FRANK LABORATORY OF NEUTRON PHYSICS
OF THE JOINT INSTITUTE FOR NUCLEAR RESEARCH

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. [.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. [.LM.Frank in 1992.
In the same year, in JINR the [.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 2005. 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 report completes with the list of publications for 2005.

In 2005 the IBR-2 reactor operated ~ 1831 hours for physical experiments. Main results of
the IBR-2 modernization in 2005: (1) New fuel charge — works to create a working site for
assembling fuel elements into a fuel rod array were completed. The working site was approved to
be put into service by a commission of representatives of JINR, GSPI, VNIINM, NIKIET. At
present, the procedure of obtaining license for assembling fuel elements is under way. (2) Main
equipment of the IBR-2M reactor — in NIKIET the manufacturing of a new reactor jacket continued.
The manufacturing of an intra-jacket fuel-handling machine was completed. (3) In JINR EW the
haulage equipment to place moderators for the IBR-2M reactor was manufactured. (4) CSS of IBR-
2M. — in NIKIET the development of the design documentation of the AES actuating mechanism
was completed. A prototype of an actuating mechanism for an automatic controller was
manufactured in JINR EW. In SNIIP-SYSTEMATOM the development of ACSS was completed,
the manufacturing of a prototype is under way. Works to create a system to control technological
parameters were started (INEUM). (5) Complex of IBR-2M moderators — prototype works on
transportation of CoH/; balls. In NIKIET work on the preliminary design of the IBR-2M moderator
complex started. In HeliumMash works to manufacture CHF-700/15 continued.

The IREN project. In 2005 the main efforts and funds were focused on the completion of
preparation and carrying out of works to dismantle the IBR-30 reactor. The major part of the reactor
activated equipment was disassembled and transported to bldg. 117/b for temporary storage. By the
middle of November the drilling-out of uranium inserts from the moveable parts of the IBR-30 core
was completed. The removed fuel was evacuated for storage in DRFM JINR. On the 14" of
December at 11-45 an entry in the IBR-30 reactor logbook was made: «The last spent fuel assembly
was taken out from the reactor core and placed in the container for transportation to storage». Thus,
the more-than-forty-year history of the world’s first pulsed reactor of periodic operation IBR came
to its close. To the end the IBR reactor was one of the most powerful neutron sources for nuclear

physics. This is a great success of the FLNP technical departments.



In view of real financial possibilities of the Institute, the JINR Directorate has taken a
decision to realize a simplified variant of the IREN facility. Namely: to start up the first stage of the
IREN facility including an electron accelerator for 100 MeV and a non-multiplying neutron-
producing target with a test bench for applied investigations.

At the IBR-2 neutron spectrometers a number of interesting experiments were carried out. In
particular, neutron diffraction studies of manganites RgsSrosMnO; (R=Sm, Ndo77,Tbg2s and
Ndos544Tboass) aimed at establishing microscopic reasons for a giant oxygen isotopic effect
discovered recently in Smy sSrosMnO3; were conducted. At the DN-12 diffractometer the effect of
high pressures of up to 5 GPa on the crystal and magnetic structure of hexagonal manganite YMnOs
in a temperature range of 10 - 295 K was studied. At the YuMO spectrometer liquid dispersions of
detonation nanodiamonds were studied by small-angle neutron scattering. At the REMUR
spectrometer the phenomenon of coexistence of ferromagnetism and superconductivity in layered
structures, which is of importance both from fundamental and practical points of view, was
investigated. At the NERA inverted geometry spectrometer the comparison characteristics of
substances-candidates for neutron cold moderators at IBR-2: methane, methanol, mesitylene and
water, were studied. At the DIN-2PI spectrometer the neutron diffraction experiment to study the
microstructure of Li—N melts with a concentration of nitrogen impurity of 1.3 and 3.5 at.% and at a
temperature of 823 K was performed. The basic microstructural characteristic of the substance — the
total structural factor S(Q), as well as the partial structural factors Sqs(Q) of melt components and
corresponding radial distribution functions gup() and gcc(r) were obtained. A series of works,
which sum up almost a 20-year debate on one of the key problems of statistical physics —
interaction of fluctuating random surfaces, were completed by the physicists of the small-angle
neutron scattering group. For the first time the dynamics of a crystal lattice of the superionic
conductor AgCuSe was studied by inelastic neutron scattering. In a low-temperature phase the low-
energy modes were detected, which are most likely of acoustic phonon nature.

In 2005 the technical works to modernize the IBR-2 spectrometers complex continued. For
the most part, they concerned the detector systems of the spectrometers. In particular, at the FSD
Fourier specialized diffractometer work to construct the detector system continued (6 out of 14
detector modules are ready), test filling of two-dimensional detector for YuMO was carried out and
one-dimensional PSD with resolution of 1.8 mm was tested in actual operating conditions.

During the reported year a number of works were carried out and some interesting results
were obtained in the field of nuclear physics: in the framework of the experiments to search for
neutral currents in nucleon-nucleon interactions and to determine a weak m-meson coupling
constant at the PF1B cold polarized neutron beam (ILL, Grenoble) a regular 48-day run of

measurements of P-odd asymmetry (o,p;) of triton escape in the reaction °Li(n,ot)’H was conducted.



The works to test the equipment of the PF12 channel of the LANSCE neutron source (Los-Alamos)
and the equipment for the experiment to measure P-odd asymmetry of y-quanta in the reaction
np—dy aimed at determining a weak m-meson coupling constant were performed by the NPDG
collaboration together with the FLNP specialists. In the framework of the preparation of the
experiment of direct measurement of neutron-neutron scattering cross-section, the works to
calibrate the neutron detectors used in the test experiments at the YAGUAR reactor (VNIITF,
Snezhinsk) were carried out and the obtained data were refined. Using a new method of extracting
the n,e-scattering length b, from data of neutron diffraction by noble gases, the data obtained in
Grenoble were processed for different states of gaseous “°Ar and liquefied Kr. During 2005 the
experimental data in the framework of the nTOF collaboration — study of the nature of vibrational
resonances in neutron-induced fission and obtaining of fission cross-sections to solve problems of
ADS-systems and radioactive waste incineration — were processed. The data on level densities and
force functions of primary gamma-transitions for the nucleus excitation energy interval from ~5 to
~9 MeV were derived from the intensities of two-step quantum cascades measured by now in 51
nuclei (27<A<201) between the neutron resonance and the low-lying levels of the compound
nucleus. At the PF1B and PF2 beams of the ILL reactor (Grenoble) the studies of cold neutron
scattering from nanodiamond powder samples and from the structure of weakly bound nanoparticles
D,0 and D, in superfluid helium (gel) were carried out. A new experiment to observe a neutron
energy change in passing through the accelerated substance was carried out. The neutron energy
change was detected by the UCN gravitational spectrometer (ILL, Grenoble) with interference
filters in phase with the movement of the sample and was of the order of 2:10™° eV.

In 2005 work to study atmospheric depositions of heavy metals using biomonitoring, NAA
and GIS technologies on the territory of Russia and a number of other countries continued. New
results of NAA to determine chrome in bacterial samples of Arthrobacter oxidans granted by the
biochemists of the Institute of Physics of the Georgian AS were obtained. The analysis of 50
archeological samples of ceramics (early Neolithic age) from burial mounds of the Smolensk region
and from the Maikop burial mound in the Northern Caucasus was performed for the State
Hermitage (Saint-Petersburg). Works to study the effect of fission-spectrum neutrons on physical
properties of fine-grained diamonds obtained in the Institute of Solid State and Semiconductor
Physics NASB (Minsk) continued.

In 2005 the unification of all measuring equipment of DAQ and experiment automation
systems and its accommodation at the spectrometers in the IBR-2 experimental halls was
completed. The software was unified as well. Automation systems for spectrometers are composed
of standardized hardware and software modules. An experiment can be controlled from any

computer of the local area network. A serious technological basis (clean room, gas and test



benches) has been created, 1D and 2D MWPC-based position-sensitive neutron detectors have been
developed and tested. Much progress in the development of scintillation detectors with
ZnS(Ag)°LiF glasses for neutron diffractometry and in the creation of helium cryostats for a
temperature range of 6-300K has been achieved.

In summary it might be well to point out that the increasing interest of the JINR Member
States is observed to the works in the field of neutron investigations. It is also of importance 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

March 9, 2006



1. SCIENTIFIC RESEARCH
1.1. CONDENSED MATTER PHYSICS

The problem under study and the main objective of investigations within the theme was the
application of neutron physics methods to study the structure and dynamics of condensed matter,
the obtaining of new data on microscopic properties of systems under study, experimental
verification of theoretical predictions and models and the revealing of new laws. Correspondingly,
work in the framework of the theme was carried out in two main directions: conducting of
experimental investigations at the IBR-2 spectrometers and of routine technical work aimed at
modernizing the available spectrometers and creating new instruments at IBR-2. This work was
performed by the specialists of the FLNP Department of Neutron Investigations of Condensed
Matter (NICM) structurally organized in the form of sectors (including the teams responsible for the
spectrometers) in basic research directions.

Experimental equipment. For the most part, the experiments were carried out at the FLNP
basic facility — the IBR-2 reactor. In addition, the physicists of the NICM Department participated
in a number of experiments in neutron centers of Europe. At the IBR-2 reactor the Department
employees were in charge of operation and development of instruments and performance of physics
experiments at 13 spectrometers: HRFD — High-Resolution Fourier Diffractometer, DN-2 —
multipurpose diffractometer for experiments on poly- and single crystals, SKAT — diffractometer
for texture investigations, EPSILON — diffractometer for internal stress investigations, FSD —
Fourier diffractometer for internal stress studies, DN-12 — diffractometer for experiments at high
external pressures, YuMO — small-angle scattering spectrometer, REMUR — polarized neutron
spectrometer, REFLEX-P — polarized neutron reflectometer, DIN-2PI — direct geometry inelastic
scattering spectrometer, NERA-PR — multi-crystal inelastic scattering spectrometer, KDSOG-M —
inverted geometry inelastic scattering spectrometer. At all spectrometers, except for KDSOG-M,
experiments are carried out in accordance with the user policy program. Below are the main
scientific results obtained during the reported year.

Main scientific results. Neutron diffraction studies of manganites Ry sSrosMnO; (R=Sm,
Ndy772Tbo 228 and Ndgs44Tboass) aimed at establishing microscopic reasons for a giant oxygen
isotope effect discovered recently in SmgsSrosMnO; have been conducted. It has been
demonstrated that in all studied compositions at low temperatures there coexist two crystal phases
with different types of Jahn-Teller distortions of oxygen octahedrons and different types of
magnetic ordering. The diffraction data have made it possible to suggest the scenario of the
observed phase transitions and to establish that the metal-insulator transition in the compositions
with Sm upon 'O for '°O substitution has a percolation nature, i.e. the substitution of oxygen
isotope results in a sharp decrease (from 65% down to 13%) in a ferromagnetic metal phase
volume. This work can be considered to be final in a series of studies concerned with the reasons
for a giant isotope effect in manganites — a change from low-temperature metal state to insulator
state upon '*O for '°O substitution. It has been found that in compositions with a doping level of
x=0.5, as well as in manganese oxides with x=0.3, the effect exists only if there is a phase-separated
state on a mesoscopic scale. The main reason for equilibrium phase separation is the occurrence of a
random stress field on incoherent boundaries of the coexisting phases.

At the DN-12 diffractometer the effect of high pressures of up to 5 GPa on the crystal and
magnetic structure of hexagonal manganite YMnOs; in a temperature range of 10 - 295 K has been
studied (Fig.1). At normal pressures in this compound at 7~7x=70 K a spin liquid state is observed
caused by magnetic frustration effects on a triangular lattice formed by Mn ions, whereas at 7<7Ty
an ordered triangular antiferromagnetic (AFM) state arises with a symmetry of irreducible
representation I'j. As the pressure increases up to 5 GPa, a decrease in the value of the ordered
magnetic moment of Mn ions from 3.27 down to 1.52 up is observed at 7=10 K and the



1.2. NEUTRON NUCLEAR PHYSICS

Introduction

In the course of the year 2005 the main work in the field of neutron nuclear physics in FLNP
JINR was carried out at the IBR-2 reactor, the EG-5 facility and on neutron beams in other nuclear
centers of Russia, Bulgaria, Poland, Czech Republic, Germany, Republic of Korea, China, France,
USA, and Japan. The studies were in traditional directions, such as the investigation of time and
spatial parity violation processes in the interaction of neutrons with nuclei, studying of the
quantum-mechanical characteristics and dynamics of the fission process, experimental and
theoretical investigations of the electromagnetic properties and beta-decay of the neutron, gamma-
spectroscopy of neutron-nuclear interactions, studies of atomic nucleus structure, obtaining of the
new data for reactor applications and nuclear astrophysics, experiments with ultracold neutrons, and
applied investigations.

1. Experimental investigations
1.1. Spatial and time parity violation in the interaction of neutrons with nuclei

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

Works to search for and to study the structure of subthreshold neutron p-resonances in
isotopes with mass number A = (80-130) by the high-resolution correlation gamma-spectroscopy
method continued.

With the aim of testing the validity of the results obtained previously in the experiments to
search for the negative neutron p-resonance in lead isotopes, the reconstruction of the gamma-
spectrometer COCOS at channel Nel of the IBR-2 reactor has been carried out. As a result of
installation of newly purchased semiconductor gamma-quantum detector GMX30-PLUS and
specialized electronic blocks, the efficiency of the spectrometer has improved more than twice and
its operation speed has increased.

At the reconstructed gamma-spectrometer the experiments to search for the negative neutron
p-resonance in lead isotopes were carried out: two series of measurements with a natural mixture of
lead isotopes were conducted.

1.1.2. Preparation for investigations of T-noninvariance effects in neutron nuclear interactions

In 2005 in the polarized target sector the works to study samples to verify T-noninvariance
in nuclear interactions continued. Two single crystals of lanthanum aluminate LaAlO; with a
paramagnetic impurity Nd3+: 0.3% and 0.08%, received from Japan, were studied. The amplified
NMR signals were detected confidently on both crystals. A shift of the NMR lines of La and Al at
rotation of crystals in a magnetic field was also observed. Unfortunately, it turned out to be
impossible to observe thermo-equilibrium signals in a reasonable period of time. This is due to the
fact that for nuclei of the crystal as compared to a hydrogen target their concentration is less by a
factor of 2-3 and the difference of adjacent level population is less by a factor of 7 and 5,
respectively.

At present, the modernization of Q-meter is in progress. The instrument sensitivity is
expected to be improved by at least an order of magnitude.



1.1.3. Creation of the polarized proton target

The creation of the polarized nuclear target was completed. To polarize nuclei of the target
by the «brute force» method, a *He in *He dilution cryostat with a superconducting magnet was
constructed. A bench test of the cryostat with a magnet was performed. The following parameters
were obtained:

e minimal temperature on a sample T = 23 mK,

e magnetic field intensity H= 5.8 T at the homogeneity of a magnetic field in the center of

the magnet AH/H= 10"

The polarized nuclear target was transported and installed on beam Nel of the IBR-2 reactor.
Thus the creation of the «Kolkhida» setup intended to study the interaction of polarized neutrons
with polarized nuclei was completed. For the setup a new software data acquisition system has been
developed, which makes it possible to carry out measurements in an automatic mode for a number
of points in the range of currents of the polarizing magnet; to perform necessary operations in an
interactive operating mode; to visualize experimental data; to automatically control the quality of
experimental data; to conduct necessary tests of the equipment and programs.

At present, the commissioning works at the «Kolkhida» setup on beam Nel of IBR-2 are
under way. The beginning of nuclear precession (nuclear pseudomagnetism) experiments is
scheduled for the first quarter of 2006.

1.1.4. Current status of the KaTRIn project. Nuclear pseudomagnetism measurement procedure

In 2005 within the framework of cooperation with KEK (Japan) the prototype of a setup to study
nuclear pseudomagnetism was created. Its schematic view is given in Fig. 1.
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Fig. 1. The setup to study nuclear pseudomagnetism. Dimensions are in mm

The setup was assembled on beam H-8 of the KENS source and includes a neutron polarizer
and neutron polarization analyzer. Both devices are based on He cells with optical pumping.
Between the polarizer and the analyzer a solenoid is positioned inside which there are two crossed
radio-frequency coils spaced apart. On passing the polarizer, the neutron polarization P; is directed
along the beam axis. Radio-frequency coils make it possible to turn the neutron polarization vector
in an arbitrary direction and through an arbitrary angle.

If a guiding field in a big solenoid is H|, and a coil creates an oscillating field 2H, cos wt ,

the effective field in the rotating coordinate system which "sees" the neutron is:

H=H,-w/y+H,,



where v is the gyromagnetic ratio for the neutron. Then if we manage to choose RF field frequency
to be equal to the Larmor frequency of the neutron in a field /,, we obtain an optimal condition

H = H,. This means that in the passage through a coil in time ¢, to turn the neutron polarization
vector through, say, /2, it is necessary to fulfill a condition:

YHit,=m/2.

Of course, ¢, depends on neutron energy, but the amplitude H, can be modulated so that
the condition is met for neutrons in a desirable energy range. On passing through the first coil, the
neutron travels a distance between the coils in time ¢,, the polarization vector rotates with Larmor

frequency w, =yH, and the corresponding angle of rotation in the plane perpendicular to the
moving direction i1s ¢ =w,f,. Then if the operation of both coils is properly synchronized, it is

possible to return the neutron polarization vector to its former direction along the beam axis as
neutrons pass through the second coil: P, = F. If we place some material between coils, which
creates an additional field along the beam axis, the phase that the neutron acquires when flying
between coils, is no longer wyf,. This means that upon passing through the second coil, the

magnitude of neutron polarization will differ from that of the case considered above, i.e., P, # F,.

From the value and energy dependence of this deviation, the magnitude of an additional field
created by this material may be determined.

The second realization of this technique is to use a rotating field instead of oscillating one,
i.e., in place of one pair of turns in each coil to use crossed pairs to create orthogonal fields
H coswt and H,sinwt. The remainder of the consideration remains unchanged. The use of a

rotating field makes it possible to reduce the amplitude of the RF-field by half, which lowers power
requirements to RF-amplifiers.

Thus, the pseudomagnetism measurement procedure represents two consecutive
measurements of neutron polarization when the substance under study is not polarized and
polarized along the beam axis. The investigations of the parameters of the created setup and
consecutive measurements of neutron time-of-flight spectra with the RF-coils in the “off” and “on”
condition were carried out and their ratios were determined. Figure 2 illustrates some examples of
these ratios. Red lines — calculation (not fitting).
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Fig.2a. The first RF-coil in the spin-flipper mode (180-degree turn of neutron polarization). The
second coil is switched off. Rotating field
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Fig.2b. Both coils are in the mode of 90-degree turn of neutron polarization. Field phase in the
second coil is modulated from 0 to 2 in the range of 0.025-0.08 eV. Oscillating field

Both coils consist of two pairs of crossed rings of 10 turns each. The RF-field amplitude is
limited by the RF-amplifier output power and does not exceed 5 G. The magnitude of the big
solenoid guiding field is 20 G, i.e. the working frequency is w=w, = 60 kHz.

Cells with *He were under 2.8 atm each, the degree of *He polarization was 54% for the
polarizer and 24% for the analyzer. The H, amplitude was modulated by the law 1/¢, using
programmable synthesizers (Arbitrary Waveform Generator). In the future we intend to place a
small solenoid between the coils and to measure the ratios of time-of-flight spectra when this
solenoid is off and on. In addition, we plan to manufacture somewhat smaller RF-coils and to
enhance field H, by increasing the number of turns up to 15 in each crossed pair.

This procedure may also be used in the investigations of para- and ferromagnetic substances.
1.1.5. Investigations of parity violation in the systems with a small number of nucleons
Search for P-odd effect of triton escape in the reaction 6Li(n,oc)3H

In the framework of the experiments to search for neutral currents in nucleon-nucleon
interactions and to determine a weak m-meson coupling constant at the PF1B cold polarized neutron
beam (ILL, Grenoble) a regular 48-day run of measurements of P-odd asymmetry (c,p;) of triton
escape in the reaction °Li(n,a)*H (6, — neutron spin, p; — triton pulse) was conducted. A 48-section
ionization chamber with 24 °LiF targets absorbing more than 60% of neutron flux was used as a
triton detector (Fig.3). An integral (current) method of event registration, a technique of
compensation of reactor power fluctuations, as well as a technique with periodic switching of a
guiding neutron spin magnetic field on samples to eliminate possible false effects were applied. The
result with allowance made for corrections for neutron polarization and triton escape angle is o, = -
(9.342.5)-10®. A number of test experiments were also carried out. Judging from the sum of the

results from three cycles, an obvious effect is observed in the main measurements o = -
(8.6+2.0)-107.



Fig. 3. Layout of the experiment: (from left to right) polarizer, RF-spin-flipper with coils of guiding
field, multisectional ionization chamber, beam-stop.

Preparation for measurement of y-quantum asymmetry in the reaction np—dy

The NPDG collaboration together with the FLNP specialists carried out the works to test the
equipment of the PF12 channel of the LANSCE neutron source (Los-Alamos) and the equipment
for the experiment to measure P-odd asymmetry of y-quanta in the reaction np—dy aimed at
determining a weak m-meson coupling constant.

1.2 Induced and spontaneous fission
1.2.1 Measurement of delayed neutron yield at the IBR-2 reactor

On channel Nel1-B of the IBR-2 reactor the modernization of the «Izomer» setup with the
aim of development of works to obtain data on yields and decay constants of delayed neutron
groups in minor actinide fission was completed. As a result of the modernization, the parameters of
the setup were improved and its possibilities were enlarged. For the setup the following programs
were developed: a program to control the movement of Cd-filter; a program of synchronization of
data measurement process with changes of detection conditions; sorting of data files into groups
according to detection conditions; calculations of exposition time, etc.

At the modernized setup the measurements were performed and the data on the delayed
neutron yield in thermal neutron fission of **’Np isotopes were obtained.

1.2.2 Measurement of neutron multiplicity in neutron-induced fission of >’ Pu

In 2005 experimental investigations of neutron-induced fission of **’Pu and **°U continued.
The results of these investigations were reported at the International Conferences held in Russia,
France and the USA in 2005.

The experiments on measurement of fluctuations of Total Kinetic Energy (TKE) in
resonance neutron-induced fission of *°U were carried out in 1996-2000 at IBR-30. These



fluctuations were discovered in 1990 in Belgium at the GELINA setup and correlated well with the
dependence of fluctuations of prompt fission neutron multiplicity on resonance neutron energy,
which were revealed in the early seventies for uranium and plutonium nuclei. However, the
statistical accuracy of the data obtained in Belgium was poor because of weak resonance neutron
flux intensity, therefore independent verification of the results with better statistics was required. In
the experiments conducted at IBR-30 the statistical accuracy of measurements was improved by
more than 10 times and the obtained results coincided very closely with the results obtained in
Belgium. In addition, the procedure of experimental data analysis was modified using more exact
formulas to fit data obtained by Brosa, Muller and Grossman. The results obtained in Dubna have
convincingly proved the presence of TKE fluctuations of fission fragments in resonance neutron
energy region, which yet defied explanation within the framework of the available theoretical
models of nuclear fission at low energies.

At the GELINA setup (IRMM, Belgium) the joint experiments to investigate the resonance
neutron-induced fission of *’Pu nuclei, the fluctuations of prompt neutron multiplicity and the total
kinetic energy of fission fragments are performed. This work is carried out using modern digital
signal processing methods, when the form of pulses both from neutron detectors and from a fission
chamber is converted into a digital sequence, which is stored and analyzed in an off-line mode. The
obtained preliminary results show that the application of digital signal processing makes it possible
to qualitatively change the procedure of measurements.

1.2.3 Investigation of mass-energy characteristics of binary and ternary fission products

At the K-130 accelerator in Jyvéskyld (Finland) in cooperation with the FLNP specialists the
multiparameter experiment to measure mass-energy distributions of ***U a-particle-induced fission
fragments was carried out. The facility made it possible to detect time of flight and energy of each
fragment that allowed us to determine their masses independently. Fission fragments were detected
by two mosaics of silicon PiN-diodes located at a distance of about 0.5 m from the target. As a start
detector a microchannel plate positioned in the immediate vicinity of the target was used. Data
processing with the aim of searching for true ternary collinear decay in the fission is under way.
Preparation for a similar experiment on neutron-induced fission measurement on beam 6b at the
IBR-2 reactor with the use of "Mini-Phobos" detectors in cooperation with FLNR began.

Also, in Jyviskyld (Finland) an experiment to obtain total alpha-particle energy spectrum in
ternary spontaneous fission of *>Cf was performed. As in the first experiment, mosaics of silicon
PiN-diodes were used to detect light charged particles. The identification of particles was carried
out by the TOF-E method. As a start detector also a microchannel plate responsive to one of fission
fragments was used. To reduce background, an additional silicon detector registering the second
fission fragment and synchronized with the start detector was employed. As the first result, the total
o-particle energy spectrum with the lower limit of ~1 MeV was obtained. The deviation of the
spectrum shape from the Gauss distribution was observed in a low-energy region. Preliminary
estimates show that this deviation cannot be entirely explained by the emission of *He neutron-
unstable nuclei, which upon decaying are identified as a-particles.

1.2.4 Investigation of vibrational resonances in fission

In the course of the year the experimental data processing was carried out within the
framework of the nTOF collaboration program aimed at studying the nature of vibrational
resonances in neutron-induced fission and at obtaining fission cross-sections to solve problems of
ADS systems and of nuclear waste incineration.



1.3 Gamma-spectroscopy of neutron-nuclear interactions

The data on level densities and strength functions of primary gamma-transitions have been
derived from the intensities of two-step quantum cascades measured by now in 51 nuclei
(27<A<201) between the neutron resonance and the low-lying levels of the compound nucleus. This
has been done for the nucleus excitation energy interval from ~5 to ~9 MeV. These data have been
obtained for the first time without resorting to any nuclear models or unverified hypotheses. The
level densities and radiative strength functions obtained in this way have considerably fewer
(practically by an order of magnitude) systematic errors than any available analogous data.

The improved accuracy has made it possible to observe strong effect of the structure of the
nucleus on these main parameters of its cascade gamma-decay. So, the experimental values of level
density both in spherical and deformed nuclei of any mass are well reproduced by the sum of partial
level densities corresponding to the breakage of up to five Cooper pairs of nucleons and to the
excitation of up to ten quasi-particles in a nucleus in combination with the excitations of vibrational
type. The share of the latter in the region of half neutron binding energy exceeds the share of purely
quasi-particle excitations by a factor of 10-20.

The obtained results open up new opportunities for experimental and theoretical studies of
interaction and inter-transition of excitations of fermion and boson types in a nucleus. First of all
there appeared a real possibility of practical determination of correlation functions of individual
Cooper pairs of nucleons at various excitation energies of a nucleus. Great and principally
unavoidable systematic errors in experimental determination of level densities eliminate the
possibility of obtaining reliable information on the specified parameters of a nucleus using other
techniques developed to date.

1.4 Investigation of (n,p) and (n,a) reactions
Angular correlations in (n,p) reaction

Works to study angular correlations in the reaction 14N(n,p)MC continued. The theoretical
estimation of asymmetry effects in the "*N(n,p)'*C reaction was made within the framework of
mixing compound-state model (Fig.4). The contribution of resonances into a neutron energy region
of up to 1 MeV, as well as the effect of phases on the energy variation of asymmetry coefficients
(forward-backward, left-right and parity violation) were analyzed. The calculations give values of
forward-backward and left-right asymmetry coefficients of about 10" and 107, respectively. The
obtained parity-violating correlation coefficient is several orders of magnitude less than the
available experimental estimate.

For further experimental study of P-even asymmetry effects with unpolarized neutrons, a
number of works were carried out to reequip the channel at EG-5. In particular, a rotary table was
assembled making it possible to rotate the charged particle detector about its axis (to measure
forward-backward coefficient) and to move the detector relative to the neutron target, taking it out
of the direct neutron beam (to measure background).

At the EG-5 facility in FLNP the investigations of the *’Ne(n,0)'’O reaction were
performed. Neutrons were produced in the D(d,n)’He reaction using a gas deuterium target at a
deuteron energy Ed = 2 MeV. The obtained neutron energy range En=3.7 — 4.1 MeV covered a
group of neutron resonances of *’Ne. The detection and spectrometry of a-particles were carried out
by means of a two-section grid ionization chamber and an electronic multidimensional data
acquisition system. Gas Ne, filling the chamber, was the object of investigation. Some discrepancies
between the obtained data and the resonance positions recommended for this reaction in neutron
atlases were revealed. The investigations are planned to be continued using solid deuterium targets
as a neutron source in order to reduce the scatter.
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Works to construct a new gas deuterium target, as well as to manufacture a lithium target
and to purchase a tritium target are in progress. These targets are required to produce neutrons in a
wide energy range at the EG-5 facility.

At the EG-4.5 in the Institute of Heavy Ion Physics, Peking University, China,
measurements of cross sections of the **Zn(n,a))*'Ni and '°B(n,a))’Li reactions at neutron energies
of 4, 5, 6 MeV were carried out. The neutron source was the D(d,n)3He reaction on a gas deuterium
target. A two-section grid ionization chamber was used as an a-particle detector. The treatment of
the obtained multidimensional data is under way.

1.5 Fundamental properties of the neutron
1.5.1. Investigation of n,e-scattering

A new method developed in the Department of Nuclear Physics FLNP and described in
three publications (2003-2005) to extract the n,e-scattering length b,. from data on neutron
diffraction by noble gases was applied to process digital data on diffraction of neutrons with a
wavelength of ~0,7A. These data (obtained in Grenoble and sent to Dubna) contained sets of
structural factors S(g) for a gaseous isotope *°Ar of four different densities in the range of wave
vector g of up to ~10 A™ and for seven different states of liquefied Kr in the ¢ range of up to ~16
A

The experimental values of S(g) corrected by the authors for all kinds of distortion effects,
except for the n,e-scattering, were described by a diffraction damped sinusoid with addition of
monotonous ¢ contribution from the n,e-interaction.

In the case of *°Ar, in principle, the result of a "zero-experiment" was obtained, since the
n,e-scattering contribution is less than 0.2% of the nuclear contribution, whereas natural argon has



the n,e-contribution of ~1,9 %. Two mathematically different approaches to the solution of the
multiparameter task gave the following results:

b, =—(1.33+0.28+0.57)-10" Fm,
b, =—(2.15+0.49)-10" Fm,

though of poor accuracy, but of significance.
The preliminary result of the data analysis for Kr, which is unfinished yet:

bpe=—(1.36 £0.14)-10° Fm,

already approaches the level of the best (as to the accuracy) results.

In order to considerably improve the accuracy of determining the n,e-scattering length, a
new experiment is being developed for the same setup in Grenoble, where the data on *°Ar and Kr
have been obtained. The essence of the experiment is to conduct measurements with Ar, Kr and Xe
in turn with the same measurements with *°Ar as «normalizing» ones.

The construction of the setup to measure b, by scattering slow neutrons by gases Ar, Kr and
Xe of low pressure (~1 atm.) using the time-of-flight method on neutron sources in Troitsk and at
IREN-1 is in completion stage. It only remains to manufacture a rotating-positioning device.

1.5.2 Experiment of the direct measurement of neutron-neutron scattering cross-section

Works on preparation of the experiment on the direct measurement of neutron-neutron
scattering cross-section at the YAGUAR reactor (VNIITF, Snezhinsk) were continued. To verify
the calculations and to choose an optimum variant of under-reactor shielding, in 2004 a test
measurement was conducted.

In 2005 the works to calibrate the neutron detectors used in the test experiments at the
YAGUAR reactor were carried out at the neutron setup of the Institute for Physics and Power
Engineering (Obninsk). The performed calibrations allowed one to compare the results of
background measurements with the calculations. The measurements were carried out in three
different geometries of the collimation system. The measurement with geometry Ne3 is of particular
interest. In this case the fast neutron background at the bottom of the shaft should be close to the
background of a full-scale facility. The results of the calculations and measurements for the given

case are presented in Fig.5.
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As may be seen in Fig. 5 the results of the calculations made by the group from Snezhinsk
for a depth of more than 2 m are in complete agreement with the results of the measurements
(deviation at small depths is connected with the accuracy of description of the shielding geometry at
the level of the floor).

Thus, the test measurements demonstrate a high degree of reliability of the calculations
made. The calculations of backgrounds in total geometry of the experiment have shown that the
chosen geometry of the facility (Fig.6) will make it possible to carry out the nn-scattering cross-
section measurements without a dominant role of background.
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On the building of the YAGUAR reactor (Snezhinsk) the back flight base of the
experimental facility (Fig.7) was installed.

The working draft of the whole experimental facility has been completed. In the FLNP
experimental workshop the manufacturing of the lower part of the facility is in progress. The testing
of the vacuum equipment is under way.

In 2006 it is planned to complete the manufacturing of the experimental facility, to conduct
its assembling and adjustment at the YAGUAR reactor (Snezhinsk), to perform calibration
measurements (neutron scattering by inert gases).



1.6 Ultracold neutron physics, neutron optics
1.6.1 Investigation of interaction of cold and very cold neutrons with nanostructures

This study has been initiated by work [1] in which the idea of creation of a device for
thermolysis of cold neutrons into the region of ultracold neutrons was proposed. For this purpose it
was suggested that weakly bound nanoparticles in superfluid helium be used. The first step to
experimental investigation of the possibility of realization of such a source should be the
measurement of neutron scattering cross-section (double-differential scattering cross-section
contains the greatest amount of information) with nanostructural objects.

To study the interaction of neutrons with nanostructures and to investigate the possibility of
effective cooling of very cold and cold neutrons into the region of ultracold neutrons, the following
experimental equipment was designed and manufactured: helium cryostat (manufactured in ISSP
RAS, Chernogolovka), neutron velocity selector (to work with velocities of 30+180 m/s) and 2n-
detector of cold neutrons (manufactured in FLNP JINR, Dubna).

Figure 8 presents the external appearance of the 2m-detector encircling a sample, and
Figure 9 displays the external appearance of the helium cryostat.

Fig. 8



Fig. 9

The measurements were conducted on the PF1b and PF2 beams of the high flux reactor in
ILL (Grenoble). The probability of scattering neutrons with velocities from 30 m/s to 1000 m/s
depending on the scattering angle from the nanodiamond powder samples and on the structure of
weakly bound nanoparticles D,O and D, in superfluid helium (jelly) was measured. The
measurements with “jelly” samples show that the probability of neutron scattering from samples is
rather high and if the processes of energy transfer from the neutron to the sample proceed rather
intensively, than the jelly may be used for cooling very cold and cold neutrons into the ultracold
neutron region. The obtained experimental data would suffice to test the validity of the theory of
neutron diffusion in finely dispersed and nanodispersed media. The results also suggest that
nanodispersed materials such as nanodiamond powders may be used as effective reflectors of cold
and very cold neutrons when creating sources of these neutrons and in solving other experimental
problems.

Figure 10 demonstrates typical experimental dependences of counts of the 2m-detector
sections at various neutron energies and for various samples.
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1.6.2 Ultracold neutron optics

A new experiment to observe a neutron energy change as neutrons pass through the
accelerated substance was carried out. The existence of the effect follows from the validity of the
equivalence principle and detailed neutron-optical calculations. The data treatment is unfinished
yet, but it can be said with assurance that the specified effect was experimentally observed for the
first time. To illustrate the complexity of the experiment it will suffice to mention that the neutron
energy change detected in the experiment was of the order of 2-107'? V. The sample (silicon plate)
moved with sign-changing acceleration ranging up to 7.5g. A respective neutron energy change was
detected by the UCN gravitational spectrometer with interference filters in phase with the sample
motion.

A new experiment to test the validity of the 1/v law in the interaction of UCN with a sample
of natural gadolinium (radiative capture cross-section is of the order of 25 Mbarn) was conducted.
In the publication of 2003 it was reported that according to the obtained results the 1/v law is
accurate in this case to no worse than 6% in the neutron velocity range from 4 to 120 m/s. In the
new experiment the law 1/v was tested with an accuracy of the order of 0.1% but for the neutron
velocity range from 4 to 35 m/s.




1.6.3 Investigation of weak heating and generation of UCN

The total and differential cross-sections of very slow neutrons for liquid fluoropolymers at
80-300 K were measured to study the limits in UCN storage (experiment ILL 3-14-185). It is
necessary (and planned) to carry out measurements at lower temperatures of these and other
promising coatings for UCN storage.

The experiment (ILL 3-14-192) was conducted to study “weak heating” of UCN in the
process of reflection from a solid surface. A considerable heating effect into the peV energy region
was revealed. These works are to be continued.

The experiment (in cooperation with PSI and ILL) on the direct measurement of UCN
generation in gaseous, liquid and solid deuterium, oxygen and deuteromethane was performed in a
temperature range of 8-100 K. The results are being treated and compared with the calculations,
accurate in the incoherent approximation too. Measurements of density of states are planned at the
inelastic scattering spectrometer.

Test works were carried out to start up a source for UCN generation in a cold solid-
deuterium moderator at the pulsed reactor "TRIGA" (University of Mainz). The works are to be
continued.

2. Theoretical investigations

A method of analytical description of neutron reflection from media with diffuse interfaces
was developed to study magnetic field penetration and attenuation in high-temperature
superconductors. Using this method, the experimental data on the measurement of a reflection curve
of a particular multilayer system were processed. The analytical fitting was demonstrated to be 7
times faster than the standard numerical fitting.

The reflection of polarized neutrons from a magnetized mirror with a high coercive force in
a weak external field whose direction varies with respect to the mirror magnetization was
theoretically and experimentally investigated. The limiting energies of the mirror were
demonstrated to follow the quantum rules and to be independent of the angle between the external
and internal fields. The limiting energies were calculated for multilayer magnetic systems in which
magnetizations of adjacent layers are directed at a specified angle to each other and the dependence
of limiting energies on this angle was found as well.

A new method of calculating albedo neutron reflection from homogeneous and dispersive
media has been developed. It has wider area of application than the standard diffusion method. With
this method the efficiency of ultradispersed reflectors in neutron cold moderators has been studied.

In 2005 the investigation of radiative corrections to neutron beta-decay continued. In
particular, it has been found that the application of current algebra cannot provide correct
calculation of radiative corrections and their calculation should be made according to the modern
Standard Model.

Next year it is suggested that electroweak processes be investigated within the framework of
SM, in view of a sequential consideration of the hadron structure.

3. Applied research
3.1 Development of neutron detectors for space vehicles

In collaboration with the Space Research Institute RAS the specialists of FLNP and LRB
have developed a calibration technique for the detector LEND (Lunar Exploration Detector)
intended to measure neutron fluxes from the lunar surface with high spatial resolution aboard the
space vehicle LRO (Lunar Reconnaissance Orbiter) whose launching is scheduled for 2008. In
FLNP the models of polyethylene collimators were made and in LRB the calculations of the



sensitivity of the laboratory model of the device were performed. The calibration of the laboratory
model of the device was conducted.

3.2 Investigation of element compositions of various substances at the EG-5 accelerator

Experimental investigations at the charged particle beams of the electrostatic generator EG-5
were carried out in close cooperation with the specialists of other JINR Laboratories as well as with
the representatives of various Institutes of the JINR Member States.

In cooperation with the Institute of Physics of the Marie Curie-Sklodowska University
(Lublin, Poland) the investigations of silicon oxide layers implanted with germanium ions were
performed.

In cooperation with the Electrotechnical Institute SAS (Bratislava, Slovak Republic) the
investigations of layered semiconductor structures Si/HfO,/Ru annealed at various temperatures
were carried out by the RBS method. The depth profiles of elements for 34 samples both in an
initial state and upon annealing at temperatures of 800° C, 900° C and 1000° C were studied. By
way of illustration Figure 11 shows experimental (circles) and simulated (lines) spectra for the
sample in the initial state and upon annealing at a temperature of 1000° C. The ruthenium layer in
the initial state was 11 nm thick and the hafnium oxide layer was 3 nm with a layer of mixed
composition 6 nm thick in between.
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Fig.11. Rutherford backscattering spectra for the sample Si|HfO;|Ru in the initial state and upon
annealing at 1000 °C

In cooperation with the Electrotechnical Institute SAS (Bratislava, Slovak Republic) the
silicon carbide amorphous layers doped with nitrogen were studied using the technique of “recoil
protons” in combination with the RBS technique. The concentrations of silicon, hydrogen, carbon
and nitrogen in micron-thick layers were determined.

The investigations of element compositions of aerosols in the air of Ulan-Bator were
performed also using the PIXE and RBS techniques. The following trace elements were found in
the samples: F, Na, Mg, Al, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Sr, Zr, Ba.

The monitoring of the element composition of human teeth was conducted to control the
population health. The samples of teeth were analyzed by the PIXE and RBS methods for 20 main



and trace elements. The concentration of Fe, Zn, Cr and Cu in the samples sometimes exceeds the
control values more than 10 times. The monitoring strategy used in the present study identifies the
health risk factors determined by environmental pollution, especially by industrial emissions. Heavy
metal concentrations in human teeth reflect people exposure to certain atmospheric pollutants
during their lives. Significant correlations between the pairs of heavy metal concentrations in
human teeth point to the pollution sources typical for local industries and regional traffic networks.

3.3 Development of a setup for detection of hidden illicit substances

The applied investigations aimed at creating a setup to detect hidden illicit substances using
labeled fast neutrons were carried out. At present, a portable neutron generator with a built-in
silicon 9-pixel alpha-detector developed in cooperation with the specialists of the All-Russian
Research Institute of Automatics (Moscow) is used as a source of labeled neutrons. The neutron
flux intensity of ING-27 is 2x10" s™.

The energy resolution of registration of characteristic nuclear y-radiation generated on
irradiation of the substance under study by the flux of labeled neutrons at £, = 4.43 MeV averaged

over all 9 beams of labeled neutrons is 5.5%. Figure 12 gives the data on the measurement of
temporal resolution of the whole system (velocity of a 14-MeV neutron is 5 cm/ns).
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The experiments on identification of melamine shielded by various substances (paper, wood,
leather, steel) were conducted. The identification of melamine was carried out using the neural
network technique.

4. Analytical studies at the IBR-2 reactor
Methodical works

In cooperation with the Czech Technical University in Prague (Czech Republic) neutron
spectra were obtained at the pneumatic setup REGATA using multielement activation detectors.



Ecology
Biomonitoring

In 2005 in connection with the carrying out of the regular European simultaneous collection
of moss-biomonitors (moss-survey) the work to study atmospheric deposition of heavy metals using
the biomonitoring, NAA and GIS technologies (REGATA Project) on the territory of Central
Russia (Tula Region, Tver Region, Yaroslavl Region and southeast of Moscow Region), Bulgaria,
Romania, Slovakia, Poland, Serbia and Macedonia, and also Armenia (Sevan), Mongolia and
Vietnam was continued. The analysis of the samples collected in the summer of 2005 on the
territory of Belarus will be made in early 2006. The comparative analysis of various biomonitors
(lichens, bark) and soil from the area of the oil refinery in Constanta (Romania) was completed. The
zone of environmental impact of this refinery on the Black Sea resort of Romania was determined.

The works in a new (for us) direction of active biomonitoring using pure mosses exposed in
industrial areas with a high anthropogenic load attract increasing interest in the JINR Member and
Non-Member States. Such studies were carried out in industrial areas of Baia Mare (Romania),
Sofia (Bulgaria), Poznan (Poland) and Athens (Greece).

Ecological assessment

In cooperation with the National Institute of Physics and Nuclear Engineering (Bucharest)
and the University of Bucharest the preparatory works to the analysis of the bottom sediment
samples collected in the Danube delta were carried out. The analysis of the air filters from the
territory of Slovakia simultaneously with the samples of pine needles and biological materials of
animals (roe teeth) allowed us to make a better assessment of the degree of environmental impact of
a number of large industrial plants of Slovakia, in particular, the aluminium factory in Ziar
(Slovakia) on ecosystems of adjacent territories.

With the assistance of the Ecological Research Center of the Polish Academy of Sciences
within the framework of the Grant of the Plenipotentiary of Poland the assessment of environmental
impact of toxic elements on aquatic biota and humans in the area of the Mazur lakes (Poland) and
the Rybinsk reservoir (Central Russia) was made using the nuclear-physical analytical methods.

Foodstuff and human health

In cooperation with the Institute of Geology RAS within the framework of the IAEA
Coordination Program on technical cooperation the comparative analysis of element composition of
a number of foodstuffs grown in industrially contaminated areas was conducted. The results of
these works were reported at the IAEA Technical Cooperation Workshop (November 14-16, 2005,
Dubna).

In 2005 the analysis of the Romanian ecological samples (soil, water and air filters) and
human biosubstrata (hair, nails, teeth, etc.) was performed within the framework of the project
«Monitoring of health of the personnel occupied in the production of phosphoric fertilizers at a
number of factories in Russia, Uzbekistan, Poland and Romania» (European Program 35,
Copernicus). The results of these studies made it possible to establish a link between levels of toxic
element content in environmental objects and biosubstrata of personnel occupied in the production
of phosphoric fertilizers in Turnu-Magurel (Romania).

The study of heavy metal content in edible unsaturated fats conducted in the framework of
the Grant of the Plenipotentiary of Romania made it possible to experimentally establish a
correlation between metal content and oxidizing ability of fats.

Materials science
Archeology

The element analysis of 70 archeological samples of ceramics from burial mounds of the
Smolensk region and the Northern Caucasus was performed in the framework of cooperation with
the State Hermitage (Saint-Petersburg). The element composition of 65 samples of ceramics and 25



samples of Venetian glasses for the Historical Museum in Constanta (Romania) was determined
within the framework of cooperation with the Ovidius University in Constanta.

New materials

In the framework of the Grant of the Plenipotentiary of Belarus the data analysis to study the
effect of fission-spectrum neutrons on physical properties of fine-grained diamonds obtained in the
Institute of Solid State and Semiconductor Physics of NAS of Belarus (Minsk) was completed.



amplification of diffuse scattering at temperatures near 7y is also noted. The observed effects can be
explained in the framework of the model of coexistence of an ordered antiferromagnetic phase and
a spin liquid state without a long-range magnetic order, whose volume fraction rises with increasing
pressure due to the enhancement of frustration effects. In addition, the exposure to high pressures
results in spin reorientation of Mn magnetic moments and in a change in symmetry of AFM
structure, which may be described by a combination of irreducible representations '+ .

Intensity, arb. units

d-spacing, A

Fig. 1. Diffraction spectra of YMnQO; obtained at pressures P = 0, 2.5 and 5 GPa at a temperature of 10 K at
260=90° and treated by the Rietveld method. The difference curve is shown for P=5 GPa. Tics indicate the
calculated positions of structural (top row) and magnetic (lower row) diffraction peaks. The diffraction peak
from a high pressure cell is marked by "b". In the upper inset: pressure dependence of manganese magnetic
moment. The illustration at the right presents triangular AFM structures corresponding to the symmetry of
irreducible representation I'; and a combination of irreducible representations I;+I ;. The orientation of Mn
magnetic moments in neighbouring planes is shown in white and black colors.

At the YuMO spectrometer liquid dispersions of detonation nanodiamonds have been
studied by small-angle neutron scattering. Detonation nanodiamonds are formed as a result of
explosion of oxygen-unbalanced explosives in the absence of any additional sources of carbon. The
resulting nanodiamond crystals are extremely interesting and promising material for
nanotechnologies. However, they are hard to free from explosion by-products. This is due to the
formation of complex multilevel aggregation of nanodiamonds in the process of synthesis, which
involves elements different from carbon. Disperse nanodiamond powders (prepared in zirconium
mills) placed in various liquids form unusually stable colloidal solutions without addition of any
surfactants. This phenomenon may be effectively used to study the internal structure of
nanodiamond aggregates by small-angle neutron scattering. The obtained curves of scattering by
nanodiamonds in various solvents show similar behavior (Fig.2). Nanodiamond particles
(characteristic size of 5-6 nm) are organized in clusters structurally close to Gaussian polymers,
with a size of more than 120 nm. The internal structure of clusters does not depend on their
concentration in solution. The estimate of mean scattering density of clusters using contrast



variation in aqueous dispersions (light/heavy water) gives smaller value than the scattering density
of a pure diamond. This points to the existence of a component different from diamonds in an
elementary unit of aggregates. In particular, it can be a non-diamond shell which, on the one hand,
is responsible for aggregation of particles during explosion and then provides stability of disperse
particles due to interaction with a solvent.
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Fig. 2. Experimental curves of small-angle neutron scattering (circles) from detonation nanodiamonds
dispersed in various liquids. For convenience sake the curves for DMSO and C,H;OH are divided by 10 and
100, respectively. Parameter P reflects the fractal structure of nanodiamond clusters: 2.32 (H,0); 2.16
(DMSO); 2.93 (C,HsOH). Parameter P corresponds to the diffuse surface of nanodiamonds: 4.52 (H,0); 4.7
(DMSO), 4.49 (C,HsOH). The arrow points at the peculiarity of the scattering, by which the size of
nanodiamonds is estimated: 5.6 nm (H,0), 5.0 nm (DMSO), 6 nm (C,HsOH).

At the REMUR spectrometer the phenomenon of coexistence of ferromagnetism and
superconductivity in layered structures, which is of importance both from fundamental and practical
points of view, has been investigated. It is well known that ferromagnetic and superconducting
states cannot simultaneously coexist in homogeneous systems. But in inhomogeneous systems,
which is the case for layered nanosystems, this coexistence is possible. These studies are of much
practical importance, since they make it possible to develop essentially new nanodevices whose
operation logic is determined simultaneously by changes in magnetic state and temperature within a
small range. The experimental technique for studying this phenomenon is based on the generation
of a neutron field of standing waves by reflecting a neutron wave from a periodic structure, and on a
neutron polarization analysis and detection of specularly and diffusely reflected neutrons. Neutron
investigations have been carried out on the structure Pd(2 nm)/V(33 nm)/Fe(3 nm)/ 20x[V(3
nm)/Fe(3 nm)]/MgO over a magnetic field intensity interval of 0.2+4 kOe in a wide temperature
range. It has been found that in the range 1.6+3.5 K the superconducting state of the V(33 nm) layer
changes the magnetic ordering in the periodic structure and the magnetization profile at the
boundary between the Fe layer and the V(33 nm) layer. It has been also revealed that in the range
7+30 K the magnetic state of periodic structures varies with temperature. The latter is associated
with the ferromagnetism of interfaces. In a model diagram of magnetization distribution in
nanostructures, the number of bilayers with antiferromagnetic ordering is N; without it — N, (Fig.3).
The N, bilayers are immediately adjacent to a thick vanadium layer and are followed by the N,
bilayers. The calculations show that N; is in the range 2+8 and N, — in the range 18+12. Thus, a
thick vanadium layer changes the type of ordering in the nearest adjacent bilayers of the periodic
structure.



Fig. 3. Model diagram of the periodic structure describing the experimental data on the coexistence of
ferromagnetism and superconductivity in layered structures obtained at the REMUR spectrometer. Interface
areas comprised of a mixture of iron and vanadium atoms are shown in green.

At the NERA inverted geometry spectrometer the comparison characteristics of substances-
candidates for neutron cold moderators at IBR-2: methane, methanol, mesitylene and water, have
been studied. The criteria were the amount of hydrogen in a substance, the appropriate density of
phonon states and radiation resistance. Solid methane at 7 <20 K is in a crystal phase II in a
partially (~25 %) disordered state. At low temperatures methanol can be either in crystal or
amorphous phases with either translational or orientational disorder. Mesitylene is a rather
promising substance for use in cold moderators due to a high content of hydrogen, good moderating
properties and radiation resistance. Figure 4 illustrates the comparison of densities of phonon states
obtained on the basis of single-phonon approximation from the incoherent inelastic scattering
spectra for the specified substances. On the basis of these data as well as the results obtained in the
course of the URAM-2 program, it may be concluded that mesitylene in glass-like state exhibits the
best characteristics for moderating neutrons at helium temperatures.

At the DIN-2PI spectrometer the neutron diffraction experiment to study the microstructure of
Li—N melts with a concentration of nitrogen impurity of 1.3 and 3.5 at.% and at a temperature of
823 K has been performed. The basic microstructural characteristic of the substance — the total
structural factor S(Q), as well as the partial structural factors S.g(Q) of melt components and
corresponding radial distribution functions gug(r) and gcc(r) (Fig. 5) have been obtained. It has
been determined that at a concentration of impurity component less than 4 at.% the so-called
“prepeak”, which is an indicator of existence of clusters of particular size in melts, is missing from
the structural factor of Li-N melts. The analysis of the partial structural characteristics of the melt
suggests that nitrogen impurity is present in Lipog7Noo13 and LigoesNoo3s melts as lithium nitride
LisN.
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Fig. 4. Comparison of densities of phonon states obtained on the basis of single-phonon approximation from
the incoherent inelastic scattering spectra for methane, methanol, mesitylene and water.
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Fig. 5. Partial structural factors of liquid lithium and nitrogen for Ligos;Nogi; and LigossNggss melts.
Triangles — structural factor of lithium Sy; 1,(Q), solid and open circles — Sy n(Q) for concentrations of 1.3
and 3.5 at.%, respectively.

A series of works, which sums up almost a 20-year debate on one of the key problems of
statistical physics — interaction of fluctuating random surfaces, has been completed by the physicists
of the small-angle neutron scattering group. A wide class of objects: from biological membranes to
strings in the contemporary field theory belongs to random fluctuating surfaces. This is one of the
reasons why the attention of contemporary theoretical physics is drawn to biological membranes, in
particular, to lipid membranes. As a result, new approaches have been developed to study



intermembrane interactions and to detect a universal constant on the basis of investigation of
temperature dependence of intermembrane interactions with the help of complementary use of
small-angle neutron scattering and high-resolution diffraction on a synchrotron source. The value of
the interaction constant has been obtained, which is 37*/256 and agrees with the theoretically
predicted one. It has been also shown that the transition from multilayer membranes to single ones
proceeds in accordance with the theoretically predicted model of two states. In addition, it has been
shown for the first time that the undulation forces make a significant contribution to the balance of
intermembrane interactions and what is more, these forces become dominant at distances of more
than 20 A.

For the first time the dynamics of crystal lattice of the superionic conductor AgCuSe has
been studied by inelastic neutron scattering. In a low-temperature phase the low-energy modes have
been detected, which are most likely of acoustic phonon nature. The density of phonon states G(g)
in a- and /~ AgCuSe is characterized by a non-Debye behavior. At the transition from 8 to a phase
the spreading of phonon state density spectrum and hardening of the spectrum as a whole are
observed.

Development activity. In 2005 the technical works to modernize the IBR-2 spectrometers
complex continued. For the most part, they concerned the detector systems of the spectrometers. In
particular, at the Fourier specialized diffractometer FSD work to construct the detector system
continued (6 out of 14 detector modules are ready), test filling of two-dimensional detector for
YuMO was carried out and one-dimensional PSD with resolution of 1.8 mm was tested in actual
operating conditions.
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