteria of Arthrobacter that can not only grow
in the presence of Cr(VI), but they can also reduce it to Cr(l11). Bacterial reduction of Cr(VI)
into less toxic Cr(ll1) is one of the most promising strategies for the bioremediation of
contaminated environments [2].

The present study is focused on dose-dependent formation of Cr(l1l) complexes and
accumulation of chromium by these bacteria exposed to high concentrations of Cr(VI). For this
purpose three Gram-positive basalt-inhabiting bacterial strains of Arthrobacter genera have
been isolated from the most polluted regions in the Republic of Georgia (Arthrobacter sp. and
Arthrobacter globiformis) and in the USA from polluted Columbia basalt rocks (Arthrobacter
oxydans) [3].

Instrumental neutron activation analysis (INAA) was used to track accumulation of
chromium in the bacterial cells. To monitor and identify Cr(l11) complexes in these bacteria,
the electron spin resonance (ESR) spectrometry was employed.

Sample cultivation and preparation for analysis. The bacteria were grown in the
following nutrient medium: 10 g of glucose, 10 g of peptone, 1 g of yeast extract, 2 g of caseic
acid hydrolysate, 5 g of NaCl, and 1 liter of distilled water. To provide the chromium
concentration within the range of 50-1000 mg/L, Cr(VI) [as K;CrO,] was added to the nutrient
medium at the early stationary phase of growth. After being cultivated for 5 days the cells were
harvested by centrifuging (10,000 rpm, 15 min, 4 °C), rinsed twice in a 20 mM phosphate
buffer and analyzed by both NAA and ESR methods. To prepare bacterial samples for NAA,
wet biomass was placed in an adsorption-condensation lyophilizer, dried, and pelletized to 5
mm pieces (~0.5 g) by means of titanium press form.

INAA at the reactor IBR-2 in FLNP, JINR, Dubna, was applied for determination of
chromium in the bacterial cells. Samples were irradiated for 100 h and gamma-spectra of
induced activity measured for 30 min — 2 h to provide counting statistics in the peak of Cr with
error no worse than 10%. Quality assurance was achieved by certified reference materials
Lichen-336 and Bottom Sediments SDM-2T (International Atomic Energy Agency, Austria).

ESR measurements of Cr(lll) complexes were carried out in the Andronikashvili
Institute of Physics, Thilisi, at the RE 1306 radiospectrometer with computer-based digital
systems for data acquisition and processing. ESR signals were measured at liquid nitrogen
temperature (T=77 K) [4].



Fig. 1 illustrates that for all
bacteria the accumulation of chromium,
pronounced in the beginning, is followed
by its slower uptake. The relative
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Fig. 1. A dose-dependent accumulation of Arthrobacter globiformis the maximum
chromium and formation of Cr(111) Cr accumulation is reached at the
complexes in different basalt- concentrations higher than 1000 mg/L of
inhabiting bacteria of Cr(VI). In comparison with other
Arthrobacter genera bacterial strains, Arthrobacter sp. shows

Table. The R? and fitting parameters for the LF fit to the
accumulation curves of tested bacteria

Bacteria Omax [M/g] b [L/mg] n R’
A. oxydans 12.2+0.41 0.004 +0.00018 0.32 +0.05 0.99
A. globiformis 15.3+ 1.88 0.003+ 0.0005 0.56 £0.11 0.99
Arthrobacter sp. 17.8+ 1.05 0.006+0.0007 0.42 +0.09 0.98
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Figure 2 illustrates that the transformation mechanism of Cr(VI) to Cr(lll) is
different in each particular bacteria.

Conclusions

By combined application of INAA and ESR spectrometry the behaviour of
chromium in basalt-inhabiting bacteria of Arthrobacter genera exposed to high
concentrations of Cr(VI) was studied. It was shown that the tested bacteria of
Arthrobacter genera can efficiently detoxify high concentrations of Cr(VI).

NAA measurements revealed that under aerobic conditions the accumulation of
chromium in bacteria is dose-dependent and its character changes significantly at higher
concentrations of Cr(VI). The chromium accumulation process fits well with the
Langmuir-Freundlich model.

By ESR method it was established that the main part of accumulated chromium
consists of Cr(111) complexes (in general, Cr(I11) hydroxide).

Comparative analysis of dose-dependent formation of Cr(Il1l) complexes and
uptake of chromium revealed that Cr(VI) transformation mechanism is rather similar in
Arthrobacter oxydans and Arthrobacter sp., and is different in Arthrobacter globiformis.
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The Black Sea represents a remnant of the Mesozoic Tethys Ocean. A continuous layer
of almost biologically dead water saturated with dissolved hydrogen sulfide is found between
180 m beyond sea level and the deepest bottom of 2,210 m. Only some anaerobic bacteria
inhabit this medium, and for this reason, bottom sediments are completely voided of
bioturbation that makes them ideal object for various stratigraphic investigations.

Some of the largest European rivers such as the Danube, Dnieper and Don via the Sea of
Azov, flow into the Black Sea, carrying a considerable amount of pollutants, collected from
industrial countries [1]. Both atmospheric nuclear weapon tests and the Chernobyl accident
released into atmosphere a considerable amount of the radioactive **’Cs which presence in
sediments, due to its half-life of 30.4 years represents suitable marker for a recent absolute
geochronology [2]. Thus the investigation of the vertical distribution of pollutants in
correlation with the **’Cs profile in sediments [3] could be very useful in reconstructing the
history of pollution process affecting the Black Sea.

Sediments. The unconsolidated sediment core (a total length of 50 cm) has been collected
from the abiotic zone of the Romanian Continental Shelf of the Black Sea, in the vicinity of
the town of Constanta, at depth of 600 m below sea level. A digital radiography showed the
presence of about 265 distinct layers, 1 to 3 mm thickness. For further investigations, the core
was sliced into 45 fragments which thickness gradually increased from 5 mm at the surface to
4 cm at the bottom. Each section was dried at 105 °C, ground and homogenized. The vertical
distribution of five potential pollutants Zn, As, Br, Sn and Sb as well as Sc as a reference
natural element in the core collected from the abiotic zone of the Black Sea was examined
along with the **'Cs content.

ENAA measurements. An amount of about 0.100 g of bottom sediment material was used
for multi-element epithermal NAA carried out at the reactor IBR-2, FLNP, JINR, Dubna.
Experimental procedure is described elsewhere [4]. Software developed at FLNP was used for
acquisition and processing of gamma spectra of induced activity [5]. Quality assurance was
provided by using IAEA standard reference materials SL-1, SL-3, and SI-7.

B37Cs measurements. The *’Cs activity of the uppermost 20 samples were measured at Horia
Hulubei National Institute of Physics and Nuclear Engineering -Bucharest for 20 h, using a
HPGe detector (Canberra) with a FWHM of 1.9 keV at *°Co 1332 keV and a relative
efficiency of 30%. Standard PC software OS2/Gennie for gamma spectra processing was
used.

37Cs vertical profile. Radiocesium vertical profile showed two maxima, one of them vas
very sharp and localized at a depth of 1 cm and the other very broad, almost undistinguished
at about 8 cm depth. As the two major radiocesium aerial pollutions took place in 1963
(atmospheric nuclear bombs tests) and 1986 (Chernobyl accident) and by taking into account



the existence of a vertical migration of Cs ions in sediments, one could conclude that the
upper maximum corresponds to the 1986 Chernobyl accident. As the core has been collected
in 2004, a sedimentation rate could be assessed as ~ 0.5 mm/year.

To be unambiguously considered as a pollutant, a potentially harmful compound must fulfill
two criteria: (i) to exceed the legal limits, and (ii) to present an increased concentration near
the sediment surface [6]. Only five of 45 determined elements follow these criteria. The
results for these elements are given in the Table.

Table. Max (Cmax), min (Cmin), UCC (Upper Continental Crust), normal (Cnorm);
min (Calert,min) and max (Calert, max) alert concentrations (ug/kg)

Element Cmax Cmin ucc [6] Chorm[7] Calert,min [7] | Calert, max [7]
Zn 145 53 71 100 300 700
As 16 8 1.5 5 15 25
Br 149 52 - 50 100 100
Sn 4.8 2.1 55 20 35 100
Sb 7.8 1.4 0.2 5 12.5 20

Heavy elements vertical profile. To exclude influence of mineral component of sediments,
the concentrations of elements in question were normalized to the relevant Sc concentration
considered as a naturally occurred element [8]. The distributions of these ratios along the
vertical profile of the core are presented in Fig. 1.

It is obviously seen that all of them
demonstrate a sharp increase in the
concentration range corresponding to the
last 5-6 cm below the sediment surface.
Taking into account the sedimentation rate
discussed above, this interval could be
attributed to the last 90-100 years, i.e. to
the period of rapid industrialization of the
European countries.

It should be pointed out that in case of
Sn and As, their maximal concentrations
are observed at 1 cm below the sediment
surface that roughly corresponds to the
year of 1990, while the concentrations of
other three elements monotonously
increases up to the sediment surface. Thus
the first criterion is fulfilled for all five
elements.
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Fig. 1. The vertical distributions of concentrations
of Zn, As, Br, Sn and Sb normalized to Sc

A box and whisker diagram for both average and extreme numerical values of the
elemental concentrations is given in Fig.2. It follows from the analysis of the data collection
that none of the elemental concentrations reached the intervention threshold. The normal
concentrations of Zn, As, Br and Sb are slightly transcended, while the minimal alert
concentrations are surpassed only in few cases by As and Br. Therefore, only As and Br
satisfy the second criterion. The increased concentration of halogen Br is hardly be attributed
to any pollution process, but most probably to its “marine” origin” [9].
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This fact could be interpreted more rather by having a common source of pollution than
having similar chemical properties.

Conclusion. Epithermal Neutron activation analysis was used to investigate the vertical
distribution of the concentrations of potential polluting Zn, As, Br, and Sb in the upper 50 cm
of the sediments collected 600 m below sea surface from abiotic zone of the Black Sea.

All these elements presented towards superior limit of sediments increased concentration that
in the case of Zn, As and Sb were, in accordance with Romanian Environment Regulations,
greater than the normal ones, elements concentrations reached the intervention threshold.

By using Chernobyl **'Cs as time marker it was possible to establish that the region with
increased concentrations corresponds to the last 100 years. i.e. the period of the steadily
industrialization process in Europe.
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6. PRIZES

JINR Prizes:

Scientific and Methodical Investigations:

First Prize:

V.L.Aksenov, V.l.Bodnarchuk, Ye.B.Dokukin, V.K.Ignatovich, S.V.Kozhevnikov,
D.A.Korneev, V.V.Lauter, K.N.Zhernenkov, Yu.V.Nikitenko, A.V.Petrenko. «Reflectometry of
polarized neutrons at the IBR-2 pulsed reactor».

Applied Physics Research:

Second Prize:

R.N.Vasin, E.V.Ermakova, T.l.lvankina, H.Kern, D.M.Levin, A.L.Kulakovskii, A.N.Nikitin.

«Neutron, X-ray and ultrasonic investigations of geological materials and industrial wastes for
solution of ecological problems».



7. SEMINARS

Date Authors Title

19.04.07 E.P.Shabalin Experimental investigation of irradiated solid methane
(FLNP JINR) swelling

4.07.07 Yu.V.Nukitenko Neutron standing waves in layered systems
(FLNP JINR)

19.09.07 A.V.Shikanov 50 years of pulsed neutron logging (Flerov G.N. 1956-
(MEPhI) 1958)

27.09.07 Seminar dedicated to V.K.Ignatovich’s and

A.V.Strelkov’s jubilees.

D.N.Bondarenko Neutron activation analysis using UCN and VCN as a
(RRC KI) method for determining elemental composition of

surfaces and their contamination and for measuring
neutron inelastic scattering cross-sections in the
ultralow energy region.

V.1.Morozov (RRC KI) Project for precise neutron lifetime measurements by
the method of storage of ultracold neutrons with
registration of inelastic scattering neutrons
Yu.V.Nikitenko Reflectometry with polarized thermal neutrons.
(FLNP JINR)




8. ORGANIZATION AND USER INTERACTION

8.1. STRUCTURE OF LABORATORY AND SCIENTIFIC DEPARTMENTS

Directorate:
Director:
A.V.Belushkin
Deputy Director:
V.N.Shvetsov
Scientific Secretary:
O.A.Culicov

Reactor and Technical Departments
Chief engineer: A.V.Vinogradov
IBR-2 reactor
Chief engineer: A.V.Dolgikh
Department of IREN
Head: V.G.Pyataev
Mechanical maintenance division
Head: A.A.Belyakov
Electrical engineering department
Head: V.A.Trepalin
Design bureau
Head: A.A.Kustov
Experimental workshops
Head: A.N.Kuznetsov

Scientific Departments and Sectors
Condensed matter department
Head: D.P.Kozlenko
Nuclear physics department
Head: Yu.N.Kopatch
Department of IBR-2 spectrometers complex
Head: S.A.Kulikov

Administrative Services
Deputy Director: S.V.Kozenkov
Secretariat
Finances
Personnel

Scientific Secretary Group
Translation
Graphics
Photography
Artwork




NEUTRON SCATTERING STUDIES OF CONDENSED MATTER

Sub-Division | Title

| Head

Sector 1: Neutron Diffraction. Head: A.M.Balagurov

Group No.1 HRFD V.Yu.Pomjakushin
Group No.2 DN-2 A.l.Beskrovnyi
Group No.3 DN-12 B.N.Savenko
Group No.4 Geomaterials A.N.Nikitin

Group No.5 SCAT Ch.Scheffzuk

Sector 2. Neutron Optics. Head: V.L.AKsenov

Group No.1 Surfaces

Yu.V.Nikitenko

Group No.2 Nanostructures

M.V.Avdeev

Small angle scattering group. Head: V.l1.Gordeliy

Inelastic scattering group. Head: 1.Natkaniec

NUCLEAR PHYSICS DEPARTMENT

Sub-Division Title

Head

|
Sector I, Correlation y-spectroscopy and development of experimental

installations. Head: N.A.Gundorin
Sector 2. Polarized neutrons and nuclel. Head: V.R.Skoy
Group No.1 Polarized nuclear targets V.R.Skoy
Group No.2 Thermal polarized neutrons M.I.Tsulaya

Sector 3. Neutron activation analysis.

Head: M.V.Frontasyeva

Group No.1 Analytical M.V.Frontasyeva

Group No.2 Experimental S.S.Paviov
Group No.2 Neutron spectroscopy Yu.N.Kopatch
Group No.5 Proton and a-decay Yu.M.Gledenov
Group No.6 Properties of y-quanta A.M.Sukhovoy
Group No.7 Neutron structure V.G.Nikolenko
Group No.8 Ultra-cold neutrons E.V.Lychagin
Group No.9 Neutron optics A.l.Frank
Group No.11 Theory V.K.Ignatovich
Group No.12 Electrostatic generator-5 A.P.Kobzev

DEPARTMENT OF IBR-2 SPECTROMETERS COMPLEX

Sub-Division Title Head
Group No.1 Scintillation detectors E.S.Kuzmin
Group No.2 Gaseous detectors Ts.Panteleev

Sector No.1 Electronics V.1.Prikhodko
Group No.1 Analog electronics A.A.Bogdzel
Group No.2 Digital electronics V.F.Levchanovsky
Group No.3 Software A.S Kirilov
Group No.4 Local network G.A.Sukhomlinov

Sector No.2 Spectrometers A.P.Sirotin
Group No.1 Development of spectrometer elements A.P.Sirotin
Group No.2 Sample environment A.N.Chernikov




8.2. MEETINGS AND CONFERENCES

In 2007, FLNP organized the following meetings:

1. 20" Task Force Meeting of the UNECE ICP Vegetation, Dubna, March 5-9.

2. XV International Seminar on Interaction of Neutrons with Nuclei ISINN-15, Dubna, May 16-19.

3. Meeting of the Forum on Cooperation of Regulatory Bodies and Updating Nuclear and
Radiation Safety at Research Nuclear Facilities, Dubna, July 3-5.

4. Workshop of European Society for New Methods in Agricultural Research (ESNA), Dubna,
September 10-14.

5. 2nd Joint Seminar-School JINR-Romania on Neutron Physics for Investigations of Nuclei,
Condensed Matter and Life Sciences, Baia Mare, Romania, September 11-16.

6. IAEA TC I' Workhop “Harmonization of QA/QC Systems According to ISO and International
Standards in Nuclear Analytical Laboratories of the Russian Federation”, Dubna, December
10-14.

In the year 2008, FLNP will organize the following meetings:

1. International Seminar-School “Pulsed Advanced Neutron Sources” PANS-III dedicated to the
centenary of the birth of D.1.Blokhinzev, Dubna, January 29 — February 4.

2. XVI International Seminar on Interaction of Neutrons with Nuclei ISINN-16, Dubna, May 28-
31

3. International Seminar Dedicated to the centenary of the birth of .M. Frank, Dubna, October
23-24.

8.3. COOPERATION
List of Visitors from Non-Member States of JINR in 2007
Name Organization Country Dates

V.NESVIZHEVSKY ILL, Grenoble France 31.01-01.02

M. TOMASEVIC VINCA INS, Belgrade Serbia 03.03-07.03

V.URUMOV Univ. Saints Cyril Macedonia

&Methodius, Skopje 03.03-11.03

M.ANICIC 04.03-11.03

VINCA INS, Belgrade Serbia 03.04-30.06

Z.SPIRIC Inst. Of Applied Ecology,

Zagreb Croatia 04.03-11.03

K.ULLEMEYER Univ. Freiburg Germany 25.03-05.04

JWUMMEL Potsdam Geol. Res. Center Germany 11.04-20.04

A.FRISCHBUTTER Potsdam Geol. Res. Center Germany 11.04-20.04

H.THILE Potsdam Geol. Res. Center Germany 11.04-20.04

V.LAUTER ILL, Grenoble France 15.04-26.04

H.-J.LAUTER ILL, Grenoble France 15.04-26.04

K.WALTHER Potsdam Geol. Res. Center Germany 17.04-27.04

S.C.OLSEN NECSA, Pretoria South Africa Rep. 14.05-14.06

Guohui ZHANG Inst. of Heavy lon Physics,

Beijing China 15.05-02.06

Jianyong WANG Inst. of Heavy lon Physics, China 15.05-02.06




Beijing

A.FAANHOF NECSA, Pretoria South Africa Rep. 03.06-15.06
JZEEVART NECSA, Pretoria South Africa Rep. 03.06-09.06
D.KOTZE NECSA, Pretoria South Africa Rep. 03.06-08.06
D.BONDOUX ILL, Grenoble France 05.06-27.06
V.NESVIZHEVSKY ILL, Grenoble France 05.06-27.06
N.ZWETNOW Norway 06.06-08.06
F.THOMAS ILL, Grenoble France 07.06-27.06
J.-P.GONZALES ILL, Grenoble France 07.06-27.06
H.J.LAUTER ILL, Grenoble France 19.06-22.06
V.LAUTER ILL, Grenoble France 19.06-22.06
A.SCHAEFFER On-line Res./Writers, Palmer | USA 20.06-07.07
Gui Nyun KIM Kyungpook Nat.Univ., Daegu | Korea Rep. 25.07-29.07
25.07-08.08
25.08-09.09
Man Woo LEE Kyungpook Nat.Univ., Daegu | Korea Rep. 30.09-20.10
AVENTER NECSA, Pretoria South Africa Rep. 18.09-23.09
E.STEINNES Univ. of Sci.&Technol.,
Trondheim Norway 22.10-29.10
H.-J.LAUTER ILL, Grenoble France 06.11-17.11
Man Woo LEE Kyungpuk Nat.Univ.e, Daegu | Korea Rep. 11.11-25.11
N.KOCH NECSA, Pretoria South Africa Rep. 18.11-18.12
L.PILANE NECSA, Pretoria South Africa Rep. 03.12-16.12
A.NTSHABELE NECSA, Pretoria South Africa Rep. 03.12-21.12
J.TOPKIN NECSA, Pretoria South Africa Rep. 03.12-21.07
D.JANSEN NECSA, Pretoria South Africa Rep. 03.12-22.12
A.FAANHOF NECSA, Pretoria South Africa Rep. 03.12-22.12

The objective of the FLNP educational program is the training of specialists in the field of
neutron methods for condensed matter and nuclear physics research. The students of the Neutron
Diffraction Department of MSU, of the Interfaculty Center «Structure of Matter and New
Materials» and of the Electronics and Automatics Department of MIREA (Moscow State Institute
of Radioengineering, Electronics and Automatics) perform their term and diploma works in FLNP.
At the University Centre of JINR the students from Tula State University, Belgorod State
University, Tver State University and other universities of Russia and JINR Member States write

8.4. EDUCATION

their term papers and do summer and winter practical works in FLNP.

On February — May 2007 the practical work for the students of the University Centre of
JINR, the Neutron Diffraction Department of MSU and the Interfaculty Center «Structure of Matter

and New Materials» was held.

On 25.06.07 — 06.07.07 the practical work for the students of the University Centre of JINR

was organized.

On 10.07.07 — 22.07.07 the practical work for the students of the University Centre of JINR

and the students from Tula State University was organized.




8.5. PERSONNEL

Distribution of the Personnel per Department as of 01.01.2007

Theme Departments Main staff
-1036- Nuclear Physics Department 49
-1031- Condensed Matter Physics Department 39
-1052- IBR-2 Spectrometers Complex Department 37
-0993- IREN Department 10
-0851- IBR-2 Department 41

Mechanical and Technical Department 43
Electric and Technical Department 27
Central Experimental Workshops 39
Nuclear Safety Group 3
Cold Moderator Group 7.5
Design Bureau 2
FLNP infrastructure:
Directorate 8.5
Services and Management Department 21
Scientific Secretary Group 4.5
Supplies Group 3.5
Total 338

Personnel of the Directorate as of 01.01.2008

Country People
Armenia
Bulgaria
Vietham
Germany
Georgia
KPDR
Kazakstan
Mongolia
Poland
Romania
Russia
Ukraine
TOTAL
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8.6. FINANCE

Financing of the FLNP Scientific Research Plan in 2007 (th. USD)

No. Theme Financing plan, Expenditures In % of FLNP
$ th. For 12 months, $ th. Budget
I | Condensed matter physics 5258,0 5885,1 111,9
-1031- 1544.5 1686,0 109,2
-0851- 2976,0 3519,6 118,3
-1052- 737,5 679,5 92,1
Il | Neutron nuclear physics 1430,5 1561,6 109,2
-1036- 1015,0 1103,6 108,7
-0993- 415,5 458,0 110,2
11 | Elementary particle physics 5,3 6,0 113,2
-1007-
TOTAL.: 6693,8 7452,7 111,4
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