PREFACE

I would like to offer the reader the following report on the scientific activity of
the Frank Laboratory of Neutron Physics (FLNP) of the Joint Institute for Nuclear
Research (JINR) in 1999. The report consists of two parts. The first is a brief reviéw of
the results of experimental and theoretical investigations in condensed matter physics,
nuclear physics and applied research. The second contains experimental reports with
more information about particular studies. The list of the 1999 publications closes the
book.

In 1999 the IBR-2 reactor operated according to the approved working schedule,
all of the 8 planned IBR-2 cycles were conducted. In the autumn cycles of the IBR
reactor a physical startup of a solid methane-based cryogenic moderator was
accomplished and all its rated regimes tested. This completed successfully many-year

work of the technical departments of the laboratory.

In 1999 we succeeded in carrying out the IBR-2 modernization project to a large
extent. A JINR-MINATOM (Ministry of Atomic Energy of Russia) agreement was
signed. Following its terms MINATOM will take part in the reactor modernization

project. A new working schedule of the project is elaborated.

A positive tendency in the financing of the IREN project is noted.
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1.1. CONDENSED MATTER PHYSICS

Late in 1998 the Condensed Matter Physics Department (CMPD) was reorganized with the
aim of concentrating effort on scientific activity itself. Diffraction, small angle scattering, inelastic
scattering, and neutron optics continued to be the basic neutronographic methods used by CMPD
members to carry out experiments with the IBR-2 spectrometers. During the year there were eight
reactor cycles at a mean power of 1.5 MW. Asin the past few years the beam time was distributed
on experts recommendation based on submitted proposals and long-term agreements for
cooperation. The 1999 list of spectrometers operating in the user mode included 10 instruments:
HRFD, DN-2, DN-12, SKAT, YuMO, SPN, REFLEX-P, KDSOG, NERA, and DIN. Severa
experiments were conducted with the spectrometer TEST in channel 6B.

By spring 1999 laying of a neutron-guide for carrying out diffraction measurements of
residual stresses in large-volume products on the new Fourier diffractometer FSD had completed. In
May 1999 neutron beam profiles were measured at the exist of the mirror neutron guide and at the
sample position. The obtained absolute fluxes appeared to be close to expected. In 1999, a
biological shielding was laid and a Fourier chopper manufactured using an improved technology
was installed on FSD. In April 2000, the first stage of the FSD detector system and the FSD
correlation electronics will start operation. After that regular measurements with FSD will begin.

A smooth transition of the detecting and control electronics of the neutron spectrometers to
VME standard continued. During the year the new electronics of another two spectrometers, FHRD
and YuMO, was commissioned. It allows essential automation of the experiment, including remote
control. In particular, the new software for YuMO is a multiwindow system that controls motors,
temperature, and experimental data acquisition.

1. Methodological. In the operating Fourier diffractometer HRFD (IBR-2 channel 5) the
rotor and stator of the Fourier chopper were replaced by new ones analogous to those installed in
FSD. Contrast measurements of the new system showed that the contrast had grown to a value of 20
(about 3 times). This improves considerably the quality of the registered diffraction spectra. In the
high pressure diffractometer DN-12 a closed-cycle refrigerator-based cryostat is put into operation
to conduct measurements under simultaneous action of low temperatures down to 12 K and high
pressures up to 7 Gpa. The first scientific experiments were carried out.

On the polarized neutron reflectormeter REFLEX-P test experiments of the inelastic
scattering mode were performed. The mode is designed to carry out investigations of the inelastic
interaction of neutrons with surface excitations in thin films. The spectrometry of the scattered
neutrons is conducted in the direct geometry with a fast chopper in front of the sample for the
monochromatization of the incident beam (DI/I=0.04/1). Experiments to investigate a Ni/Ti thin film
and a FeColTiZr supermirror showed that this direction of the physics of thin filmsis a promising
field of research with the reflectometer REFLEX-P.

For the spectrometer DIN-2PI, assembling of control systems for the thermostat TS3000
which will make it possible to investigate materials at temperatures to 3000 K started.

In the reported year most important was the testing of a cryogenic methane moderator (CM)
which was installed in October 1999 on the side of beams 4 (YuMO), 5 (DN-2), and 6 (HRFD).
During the followed three reactor cycles information about the CM parameters was obtained.
Figure 1 illustrates the obtained spectra of scattering on vanadium for three different states of the
moderator: with methane at 30 K or 60 K, with an empty chamber and a water premoderator, T=300
K. In addition to the shifting of the maximum in the spectrum in the direction of larger wavelengths
with decreasing temperature, it is characteristic of the CM spectrum to have a strong eating-away in
the region of the Be-boundary (1=3.96, 3.58, and 3.46 E) due to the moderator design. In the warm
state, i.e. without methane, CM is inferior to a standard grooved moderator (GM) especially at
wavelengths lower than 4 E where the scoreis 1 to 3. In the cold state CM gives a considerable gain
in comparison with GM: at T=70 K starting from |=2 E and at T=30 K starting from I=3 E (fig. 2).
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Fig.1. The spectra registered with HRFD using the detector D1 for three different states of the
moderator: 7=60 K, 30 K, and 300 K (empty chamber, water premoderator).
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Fig.2. The coefficient of gain (loss) at transition from a grooved moderator (300 K) to CM (30 K or
70 K) as determined from scattering on Al,O3 or V.



The most detail data on CNS parameters were obtained with HRFD. Their analysis
prompted the following conclusions.

e Problems solved with the diffractometer HRFD or DN-2 can be optimally divided between
experiments with the moderator in the warm or cold mode.
e The cold moderator makesit possible to study effectively low-symmetry structures with a
unit cell volume of ~500 E as well as magnetic and long-period structures using HRFD.
e The moderator temperature 70 K is optimal for the solution of the enumerated problems.
As to small angle neutron scattering investigations of macromolecular systems in solutions (e.g.,
ribosomes) the cold moderator will also make it possible to start experiments that have been thought
unfeasible at IBR-2 so far.

2. Scientific. In the 1999 scientific program for the IBR-2 spectrometers many of the
performed investigations continued the themes that had become traditional for the Laboratoryr. In
the past three years a program of investigations of a HgBa,CuO,.d (Hg-1201) mercury-containing
superconductor was carried out on the diffractometers HRFD and DN-12. It was precision
investigations of the structure of the compound and how it changes under the action of high
pressure at varying d or substitution of stoichiometric oxygen by fluorine atoms. In 1999 on HRFD
a third member in a series of mercury-containing superconductors, HgBaxCa,Cu30s.q (Hg-1223),
was investigated in the condition when the main part of superstoichiometric oxygen was replaced
by fluorine. The synthesis and certification of Hg-1223 were made in E. V. Antipov's laboratory of
the Chemistry Chair of MSU. It is shown that a record temperature of the superconducting
transition of 134 K obtained in oxygen-containing compounds increases to 138 K as fluorine is
implanted. Another effect of fluorine doping is a noticeable decrease of the distance between copper
and oxygen atoms in the conducting planes (CuO;) without any increase in their corrugation.
Finally, a neutronographic experiment made it possible to determine reliably the existence of atoms
of stoichiometric fluorine in the center of the basis plane (HgO) and on the sides (a, b) of the cell.
The latter may be related to partial substitution of mercury by copper atoms. (See Experimental
Reports).

In 1998, a RRC Kurchatov Institute-MSU-FLNP collaboration conducted a series of
experiments to determine the magnetic structure of a series of compounds,
(Lay-yPry)o7CapsMn0Os, in which earlier there was observed a giant isotopic effect exhibiting itself
as a change of the transport state (metal-dielectric) at low temperatures on substitution of oxygen
isotopes (*°0 by *20). In 1999, systematic structural data depending on the temperature and the
mean radius of the A-cation were obtained for the series. An analysis of the data showed that mean
values, such as the volume of a unit cell, the length of the bond <Mn-O>, and the valence angle
<Mn-O-Mn> are linear functions of the Pr content or the mean radius of the A-cation, which is the
same. The transition temperature to the metallic ferrmomagnetic state is also alinear function of the
angle <Mn-O-Mn> (Fig. 3). One of the main goals of the work was to determine the structure of
two samples with y=0.75 (LPCM-75) and different concentrations of *°0 and 20 isotopes. A
HRFD precision experiment made it possible to demonstrate that over the interval from room
temperature to the transition temperature of samples with *°0 to the metallic ferromagnetic phase,
Tem, 0-16, the investigated samples are identical not only in the parameters of the unit cell but also in
the structure parameters, such as interatomic bond lengths and valence angles (Fig. 4). Reliable
evidence of the fact that an essential difference in the transport and magnetic properties of the
isotopically enriched samples LPCM-75 at T < Teu, o-16 iS due to different dynamics of oxygen
atoms and as a result, unusually strong electron-phonon interaction was first obtained. (See
Experimental Reports).
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As soon as materials with a colossal magnetic resistance effect are interesting from the
viewpoint of both fundamenta and applied research, seeking new manganese oxide-based
compounds is topical. In 1999 in E.V.Antipov's laboratory (Chemistry Char, MSU) a
Ca,GaMnOs.d compound with a layered structure was first synthesized. In a neutronographic
experi-ment conducted with the diffractometer DMC (SINQ) it was shown that compounds with the
oxygen index 5.04 experience antiferromag-netic ordering below 150 K (Fig. 5) and the direction
and value of the magnetic moments of Mn atoms were determined.

Helicoidal magnetic ordering in a Th monocrystal was studied with the diffractometer DN-2.
The aim was to investigate the influence of external axial of stretching on the spiral period and the
intensity of satellite diffraction peaks. First, the temperature dependence of the magnetic structure
was studied. Figure 6 illustrates the temperature dependence of the vector of the spiral at normal
pressure and it is seen that helicoidal ordering in Th exists just in a narrow interval of temperatures,
between 225 K and 231 K. Further measurements of the dependence of magnetic ordering on
external axial stretching showed that the spira disappears as the stretching gets larger than 400 bar.
It is a strong argument for the assumption that the ordering depends on the form of the Fermi
surface in metals which can be modified by external action.

On the diffractometer DN-12 there continued experiments to investigate the effect of high
pressures on the structure of ammonium halides, particularly ND4l, and search a possible structural
transition at high pressure in SmBgs In the latter case, experimentalists managed to observe
anisotropic broadening of some diffraction peaks and even splitting of them which confirms the
existence of the phase transition. To obtain more detail information, an experiment was conducted
with the diffractometer POLARIS at the 1SIS source. In the experiment to investigate the «electron»
high temperature superconductor Nd,CuO, structural changes and an accompanying interlayer
transition of the charge at an external pressure up to 5Gpa were studied. A comparison of the
contraction of separate interatomic distances in Nd,CuO, with the contraction in «hole»
superconductors revealed noticeable diffferences (See Experimental Reports).
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I In 1999 the small angle
diffractometer YuMO was intensely
used to conduct investigations in
different fields of biology, physics
and physical chemistry. Also,
experiments to study colloida
systems, polymers and solve
problems in materials science were
conducted. In particular,
investigations of the behavior of
surface-active  substances  under
different conditions continued. In
collaboration with Bayreuth
University (Germany) the behavior
of rod-like micellesin TMDMAO molecules was studied at different pressures and temperatures.
Pressure-induced phase transitions at 280 K and 249.9 K were discovered. The difference between
the chemical potentials of monomers in the edge and cylindrical parts of spherical-cylindrical
micelles was determined. The difference between the chemical potentials of the monomers was
determined.

Another example is a collaboration with the University of Utrecht (The Netherlands) for the
investigation of a triple system, monoglyceride/dicedylphospate/water (M SG/DCP/water). It is of
interest from the viewpoint of biology, the physics of accidental surfaces, and applied purposes
(monoglycerides are basic alimentary emulsifiers). It is shown that even small amounts of charged
lipid dicedylphosphate destroy an «infinite» bicontinuous minimal surface organized in an ordered
cubic structure of the two-component system M SG/water. Topological and phase transitions were
discovered in awide temperature range of 10°C to 90°C for different mole ratios, MSG/DCP (19:1,
9:1,4:1), and lipid concentrations (DCP) in water (1, 10, 20, or 30 weight percent). An interesting
effect was discovered:
polydispersion samples transformed into monodispersion ones. The influence of an air-sample
interface on the properties of the given colloidal system was first proved.
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An example of small angle neutron scattering investigations of biological systems is the
study of purple membranes of (PM) of Halobium Salinarium bacteria. In experiments conducted
together aresearch center in Juelich (Germany) there were discovered photo-induced changes in the
structure of dopcyne (BR) protein, the only protein in PM. It is the very protein that catches a
guantum of light and uses its energy to transport proton in an anti-electric potential gradient
direction. The proton transport whose mechanism is not quite clear yet is a key element in the
bioenergetics of cells. The conducted small angle scattering investigations showed that the polar
part (loop) of BR isinvolved in proton transport-accompanying structural changes of the protein.

Systematic small angle neutron scattering studies of the properties of polymer systems
started for the first time with YUMO. They were performed in collaboration with A. P. Khokhlov's
laboratory of MSU. In particular, polymer gels with implanted surface-active substances were
studied. For example, fractal arrangement of sodium dodecylsulphate (SDS) in a grid polymer from
diallyldimethylammoniumchloride was discovered.

Investigations of layered structures continued on the spectrometer of polarized neutrons SPN
using new experimental techniques - the observation of neutron standing waves and of neutron
beam splitting at magnetization direction noncolinear with the interface of media. As aresult, in the
system Fe(1000 E)/Gd(50 E) there was observed triple spin-flip of the reflected neutrons (Fig. 7)
and this was interpreted as neutron spin-flip at transmission through two domain walls enveloping
the magnetic domain. To verify the hypothesis, model calculations will be carried out.

The most interesting result obtained with the reflectometer of polarized neutrons REFLEX
was a new estimate of the upper limit of the neutron coherent wavelength manifesting itself in the
process of neutron specular reflection from thin films. The experiment consisted of precision
measurements of the reflection curve R(I) from athin film of Cu (~1800 E) on a glass substrate and
its description with an analytical function. It appears that the quality of the reflection curve
description improves essentially as one introduces in the formula for R - parameter which in
particular, can be interpreted as a quantity related to the coherent properties of the neutron wave. In
this interpretation the estimate of the neutron coherent wavelength is 1.5 mm which is
approximately 8 times larger than published earlier in the literature. In any case, the experiments
showed that the description of precision reflectometric data should be modified and this may be
important for their interpretation in a number of cases.
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Fig.6. Temperature dependence of helicoid magnetic structure in Th. Helicoid arrangement exists
only in narrow temperature diapason from 225 to 231 K. A typical part of diffraction spectra are
shown in the inset.
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The main direction of research on the inverse-geometry spectrometer NERA-PR was the
investigation of the dynamics of ammonium groups and their influence on structural phase
transitions in ammonium salts. In particular, in 1999 there continued experiments to study Rbs.
x(NHg)xl, Kox(NH4)xSeO,4, LiRbix(NH4)xSO4, and Rbix(NH4)xMnF;. Transitions to a proton
(orientational) glass phase at low temperatures and a transition to the ordering of ammonium groups
with increasing concentration of ammonium were investigated. The crystalline-to-glass phase
transition in solid methanol phases CH3OH, CH30D, and CD30OH, i.e., for different numbers of
deuterium atoms in the molecule, were also investigated.

An extended program of experiments was carried out with the DIN-2PI spectrometer. In
particular, investigations of water solutions to reveal the effect of dissolved particles on the
microdynamics of water molecules entering into the hydrate spheres of the particles continued.
Detail knowledge of the phenomenon which has been given the name of hydration is essential in the
physics of solutions lying in the basis of the most important directions of chemistry, biology, and
related sciences. Constantly growing interest in hydrophobic effects is practical and comes from the
role they play in the organization and functioning of the most important biological structures (cell
membranes, proteins, etc.) and of surface-active substances (micelles, emulsions). An analysis of
DIN-2PI experiments shows that in contrast to small ions (Li* and Cs") large apolar particles do not
destroy the grid of hydrogen bonds in their surrounding water. The next step to the understanding of
the discussed phenomena is to search a relationship between the obtained microscopic information
and the known macroscopic thermodynamic hydrophobic effects.

Also, low-frequency vibrational modes of atoms in the normal and superionic phases of
PbF, at T=293 or 823K were investigated with DIN-2PI. The obtained data provide evidence in
favor of a liquid-like state of the anion sublattice in the superionic phase of PbF, the nature of
collective excitations of which is different from classical liquids. At the same time, investigations of
hydrates, including the system Zr-Hy (x=0.38-0.80) in particular, continued. In samples with alow
hydrogen content in the energy transfer interval 2-10 meV the system exhibits low-frequency
excitations possibly connected with tunneling or resonance effects in the dynamics of hydrogen
atomsin a-Zr.
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Experimental Reports). The important feature of the 1999 year is the beginning of real

cooperation with several industrial plants in Russia which approached the Laboratory on the

matter of conducting internal stress investigations of key parts in different machines.

Investigations of Ge/Si layered structures aimed, in the main, at the determination of the

amount and positions of oxygen in the layers continued at the accelerator EG-5 under the

auspices of the program «Ion Beams for the Certification of Semiconducting Materials» with

the support of IAEA (fig.8).
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Scientific program of the Condensed Matter Physics Division in 1999 was executed in cooperation with the
following institutes and organizations

Bulgaria University; Institute for Nuclear Research and Nuclear Energy (Sofia)

Czech Republic Polytechnical Institute (Prague)

Egypt ~ Atomic Energy Authority of Egypt (Cairo)

Finland Technical Center (Espoo)

France Laboratoire Leon Brillouin (Saclay); Institut Laue-Langevin (Grenoble)

Georgia University (Tbilisi)

Germany Hahn-Meitner Institute (Berlin); Research Center (Rossendorf); University (Bayreuth);

Technical University (Kemnitz); Research Center (Darmstadt); GKSS (Geesthacht);
Fraunhofer Institute for Nondestructive Testing (Drcsden~Saarbrueckqn)

Hungary Research Institute for Solid State Physics (Budapest)

D.P. Republic of Korea University (Pyongyang)

Poland Institute of Nuclear Physics (Cracow); University (Poznan)

Romania Atomic Physics Institute (Bucharest)

Russia Kurchatov Institute; Institute of Solid State Physics; Institute of Theoretical and

Experimental Physics; Petersburg Nuclear Physics Institute; Institute of Physics of Metals;
Moscow State University; Institute of Crystallography; Physical Energetical Institute
(Obninsk); Institute of Nuclear Physics RAS

Slovakia University (Bratislava)

Sweden University (Goteborg)

Switzerland Paul Scherrer Institute (Villigen); ETH Zentrum (Zurich)
UK. Rutherford Appleton Laboratory (Abingdon)

Uzbekistan Institute of Nuclear Physics (Tashkent)

Vietnam Institute of Physics (Hanoi)
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1.2. NUCLEAR PHYSICS WITH NEUTRONS

1. Introduction

In the reported period, the experimental research program of FLNP included traditional
directions: experimental investigations of the fundamental properties of the neutron, studies of the
processes of spatial parity violation in different nuclear reactions induced by neutrons,
investigations of highly excited states of nuclei in reactions with resonance and fast neutrons,
astrophysical aspects of neutron physics, experiments with ultracold neutrons. An extensive
program of studies in resonance neutron induced fission was partly completed.

Also, experimental approaches in such a fundamental field as time-noninvariance effects in the
interaction of resonance neutrons with nuclei are under investigation. At present, the study of
polarized neutron propagation through polarized targets seems to be the most convenient way of
direct tests of time-reversal invariance.

Applied research in the field of neutron activation analysis (NAA) and also, a methodological
development of neutron and gamma detectors of different types were conducted.

The main part of these investigations was carried out on seven neutron beams of the IBR-30
booster, the first and eleventh beam of the IBR-2 reactor, and the experimental facility “Regata” for
neutron activation analysis at IBR-2. At the same time, a number of works were conducted in
collaboration with the nuclear centers of Russia (RRC KI, ITEP, MEPI, PNPI, PEI, RSRIEP),
Ukraine (INR NU, Kiev), Bulgaria (INRNE, Sofia), Poland (UL, Lodz; INP, Krakow), Germany
(FZK, Karlsruhe; Tubingen Univ.; THD, Darmstadt; FRM, Garching), Republic of Korea (PAL,
Pohang; KAERI, Taejon), France (ILL, Grenoble; CEC CEA, Cadarache), Belgium (IRMM, Geel),
USA (LANL, Los Alamos), China (Peking University) and Japan (Kyoto University; KEK,
Tsukuba) at their neutron sources. It is necessary to note that the new opportunities which opened
after Russia had jointed ILL, Grenoble have been effectively used: some measurements with cold
and ultracold neutrons were successfully performed.

Very interesting possibilities for investigations are opening now in the framework of a wide
international collaboration PS-213 based on a new n-TOF facility which starts operation in late May
2000 in CERN.

The research program for IBR-30 was written taking into account the working schedule of the
creation of the new Intense REsonance Neutron source for nuclear physics investigations — the
IREN project. In accordance with the recently revised schedule approved in March 1999 by the
JINR directorate, the IREN source is to start operation by the end of 2002. So, the complex IBR-
30+LUE-40 has to be dismounted in the second half of 2001. A very important reason why the
IBR-30 scientific program has continued to present and will continue in nearest future is to preserve
the research team able to carry out investigations on the basis of the IREN source and prepare new
experimental techniques for such investigations.

2. Experimental Researches

2.1.  Parity Violation in the Interaction of Resonance Neutrons with Nuclei

2.1.1. TRIPLE collaboration results

- The Frank Laboratory of Neutron Physics participates in the Time Reversal Invariance and
Parity at Low Energy (TRIPLE) collaboration studying Parity NonConservation (PNC) in
compound-nuclear states. The experiments are conducted at the Los Alamos pulsed neutron source
LANSCE by the transmission of longitudinally polarized neutrons through isotopically pure targets.
The directly measured quantities are the longitudinal asymmetries of the cross sections for p-wave

resonances defined as o,‘f =0, (1+ p), where O'f, is the resonance cross section for positive and
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negative neutron helicities, o, is the resonance part of the p-wave cross section. In the statistical

approach, a set of PNC matrix elements obtained for many resonances determines the mean square
matrix element M? of the effective weak interaction of nucleons in nuclei provided that complete
spectroscopic information about resonances is obtained in addition to longitudinal asymmetries.

Dividing the level spacing by D one obtains the weak spreading width I, =2« M%) which is a

global measure of the strength of the effective parity violation interaction in nuclei; it has a typical
value of ~107 eV. In 1999 the I', results were published for %3Nb, !%Rh, 107’109Ag 106:108pg and

133Cs. They are shown in Table 1.
Table 1

!

L07eV) | <oan | 1452 | 34050 | 2735 | <120 | 13%5 | 00065 |

The data indicate possible existence of local fluctuations in the mass dependence of the
weak interaction in compound nuclei contrary to an earlier conclusion about the mass independence
of the weak interaction spreading width [FLNP Annual Report 1998, p.17].

2.2.  Experimental Approaches to Time-Noninvariance Effects in the Interaction of
Resonance Neutrons with Nuclei

2.2.1. Comparative analysis of experimental proposals on T-, P-invariance tests in nuclear
reactions with neutrons.

An analysis of different proposed experiments to investigate CP-violation in nuclear
reactions induced by resonance neutrons was carried out. The formalism of spin density matrices
and special methods of the nuclear reaction theory were used to analyze the CP-violating quantities
suggested for measurement in various experiments. The dependence of the effects and their relative
errors on the neutron energy and target thickness was studied. The necessity to compensate strong
pseudo-magnetic precession by an external magnetic field is shown. Being completely compensated
some of the above effects show an additional enhancement of 3 orders of magnitude while the total
enhancement reaches 6 orders of magnitude. In this case, neutron spin reverse essential for the
effect occurs due to precession caused by the CP-violating interaction while the beam absorption is
caused by the strong nuclear interaction. The enhancement appears due to the dynamical and
resonance mechanisms caused by a complicated (chaotic) structure of compound resonances. An
analysis of some other relevant quantities shows that, although their values themselves do not show
resonance enhancement, their relative errors decrease sharply in the vicinity of the p-wave
resonance.

To avoid some problems mentioned above, one can use a two-stage scheme with just one
neutron polarization device proposed in FLNP.

Nowadays, there are two possible target designs for the proposed experiment. The first is the
Dynamical Nuclear Polarization technique for the polarization of *°La nuclei in a LaAlO;
compound. It requires extra-low temperatures and a high magnetic field. The second is the optical
polarization of °'Xe in exactly the same manner as *He. The latter is precisely the experimental
approach that is now under investigation within the KaTRIn project.

2.2.2. Recent results of the KaTRIn project

The ability to create a long-lived high nuclear spin polarization in dense noble gases (‘He,
12%e, 13 'Xe) opens wide perspectives in new fundamental and applied research and medicine
applications. We propose to use a spin-polarized *He nuclear target as a neutron
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polarizer and analyzer of neutron polarization in the KaTRIn project for an experimental test of
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Fig. 1. NMR system: 1- Helmholz coils, 2- RF-coils,
3- Pick-up, 4- *He Cell, 5- Laser beam, 6- Photodiode

time-reversal invariance in nuclear
reactions. A high polarization in the
neutron beam can be reached by the use
of the dense (3-10°%) highly polarized
(~50%) prolonged @3x30 cm® *He
target. The spin exchange technique
allows the creation of high nuclear
polarization directly in dense noble

' gases by transferring the electron spin

of optically pumped alkali (Rb, K, Cs)
atoms. As nuclear polarization cannot
be higher than electron polarization and
the growing rate of nuclear polarization
is proportional to the alkali atom
number density, a powerful circularly
polarized laser beam tuned to the
atomic resonance line is required. In
1999, an experimental setup for
creating a *He neutron target (Figure 1)
was built. To have high polarization
values, Pgy, the laser should provide no
less than 0.2 W per every cm® of Rb
vapor at density ng, = 10" cm™. In
recent years, powerful diode laser
arrays with the power up to 30 W
became available. We used 15 W 23, a
diode laser array, tuned to the D1 Rb
resonance line (795 nm). The laser
spectrum was thoroughly investigated
using a spectrograph.

We investigated three spherical cells with the diameters 2 cm (A), 4 cm (B), and 3 cm (C)
filled with at 2, 8.5, and 13 atm, respectively. The cells were heated. up to 200 C° and the averaged
polarization was determined from the absorption spectra using the spectroscopic technique by
switching the stabilizing magnetic field on and off. The experimental data are supported by the
calculations based on the numerical solution of the equations describing broadband light

propagation through an optically dense medium.

The *He nuclear polarization, Pp,, was determined by a standard technique of NMR
adiabatic fast passage. Helmolz &1400 mm coils produced an axial stabilizing magnetic field of
22.4 Gauss along the laser beam direction with a homogeneity not worse than in the middle and
variations in time being at the same level. A pair of radio frequency (RF) coils 700 mm in diameter

produced a 78 kHz transverse field.
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A saw-like pulse of 3 Gauss was applied to the
= | stabilizing field to create resonance conditions for *He nuclei.
! NMR pick-up coils were incorporated into a cell holding
. . platform. Their axis was orthogonal to the stabilizing and RF-
field. The induced NMR signal was guided to lock-in the
amplifier and then to the digital oscilloscope. The sensitivity

system was about

Fig. 2. *He nuclear polarization decay curves



5.10* V/Gauss. The RF - interference and vibrations, set the noise level at about 100 mV. The value
of Py, was indirectly determined by the calculation of the filling factor and is shown in Figure 2.
Rather low decay constants, T, can be attributed to cell wall relaxation and paramagnetic impurities
in *He. Nevertheless, the efficiency of polarization transfer happened to be rather high, about 10'8
of *He atoms/s for a B cell. Generally, Helmholz coils and the related equipment are necessary for
the NMR measurement of the *He polarization. On the other side, it can be extracted from
measurements in the neutron beam. The p-metal magnetic shields can provide a homogeneous
magnetic environment for the He target. Now, this activity is underway and the first experimental
tests on an IBR-30 neutron beam will be conducted in 2000.

2.3.  Theoretical and experimental approaches to studies
of the amplitude of the n-e interaction and the electric polarizability of the neutron

Methodological experiments and MC calculations have been carried out at IBR-2 to optimize
the scheme of the experiment to study the neutron elastic cross section on noble gases with the aim
of extracting the neutron-electron scattering length. It was observed that the neutron beam from the
IBR-2 reactor passing through a mirror neutron guide becomes inhomogeneous in energy. This fact
causes serious experimental difficulties in the measuring of the angular anisotropy of the scattered
neutrons on a Xe target. However, computations show the possibility of the extraction of the (n, €)
scattering length from measurements of the elastically scattered neutron intensity in the 4m-
geometry if one uses a gaseous Ar target. The advantage of Ar is its relatively small nuclear
scattering cross section resulting in a relative contribution of the (n, €) scattering equal to Xe’s.

In the year 2000 a high-pressure Ar-filled gaseous chamber with He proportional counters
around it will be constructed and the first measurements of the Ar scattering cross section will be
carried out.

A new method to study the neutron polarizability and neutron—electron scattering was proposed.
It is based on the fact that the real part of the s-wave scattering amplitude changes its sign near the

. I . .
s-wave neutron resonance at E=E = E —T’}{(here E is the neutron energy, Ey is the energy of

the resonance, k and I, are the resonant values of the neutron wave number and width, Ro is the s-
wave scattering radius). The method consists of the observation of the energy behavior of the
o (191 )" o (192 )
o[®,)+o(®,)
o(99) is the differential scattering cross section. Approximate expressions for the differential cross
section are presented by the equation ()= (f, + f,cos®+a,,Zf(q))’, where f, is the s- wave

scattering amplitude, f, = f;" + f,* is the sum of nuclear and polarizability contributions to the p-

forward-backward scattering asymmetry o, = that experiences a jump at E=E’, here

wave amplitude, a,, =(1.3-1.6)-107 fin, f(g) is the atomic formfactor, q=2ksin% is the

transferred momentum. Thus, in the expression for o(3) we have the interference terms
2f, f,cos® and 2 f,a, Zf(q). The calculations show that the latter term for Z > 70 and 1eV <E <
10eV exceeds 2 f; f, ~100 times. It makes w; be always negative at energies below E~ and positive

at energies higher than E’. It is supposed that this phenomenon will serve as a new method for the
observation of a,.. More detailed calculations of possible experiments to investigate a,, will be
done.
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2.4.  Interference Effects in Resonance Neutron Induced Nuclear Fission and Delayed
Neutron Yields at Thermal Energy

24.1. An%ular correlations of fission fragments in the resonance neutron induced fission of
the *°U nucleus

Spontaneous and induced nuclear fission has been under investigation for over 50 years but
we do not have a complete understanding of its mechanism and dynamics yet. This is because
nuclear fission is one of the most complicated nuclear transformations connected with deep
rearrangement of the mass and charge of initial nuclei, production of extremely deformed and
excited fragments with high spin and excitation energy sufficient for the emission of several
neutrons and about ten gamma quanta. Another basic circumstance is the fact that in most cases,
nuclear fission is studied in the conditions when it is impossible to obtain information on basic
amplitudes of the process. Such amplitudes are characterized by the parity © of the system, its spin J
and the projection on the fission axis K. Resonance s- or p-neutron induced fission only permits
one to obtain information on J™K fission amplitudes because in the total cross section of the (n, f)
reaction and in the energy dependence of the angular distribution of fission fragments there appears
the interference of J°K amplitudes of different compound states. The possibility of the extraction of
fission amplitudes from the experiment with an aligned 235U target is determined by the existence of
a complete set of experimental data on differential and total cross sections for this nucleus.

In 1999, data taking in the experiment to measure the fission fragment angular anisotropy of
the 25U resonance neutron induced fission with an aligned **°U target in the energy region 0.5-30
eV finished. The value of the anisotropy coefficient A, (E) was extracted. The energy dependence
of the A, coefficient, which characterizes the angular anisotropy of fission fragments, is shown in
Fig.3.

For a combined analysis, the experimental cross sections for 25U available from the
National Nuclear Data Center (NNDC) at BNL were used. All other cross sections are also well
reproduced. The dashed line is calculated using a set of resonance parameters from the ENDF/B-VI
library, which also describes all other cross sections quite well, but obviously
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Fig. 3. The results of the fit (solid curve) for A, (E), circles are the experimental data. The dashed
line is calculated using the resonance parameters from ENDF/B-VI.
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fails to reproduce the A, energy dependence. It is necessary to note that the latter set of resonance
parameters was obtained in the two-channel approximation without taking into account the
information on A; (E).

The data were analyzed assuming that three channels are open for the spin group J=3
(K=0,1,2) and two for the spin group J=4 (K=1,2). According to a commonly used assumption the
J*K=40 state is forbidden by parity conservation. We can expect no or a very small contribution
from higher K states (J"’K=33, 43, and 44) as the geometrical factors defining the value of the
anisotropy coefficient for these fission channels have a positive sign while the observed anisotropy
coefficient A, is negative over the whole measured energy range. The fission barriers for these
states should be much higher. So these fission channels are not taken into account. The integral
distributions of the partial fission widths for the spin group J=4 obtained in such approximation
turned out to be not consistent with the Porter-Thomas distribution with one degree of freedom (see
Fig. 4, right column). An additional fission channel seems to be open for this spin group. It is
necessary to note that the conclusion about an absolute forbiddeness of the 40 channel was based
on A.Bohr’s hypothesis in its simplest variant. However, a more careful examination of the
problem leads to a conclusion that the 40 channel has a higher first fission barrier and a relatively
low second one for asymmetric fission modes. Thus, one would expect the J”K=40 channel to be at
least partially open in our case. So, we reanalyzed the data assuming that all three channels are open
for both spin groups.

Three channel approximation
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Fig. 4. Integral distributions of partial and total fission widths (number of resonances with

% >> X ). Solid lines are the )’ distributions with v degrees of freedom.
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For more details see the section of scientific publications: “Angular Anisotropy of Fission
Fragments from the Resonance Neutron Induced Fission of an Aligned 35U Target and the Role of
JK Fission Channels”.

In 2000, experiments to study the angular anisotropy of fission fragments for different mass
groups will continue. Also, experiments to determine the temperature dependence of the anisotropy
coefficient will be done aiming at an increase of the accuracy of the absolute value of the anisotropy
coefficient.

2.4.2. Parity violation and other effects caused by the interference of s- and p- wave neutron
induced fission

To explain PNC effects in nuclear fission, theoreticians used an assumption about
neighboring compound-states with opposite parities mixed by the weak nucleon-nucleon
interaction. As it is well known, an analogous assumption was used earlier to explain the PNC-
effect arising in the (n, ) - reactions.

As a result of such a mixing, the interference between the fission channels with equal values
of JK and opposite parities may arise. In turn, this interference leads to the asymmetry of light
(heavy) fragment emission relative to the spin direction of the polarized neutrons initiating the
nuclear fission.

Recently on the basis of a consistent theory of neutron-induced fission it was shown that
parity conserving (PC interference effects such as the left-right (LR) and forward-backward (FB)
asymmetry of fission products emission could be expressed through the same fission amplitudes as
the PNC effect. As a result, complementary investigations of PNC and PC interference effects can
essentially extend the capabilities of the theoretical analysis of the experimental data.

The angular distributions of light (or heavy) fission fragments are described by the

expression: W(ﬁf )= 1+a,, @, Py )+ ol (ﬁf D, )+a,',} -(ﬁf 6, x5, ), where P,and p, are the
unit vectors of the linear momentum for light fragments and neutrons, &, is the unit pseudovector
of the neutron polarization, and «,,, a,{/b and a,’l} are the PNC, FB and LR asymmetry coefficients,

respectively, for the light fission fragment group. The aim of the investigation was to determine o
coefficients which are the functions of the neutron energy and the parameters of s- and p-wave
resonances. Simultaneous fitting of all experimental data can give information about the parameters
of the p-resonances of fissile nuclei and matrix elements of the weak interaction. Up to now, such
information is entirely absent.

All measurements of the PNC and PC asymmetry coefficients as functions of the resonance
neutron energy in 2332357 and °Pu fission were carried out in collaboration with PNPI (Gatchina)
on the beams of the IBR-30 pulsed reactor operating as a booster with a LUE-40 electron linear
accelerator. To register fission fragments, a multisection fast ionization chamber was constructed.

In 1999, the left-right asymmetry was measured for 2Py in the energy region from thermal
neutron to 70 eV. The obtained data are under analysis now.

For 23?%U, the data on the left-right and PNC effects were analyzed. Simultaneous
processing of the obtained data gives a sufficiently good description of the observed effects. In
doing so, tentative parameters of 29 p-resonances for 25U and 18 ones for 2**U were obtained. For 6
uranium resonances (3 per each isotope), weak matrix elements are estimated and the mixing of
states with different parities is obtained. The value appears to be 104-107eV.

2.4.3. Delayed neutron yields

It is well known that the existence of delayed neutrons (DN) has a fundamental significance
for the realization of a controllable chain fission reaction. The yields and time characteristics of DN
from the main reactor isotopes, 235U, 29py and 23U, are some of the most imgonant nuclear reactor
constants used in kinetic calculations. An accuracy of 3% for 35U, 4% for **Pu and 6% for 2°U
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has now been achieved for DN yields. Nevertheless, the requirements for the accuracy of the
parameters have continued to increase.

Va values for the thermal neutron induced fission of
v, tv,
Py, #%U, Py and "Np isotopes were performed with an ISOMER facility at IBR-2. Here, v; is
the number of DN, and v, is the number of prompt neutrons. The IBR-2 operation mode, the pulse
rate 5 Hz, permits one to register neutrons in a 200 ms time period. The system of a chopper
synchronized with the reactor pulses allows one to extend the time interval to 800 ms by rejecting
one or two reactor pulses and irradiating the samgg‘lje with neutrons from a selected energy region.

The DN yields from 2*U, 2°U, ™ 2™ were measured after samples irradiation with

neutrons of the energy 3 meV, 23 meV, or 40 meV. In the experiment the yields were measured
relative to the DN yields at thermal neutron irradiation. The results on Sy for 3 meV and 23 meV
energies are presented in Table 2.

The measurements of the 8., =

Table 2
Bo values (in %) and ratios to standard DN yields
(from *°U thermal neutron induced fission)

Isotope En=0.003 eV En =0.023 eV

25y 0.683 + 0.021 (1.004 +0.009) 0.680 + 0.021 (1.000)

Py 0.274 % 0.009 (0.403 + 0.006) 0.267 +0.009 (0.393 + 0.006)
29py 0.227 + 0.011 (0.334 + 0.016) 0.234 + 0.008 (0.344 + 0.004)

There is no energy dependence of B-values in the energy range between cold and thermal
neutrons.

One can see that the accuracy of relative measurements is on the level of 1%. The errors of
absolute values are determined by uncertainty in the DN yield from 2**U which serves as a standard.
The same experimental setup allows one to obtain the time dependence of the DN yield in short
periods of time (up to 800 ms).

Counts
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Fig. 5. DNs from the **U experimental points and calculations in the 6-group approach.
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Figure 5 represents the experimental results for the 23U DN yield time dependence. The
statistical accuracy is 0.2 - 0.3% in a 1 ms time interval. The experimental data are compared with
the calculation using the 6-group approach with group constants from different authors.

For 2'Np, two different methods of fy determination were used. The results for v, are
1.25+0.11 and 1.1410.09. One should mention that measurements of the v, value for 237Np in the
thermal energy region were performed for the first time thanks to using a unique combination of a
large high purity Np sample and the neutron beam cleaned from fast neutrons.

2.4.4. Studying of fission modes and their correlations
with the quantum numbers of compound states

A method of precise measurements of the kinetic energies of fission fragments was
developed and realized for actinide isotopes. The method is based on a double ionization chamber
with Frish grids. Using the method TKE were measured for low lying 25U resonances with a
statistical accuracy of one order of magnitude better than in previous works. This enabled
measurements of TKE in narrow energy bins of 0.2 eV in the energy region up to 10 eV. An
analysis of the experimental results could give information on variations of fission mode weights as
a function of excitation energy of the fissioning system.

2.5.  Highly Excited States of Nuclei

2.5.1. Studying of the (n, 27) reaction

The acquisition, analysis and systematization of the experimental data on the properties of
heavy enough (first of all, deformed) nuclei at the excitation energy Eex < B, continued. Detailed
and reliable information is necessary for a better understanding of the process of nuclear transition
in this energy region from simple, well-studied structures to extremely complicated compound
states. An analog of this process for a macroscopic system is a transition from order" to chaos”. At
present, maximum possible information on this process in any nucleus is only provided by the study
of two-step Yy-cascades proceeding between the compound state of the nucleus and its low-lying
levels. The intensity of two-step cascades measured in the experiment equals the product of the
radiative strength functions f of the primary and secondary E1 and M1 transitions and the density p
of the states excited by them in the energy interval < Bs. A detailed study of nuclear parameters
requires the measurement of these parameters with a high enough accuracy. This has stimulated the
development of a new technique for the extraction of such data because all the algorithms of
analysis used for this aim earlier have irremovable systematical uncertainties of an unknown
magnitude.

A detailed enough shape of the energy dependence of the cascade intensity observed for
nuclei from the mass region 114 < A < 200, known values of the total radiative widths of compound
states together with the physically determined conditions p > 0 and f>0 for any of excitation or y-
transition energies allowed us to realize the new method for a simultaneous estimation of the
parameters p and f. This method allows one to obtain narrow enough intervals of variations of the p
and f values and provides a precise reproduction of the observable functionals of cascade y-decay.
A comparison of p and f obtained from this analysis with their model-predicted values allows us to
make quite certain conclusions about their main peculiarities, which provides a precise reproduction
of the experiment (Figs.6,7). There are: '

1. A considerable deviation of p(E) from the exponential law (which is characteristic for
pure fermion systems) at the excitation energy of about 2 MeV. It is not excluded that p(E) at this
energy can have a constant value or even decrease with increasing excitation energy. The
corresponding energy regions of this effect in nuclei of different types shift by approximately a
value of the neutron pairing energy. The strongest demonstration of the effect of the “stepwise"
structure is observed in deformed nuclei.
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The conclusion about the existence of a serious deviation of p from the exponential law in
the excitation energy interval mentioned above is confirmed by an additional independent analysis.
In this analysis, the distributions of random (due to their physical nature) deviations were
approximated by some functions over a given excitation energy interval around the detection
threshold L. of individual cascades with a further extrapolation of the result to the value L. = 0. The
density of the cascade intermediate levels unambiguously determines the shape of this distribution
in the excitation energy interval under consideration. These results are shown in Fig.6, as well.

2. The sums of the strength functions f (E1)+f (M1) which allow the description of all the
measured functionals of the cascade y-decay process deviate noticeably from the model predictions.
The least discrepancy between theory and experiment is observed for low-energy transitions in
near-magic nuclei provided a modified giant electric dipole resonance model in which the width of
the resonance depends on the nuclear temperature and quantum energy is used. The majority of
deformed nuclei demonstrate a considerable enhancement of the RSFs of high-energy transitions.
An abrupt increase in the discrepancy is observed in the vicinity of double-magic nuclei (N = 126;
Z=282).

Fig. 6. The number of levels of both parities excited by primary dipole transitions in 100 keV energy
intervals as a function of the excitation energy E... Triangles represent the experimental data,
histogram is the estimation of the level density for a zero detection threshold, L. = 0; points with
bars are the most probable p values reproducing both cascade intensities and total radiative
widths. Dashed and solid curves correspond to the Fermi-gas model and generalized model of a
superfluid nucleus, respectively. The model parameters are chosen to reproduce the resonance
spacing

At present, the simplest qualitative explanation of the observed effects can be made under
the assumption that the observed energy dependence of the level density above 3-4 MeV
corresponds to the theoretical approach of the generalized model of the superfluid nucleus in its
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early variant. This means that the structure of states in the excitation energy interval 1-2 to 3-4 MeV
(and, probably, higher) must be mainly determined by vibrational (boson) components. The
structures of levels at higher energies must be under dominant influence of quasiparticle (fermion)
components.

This conclusion is confirmed by the observation of the regularity in the excitation spectra of
the intermediate levels of the most intense cascades (equidistant period between 3, 4 and more
levels equals some hundred keV).

fE1)+E(M1), 107° Mev™®

Fig. 7. The sum of probable radiative strength functions of E1 and M1 transitions (with estimated
uncertainties) in nuclei the same as in Figure 6 as a function of the primary transition energy E,.
Solid curves represent the extrapolation of the (Y, n) reaction cross section to different widths of
GEDR and f (M1) = const normalized to the experimental data.

2.5.2. Radiative resonance neutron capture

In 1999, investigations in the field were conducted in several directions using the
ROMASHKA and PARUS multidetector facilities. On the ROMASHKA facility the measurements
of gamma-quanta multiplicities and the determination of the parameters of neutron resonances:
spins, radiative widths and neutron strength functions, and the mean gamma-ray multiplicity after
resonance capture in l49Sm, ”7Sn, 187Re, 232Th, 8T} and after the fission of 2°U and 2 Pu isotopes
over the energy interval from 20 to 300 eV were conducted. On the PARUS spectrometer similar
measurements of the same isotopes plus 2**U and Pb were done in the energy region from 4 to 160
eV.

Incomplete data on spins and radiative widths and a practical lack of information about
gamma-spectra from the resonance neutron capture and fission of the mentioned nuclei determined
the importance of the measurements. The radiative capture cross section of Hf, Sn, and In isotopes
in the resonance neutron energy range is interesting from the point of view of the understanding of
the process of nucleosynthesis. At the same time, these investigations have a certain applied
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importance. Some of the above mentioned isotopes are used in reactor construction where new,
more exact and reliable data are now necessary in connection with an increasing accuracy of
nuclear reactor calculations. The data on the spectra of capture y-rays are important for shielding
calculations.

Pioneering experiments to measure the effects of resonance self-shielding and the value of
o
a= % for 2°U target nuclei in the 20-2000 eV energy region were performed. Multiplicity
f

spectra were also measured for the 2Py target to refine the - value for 2Py in the 0.007-20 keV
energy region. As a result, a- values were obtained for 80 resonances and several energy groups.

In collaboration with Pohang Accelerator Laboratory (PAL, Pohang, Republic of Korea)
group total cross sections were obtained. Transmission experiments were performed on the PARUS
spectrometer with samples-filters of different thickness made from 22Th and 2 "Np.
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Fig.8. The experimental total group cross-sections of *Np and 22Ty for different thickness of the
sample.

Figure 8 represents experimentally observed total group cross sections for 2*2Th and 237Np.
Figure 9 show a comparison between the experimental total cross section for the thickest samples
and the calculated with the GRUKON code using the ENDF/B-6 and JENDL-3 libraries. The
experimental uncertainties of the transmission coefficients range from 0.2% to 0.5% and the
corresponding uncertainties of the total cross sections are from 2% to 10%. Total transmissions are
typically measured at nox=0.2+0.4 and result in the underestimating of the averaged group cross
sections by 20% — 40% in the region of unresolved resonances. To avoid such errors, one has to
take into account corrections due to resonance self-shielding effects in the averaged cross sections.
The thickness of the filter-sample reduces the effects of resonance self-shielding.
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Fig.9. The observed experimental and calculated total cross-sections of 2 Np and **Th

The total cross sections calculated for thick samples are in good agreement with the
experimental ones as it could be seen from Fig. 9. For thin filter-samples the observed cross
sections are significantly larger than for thick samples and are systematically higher than the
calculated values in the energy region 2 eV-100 keV. These facts indicate conclusively that
resonance structure of neutron cross sections for 2**Th and *’Np and the corresponding resonance
self-shielding have not been adequately investigated. This leads to the underestimation of the
calculated cross sections in the unresolved resonance region.

2.6. Neutron Induced Reactions with Emission of Charged Particles

2.6.1. Measurements of cross sections and angular distributions for fast neutron induced
reactions

Investigations of the (n,ot) and (n, p) reactions on slow neutrons continued. Processing of the
data on the ""N(n, p) "% reaction completed and the results are published. The cross section
measurements of the **Cl(n, p)”S, 3Cl(n, p)36S, 36Cl(n,oc)x)’P reactions induced by thermal neutrons
were performed using gaseous and solid targets. The processing of the angular distributions and
cross sections of the 58Ni(n,oz)ssFe reaction at 5.1 MeV were accomplished in collaboration with
Beijing and Tsinghua Universities (Beijing). The 84Zn(n,0)®'Ni reaction was measured for the
neutron energies 5 and 6.5 MeV.

Systemizing of the (n, o) and (n, p) reaction cross-sections in the neutron energy interval
from 2 to 16 MeV for the wide range of atomic weights A=19-197 was carried out. The dependence
of cross sections on the (N-Z)/A parameter was obtained.

2.7.  Astrophysical Aspects of Neutron Physics

For a long time it has been known that abundance of elements heavier than iron in the solar-
system has been produced by neutron-capture reactions. However, neutron capture is also of the
relevance to abundance of isotopes lighter than iron especially to neutron-rich isotopes, even though
the bulk of these elements has been synthesized in charged-particle-induced reactions. Examples of
such neutron-rich isotopes that are by}gassed by charged-particle reactions and are produced by
neutron-induced nucleosynthesis are ““Si, 3 6S, 40Ar, and the calcium isotopes %Ca and “Ca.
Attempts to understand neutron-induced nucleosynthesis are necessary to be made to obtain
important ingredients of the knowledge of neutron-capture rates. The influence of shell effects on
neutron capture is one of the most interesting aspects of neutron capture, especially because neutron
capture in the vicinity of magic numbers is often a bottleneck in neutron-induced nucleosynthesis.
This is also the case in the neutron capture on neutron-rich isotopes close to the magic proton and
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neutron numbers Z=20 and N=28, i.e., in the vicinity of the double-magic nucleus “®Ca. In
particular, the reaction rate of neutron capture for Ti isotopes is of relevance to isotopic abundance
anomalies in silicon carbide (SiC) grains occurring in carbonaceous meteorites. Contrary to most
other solar system solids this type of grain has not been reprocessed and/or homogenized.
Therefore, they can be potentially associated with their stellar origin. The main part of presolar SiC
grains has an isotopic composition implying that they are most likely condensed in the winds of a
variety of asymptotic giant branch (AGB) stars.

2.7.1. Neutron capture of *®Ca at thermonuclear energies

The nucleus *®Ca is produced and destroyed as a result of neutron-induced nucleosynthesis
in hydrostatic helium, carbon, and neon burning through the reaction chain *Ca(n, y)*Ca(n, 7247Ca.
At the Karlsruhe and Tiibingen 3.75 MeV Van de Graaff accelerators the thermo-nuclear “°Ca(n,
ﬂ‘”Ca cross section was measured by the activation technique via the 1297.09 keV 7-ray line of

Ca decay. Samples of CaCO; enriched in **Ca to 5% were irradiated between two gold foils
serving as capture standards using the 7Li(p, n) and T (p, n) reactions. The capture cross section was
measured at the mean neutron energies 30, 104, 149, 180, and 215 keV. The Maxwellian averaged
capture cross sections were measured at the quasithermal neutron energies kT=25 and 52 keV. It
was found that the **Ca(n, 1)*’Ca cross section in the thermonuclear energy region and at thermal

energy there dominates the s-wave resonance at 28.4 keV with the neutron width T}, = (17.453%

keV and the radiation width I'; = (2.4 * 0.3) eV. The stellar reaction rate is determined in the
temperature range from kT=1 to 250 keV and is compared with previous investigations using
Hauser-Feshbach calculations or experimental cross section data.

2.7.2. Neutron capture in **Ca at thermal and thermonuclear energies

The neutron capture cross section of **Ca was measured relative to the known gold cross
section at kT=52 keV using the fast cyclic activation technique. The experiment was performed at
the Van de Graaff accelerator of Tubingen University. The new results are in good agreement with
the calculation based on a direct capture model. The 1/v behavior of the capture cross section at
thermonuclear energies is confirmed and the adopted reaction rate which is based on several
previous experimental investigations remains unchanged.

2.7.3. Measurement of neutron capture on >°Ti at thermonuclear energies

At the Karlsruhe and Tiibingen 3.75 MeV Van de Graaff accelerators the thermonuclear
OTi(n, ‘y)SITi cross section was measured by the fast cyclic activation technique via the 320.852 and
928.65 keV y-ray lines of *'Ti decay. Metallic Ti samples of natural isotopic composition and
samples of TiO, enriched in *°Ti to 67.53% were irradiated between two gold foils that served as
capture standards. The capture cross section was measured at the neutron energies 25, 30, 52, and
145 keV. The direct capture cross section was determined to be (0.387 + 0.011) mbn at 30 keV. We
found evidence of a bound state s-wave resonance with an estimated radiative width of 0.34 eV that
destructively interferes with a direct capture. The strength of the suggested s-wave resonance at
146.8 keV was determined. In addition to directly measured Maxwellian averaged capture cross
sections at 25 and 52 keV, the present data served to calculate an improved stellar ° 0Ti(n, v)*'Ti rate
in the thermonuclear energy region from 1 to 250 keV. At low temperatures the new stellar rate
leads to much higher values than the previously recommended rate; e.g., at kT 58 keV the increase
amounts to about 50%. The new reaction rate, therefore, reduces the abundance of *°Ti due to s
processing in asymptotic giant branch stars.
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2.8. Investigations with Ultracold Neutrons
2.8 Precise experimental test of the UCN dispersion law

In the frame of an FLNP-Kurchatov Institute-ILL-Melbourne University collaboration, a
precise experiment to verify the neutron wave dispersion law was performed using an original
method. It is based on a search for the resonance line shift in an interference filter, the Fabri-Perrot
interferometer, accompanied with a change in the neutron velocity component parallel to the filter
surface. The parameters of the spectrometer permit one to measure the shift of the resonance line
(6.5 -10”° eV width) with the accuracy 10! eV.

Deviations from the dispersion law were not observed on such a level.

2.8.2. Observation of the new mechanism of UCN losses

UCN can be confined in material traps for a long time making possible their usage in
experiments aimed at studying the fundamental properties of the neutron. It is well known that, in
particular UCN losses in traps are due to B-decay, upscattering and capture on the trap walls. In the
reported study an additional mechanism of UCN escape from traps was observed. It is associated
with an approximately two-fold increase of UCN energy with a probability of about 10 per
collision for the stainless steel surface and it is lower for other studied materials (Cu, Be). The
observed effect does not reduce to known UCN upscattering that leads to an increase in the neutron
energy to approximately thermal energy.

3. Theoretical Researches
3.1.  Nuclear Fission

A theory of nuclear fission induced by resonance neutrons was developed. The new and
sufficiently natural interpretation of A. Bohr’s fission channels follows from this theory. A unified
description of P-even and P-odd angular correlations of fission fragments has been made. Part of the
predicted new effects found confirmation in the experimental works performed in FLNP (see
sections 2.4.1, 2.4.2). This theoretical approach was used for an analysis of the experimental data on
the resonance neutron induced fission of aligned 2**U target nuclei.

3.2.  Neutron optics

The reflection of neutrons from multilayer magnetic systems was considered numerically and
analytically. The magnetization of adjacent layers was supposed to be noncollinear. Two methods
were compared. The first one, analytical, uses infinitesimal splitting of layers and multiple
reflections in the infinitesimal gaps. It is analytical and is called the recursion method (RM).

The second one uses matching of the wave function at the interfaces of layers. The wave

"y, TV,
, O Y=
\p%] v [0 J

components being spinors. Here y is the incident spinor wave, and p, 7 are the reflection and
transmission amplitudes, respectively. The upper component is related to the wave going right and
the lower one is the wave going left. Matching at the i-th interface is described with a generalized
2x2 matrix (GM) Mi: v, = My, ,, with the matrix elements of M; being 2x2 matrices. The GM

provides the continuity of the wave function and its derivative. Successive matching at different
interfaces gives the resulting matrix from which the reflection spinorian amplitude can be evaluated.
This method, called the generalized matrix method (GMM), is appropriate for numerical
calculations.

32



A comparison of two methods in numerical calculations has shown that GMM is less time
consuming. It is nearly 10 times faster than RM. However, RM has an advantage if we only need to
find the positions and width of resonances in a multilayer system.

3.3.  Neutron-electron interaction

The neutron-electron scattering amplitude a, is usually extracted from transmission
experiments where the transmission exponent exp (-NG.L) of the sample is measured. Here, N is the
atomic density, L is the thickness of the sample, and o; is the total transmission cross section which
contains the coherent elastic scattering cross section o, . It is the latter which is most important for

an., because O =jd§2|ac ~Za,f (q)|2 , where a. is the coherent neutron-nucleus scattering

amplitude, Z is the atomic number, f (g) is the atomic form factor which depends on the momentum
transfer ¢, and the integration should be performed over all scattering angles €. Since the amplitude

a,. is small, the last expression can be approximated as o, =0 [1—22(‘1% } f (k))], where

O, = 47t|b6|2, k is the wave number of the incident neutrons, and f(k)= jdﬂ f (q%zr is the form-

factor averaged over all angles. Thus, to find a,., we need to measure o, , the dependence o (k)
on k and also, know <f (k)>.

However, it is shown that at small k the coherent cross section ¢, does not enter into o at all,
and in the case of polycrystalline media, at large k this cross section enters into the Placek

correction, i.e. 0; contains o, {1 - C ,, |, where C is the constant calculated by Placek and a is the
el a k y

interatomic distance. It is seen that the Placek correction %2 iz increases as k decreases, but it is

not clear how it completely eliminates o, at small k.
It was shown that:
1. the contribution of ¢, taking into account the Placek correction can be represented in the

l_%+a2k%)

2. the magnitude of the Placek constant has some uncertainty which depends on the form of the
atomic correlation function and leads to an uncertainty in the a,. magnitude of the order of
10\%.

3. the correction to o, at large k also contains the term = (%cax%{b% ), where [ is an

average dimension of crystallites.
Some corrections which can modify the amplitude related to the neutron polarizability were also
considered.

3.4. Ultracold neutrons

Attempts were made to explain the anomaly of ultracold neutrons fom the fundamental
viewpoint. An assumption was made that a non-spreading wave packet can describe the neutron and
a reduction of the wave function takes place both in the coordinate and momentum space. It has also
been noticed that a particle and its wave function are a non-local object whose coordinates and
momentum demand an exact mathematical determination and can be determined unambiguously
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and simultaneously without coming in contradiction with the uncertainty principle which appears to
have no relation to quantum mechanics. In the frame of the canonical approach, one fails to describe
anomalous losses. In the frame of de Broglie representations, a singular wave packet can be
ascribed to the neutron. In this case, the anomaly can be explained by over-barrier leakage. As a
result, the packet width is determined, the future of the neutron is predicted, and the possibility of
experimental verification of this prediction is hoped for.

Experiments to verify the hypothesis started in 1998 and continued in 1999 in collaboration
with Kyoto University (Japan) and Institute Laue-Langevin (France).

4.1.  The anticompton gamma spectrometer HPGe-BGO for nuclear physics experiments at
pulsed neutron sources
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Fig.10. Gamma- spectra from 18Gd in a multilayer structure without anticompton spectroscopy
(left) and with anticompton spectroscopy (right)

The technique determines the success in the studying of the long wave dependence of the
neutron density in layers with an extremely high capture cross section (Gd, Sm, Cd) and a several
angstrom thickness. This permits one to discover such elements in a multilayer structure and
determine their spatial position.

Figure 10 demonstrates improvements in the use of the technique after applying a high
precision gamma- spectroscopy with an anticompton active shielding.

4.2.  Construction of the KOLHIDA instrument

To carry out investigations of the paramagnetic neutron resonance and nuclear
pseudomagnetism on the IBR-2 pulsed reactor, an experimental complex "Kolkhida" is being built
which consists of a polarized neutron spectrometer and a polarized nuclear target installation. The
spectrometer for investigations with polarized neutrons has been completed and measurements of its
parameters have been carried out.
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The spectrometer of polarized neutrons is located on the first channel of IBR-2. The general
scheme of the spectrometer is shown in Fig. 11. The Co(92%)-Fe(8%) single crystals (1 and 2) are
used for neutron polarization and polarization analysis. .

3
|
SONNMSANUNNONNANNNS, \\\J.i _I\\\ NN

Fig.11. A schematical view of the Kolkhida setup. 1,2 — Co-Fe crystals; 3 - collimator; 4 —
magnet; 5 — spin flipper; 6 — fission chamber monitor; 7 — polarized target; — neutron detector

The thickness of the crystals is 3 mm and the surface areas are 34x34 mm? and 35x53 mm?,
respectively. The crystals are placed between the poles of the electromagnets which produce a
magnetic field of H=0.4T.

The spectrometer is assembled on a massive arm. It comprises guide field magnets (4), a flipper
(5) for polarization reversal, a polarized target holder (7), a polarization analyzer (2) with a magnet,
and a platform with a neutron detector (8). The arm on a circular rail can be rotated about the same
axis as the neutron polarlzer The rotation axis of the detector platform c01nc1des with the axis of

the neutron analyzer. The *He counter is used as a neutron detector and the ***U fission chamber (6)
is used to monitor the primary neutron beam.
The parameters of the polarized neutron beam are given in Table 3.
Table 3
The parameters of the polarized neutron beam

Angle 0 (degree) 19 12 6 4 3

Wavelength A () 1,15 0,74 0,37 0,25 0,19

Energy E, (eV) 0,062 0,15 0,60 1,3 2,3

Counting rate of the detector 800 270 65 33 22

behind the polarizer, n, (sec™)

Intensity o 2polarlzed neutrons

I (n/sec cm’) 430 200 80 60 50

Counting rate of the detector

after analysis n;, (sec™) 70 23 3,1 0,6 02

35




The completed tests of the spectrometer showed that it could be used conveniently to carry
out investigations with polarized neutrons over a range from thermal energy to several eV.

5. APPLIED RESEARCH

5.1.  Neutron Activation Analysis

At the present time, instrumental neutron activation analysis (INAA) is one of the most sensitive
methods for multielement analysis with inductively coupled plasma atomic emission spectrometry
(ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS). Each of these techniques
has their own merits and problems. A comparison of sensitivities and the quantity of elements to be
determined for various methods must be made with “real” samples because the analysis result
depends strongly on the element composition of the sample.

A combination of different irradiation and counting times for NAA technique is necessary to
achieve an optimal result. The improvement of the selectivity and detection power of this method
can be also achieved by means of epithermal neutron activation analysis (ENAA). Besides NAA,
just one of the above mentioned methods does not require the dissolution of the sample. This is a
great advantage of NAA if the total concentration is the aim of the analysis.

Applications of the instrumental neutron activation analysis (INAA) at the IBR-2 fast pulsed
reactor are based on the use of the experimental setup called “Regata”.

The layout of the “Regata” facility is given in Fig. 1212. This setup consists of four channels for
irradiation (Ch1-Ch4), the pneumatic transport system (PTS) and three gamma-spectrometers. It is
located in three special rooms on the ground floor of the reactor IBR-2 building. The main
parameters of the irradiation channels are presented in Table 4. The channels Ch3, Ch4 are cooled
with water and the channels Chl and Ch2 connected with the pneumatic transport system are cooled
with air. That is why the temperature in channels Ch3 and Ch4 is less than the temperature in
channels Chl and Ch2 with the greater fluxes of neutrons. The time of sample irradiation in
channels Ch3, Ch4 depends on the operation cycle duration of the reactor and is equal to 10-12
days, as a rule.

Table 4
Irradiation channel parameters

Irradiation | Neutron flux density (n/cm” s)x10"* T°C Channel Channel

site Thermal Resonance | Fast diam., mm | length, mm
Chl Cd coat 0.23+0.03 | 1.4+£0.16 |70 28 260

Ch2 0.54+0.06 0.12+0.01 | 0.64+0.04 | 60 28 260

Ch3 Cd coat 4 7.0+£0.5 30-40 |30 400

Ch4 13.0£0.5 0.9+0.10 | 7.0£0.5 30-40 | 30 400

ChO n.=0 1.25+0.1 150 400 16 180

<0.1
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Fig. 12. The scheme of the “Regata” experimental setup. ChO-Ch4 —irradiation channels, S-
intermediate storage, DCV- directional control valves, L- loading unit, RCB- radiochemical box,
U- unloading unit, SU- separate unit, SM- storage magazine, R- repacking unit, D- Ge(Li) detector,
AA- amplitude analyzer, CB- control board, CC- controller CAMAC, RI-R3- The rooms where the
system is located.

The irradiation channels Chl and Ch2 are the same, but Chl has a Cd coating. Each channel
consists of two concentric tubes made from stainless steel. Both are placed into an aluminum box
with a biological shield. One of the tubes is a flight tube 28 mm in diameter, and compressed air
flows through the second tube. In order to prevent a hard shock of a capsule with the irradiated
sample at the end of the channel there is an additional valve to let the compressed air out.

In the reported period most experience in applying the activation analysis involves air pollution
studies in some industrial areas of Russia (the South Ural, Tula, Moscow region) and in member-
states of JINR (Poland, Romania). The application of the neutron activation analysis with
epithermal neutrons (ENAA) allows improving of the selectivity and detection power of the
method. The technique is based on the fact that some elements have isotopes with resonances in the
epithermal neutron region. The ratio of resonance activation integral/thermal neutron cross-section
(I/0,) is of the order of 0.5 for nuclides without resonance in the epithermal neutron region and it
may be as high as 100 in other cases. This means that the radionuclide distribution originating from
epithermal activation may deviate strongly from the apparent when the whole reactor spectrum is
employed. This forms the basis of ENAA.

The dominant part of air pollution studies is based on the use of the moss biomonitoring
technique. Mosses have no developed root system that is why they take nutrients almost exclusively
from the atmosphere. This technique has been applied to study air pollution with heavy metals and
other trace elements in combination with the atomic absorption spectrometry of the elements Pb,
Cd, Cu and Ni. The results of the investigations are presented in the form of tables, diagrams,
graphs and, using the geographical information system (GIS) technology, in the form of colored
contour maps for each element. The technique of multivariant statistical analysis (factor analysis) is
applied to obtain information on the character and origin of pollution sources.
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In more detail, the NAA and biomonitoring technique are presented in the section of scientific
publications: “SELECTION OF APPROPRIATE MOSS BIOMONITORS FOR STUDYING ATMOSPHERIC

ELEMENTAL DEPOSITION IN CHINA” and “RELIABILITY OF MOSSES (HYLOCOMIUM SPLENDENS,
PLEUROZIUM SCHREBERI AND CALLIERGON GEGANTEUM) AS BIOMONITORS OF HEAVY METAL
ATMOSPHERIC DEPOSITIONS IN CENTRAL RUSSIA”

5.2.  Development of a fast neutrons detector for the Mars Surveyor 2001 space program

Cosmic rays are known to produce a large number of high-energy neutrons in the Martian
surface layer. These neutrons produce gamma-ray lines from the nucleus either via inelastic
scattering (I-type lines), provided they keep the original high energy, or via capturing reactions (C-
type lines), provided they were slowed down to epithermal or thermal energies. These lines together
with the lines of the natural decay of K, Th and U (N-type lines) will be measured by the Gamma-
Ray Spectrometer with a high purity Ge detector. The mapping of these lines will allow to
determine the distribution of the main minerals globally over the Mars surface, which is one of the
primary goals of the Mars Surveyor Orbiter 2001 mission.

The main scientific objectives of the Russian High Energy Neutron Detector HEND created by
a collaboration of JINR and the Russian Space Science Institute are consistent with this goal.
HEND, as part of the GRS facility, will provide the map of high-energy neutrons albedo, which
will allow (together with a complementary map of low energy neutrons albedo from the Neutron
Spectrometer NS) the distinguishing of I-type, C-type and N-type lines from a “forest of lines” from
the GRS spectrometer.

To achieve these goals, HEND is integrated 1nto GRS. The HEND detector scheme was
developed, modeled, and tested in FLNP, It has three *He-based neutron counters with polyethylene
moderators and one stylben scintillator with an active anti-coincidence shielding around it. The *He-
based detectors with thin and medium moderators will ensure the complementary measurement
verification in the Neutron Spectrometer at low energies below 1 keV, and will provide data for the
cross-calibration of HEND and NS. The *He-based detector with a thick moderator and a stylben
scintillator will provide data for high energy neutrons at 1 keV-10 MeV to build a map of the
elemental composition of the Martian surface and determine regions with an increased abundance
of hydrogen on a shallow subsurface.

Also, the data of high-energy neutrons from HEND will characterize the radiation environment
on the interplanetary cruise and on the Martian orbit to provide information about radiation-related
risks to human explorers. Special data formats with time profiles will be used to measure, with a
fine time resolution, the fluxes of high-energy neutrons and gamma rays during strong solar flares
and gamma ray bursts.

The numerical computation of the detectors sensitivity was performed in FLNP to optimize the
thickness of the moderators around the *He-counters for the expected energy spectra of albedo
neutrons on the Martian orbit. The instrument will be calibrated in the neutron beams of the Van de
Graaf accelerator and the pulsed neutron reactors of FLNP. The cross-calibration of the HEND and
NS in the overlapping range of neutron energies will be performed by means of numerical
computations.
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2. NEUTRON SOURCES

2.1. THE IBR-2 PULSED REACTOR

In 1999, the reactor IBR-2 operated in accordance with the approved schedule. The
details are given in Tables 1 and 2. The reactor operated for physical experiment a total of 8
cycles (1984 hr) at W=1.5 MW, including 3 cycles with a cryogenic moderator (CM).

As scheduled, the plan of reactor maintenance PMW-99 was executed from June to
September. In the period, radioactive elements of MR-1 (movable reﬂector-l) were removed
from a working storage by explosive techniques.

Work to improve control of a number of important systems of safety was conducted,
including the formation of independent reference signals (5 Hz) in the channels of side pulses,
introduction of a system of permanent control of the position of the emergency shutdown
block (ESB) during power operation, upgrading of some measuring and control devices
(MCD).

In October 1999, a license for the operation of the IBR-2 reactor was obtained from the
State Atomic Inspectlon (SAI).

The main achievement of the year is the completion of work to bulld CM.

In the period from October 18 to December 17, 1999 the physical startup of the solid
methane-based cryogenic moderator CM was carried out. The designing and manufacturing
of CM were executed by the Scientific Research and Design Institute of Power Engineering in
Moscow under the scientific guidence and with participation of FLNP JINR in Dubna.

The CM of IBR-2 is a third in the world solid methane moderator. The first two in
Japan and USA, work in much less intense fields of radiation, however.

In accordance with the schedule of physical startup operations all three rated modes of
CM were tested. Both technical and neutron-physical characteristics of the moderator proved
to be as expected. In particular, it was shown that a small addition of ethylene reduces
considerably the rate of the formation of radiolytic hydrogen which causes major difficulties in
the use of solid methane as a moderator. For A>A and the methane temperature 30 K, the
neutron yield was 10-20 as much as from a usual water moderator (see Figs. 1, 2).

The flux from CM of IBR-2 exceeds that of the recently best source of cold neutrons at
ISIS (England) having liquid methane as a moderating agent.

In 2000, CM IBR-2 will be operated in a regular mode.

In 1999, the concept of the reactor modernization underwent considerable changes. As
a result, the improvement continues under the auspices of the program "Concept of the IBR-2
Modernization in the Period to the Year 2010".

In accordance with it work was carried out along the lines:

1) working drawings of MR-3;

2) preparations to start manufacturing of a new fuel loading. The technical and working
design of TVEL is completed and manufacturing of the new elements of TVEL started;

3) work on the technical project of IBR-2 modernization started. Technical assignments for
the modernization of control and emergency systems (CES) are prepared and technical
requirements for the electronic equipment of CES are specified.

In 1999, the financing of the operation and modernization of IBR-2 improved
considerably as compared to 1998 (see Table 3).

The main 2000 objectives.
Provide the physical program of beam measurements with a beam time in the volume of
2000 hr (8 cycles a year, including 3 cycles with CM).
Start manufacturing of MR-3.
Continue work to prepare a new fuel loading.
Technical project of the IBR-2 modernization, including CES of the reactor.

LN
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IBR-2 operation parameters in 1999

Table 1

Cycle Dates Time of Time of Energy Number of Causes of emergency shutdowns Number of beams
| operation for | operation of production emergency (classified as in P/I-04-10-94) in operation
; physical movable E, MW*hr shutdowns
\ experiment reflector Tmr NEs
‘ Tph.ex.

‘ Voltage Equipment Electronic Human

drops malfunctionin equipment factor

(POB) g (PO7) malfunctionin (POS)

i g

(PO7)

1 18.01 - 29.01 267 273 403 0 0 0 0 0 11
2 15.02 - 26.02 247 263 376 3 2 0 1 0 11
3 15.03 - 26.03 244 270 370 3 1 1 0 1 11
4 12.04 - 20.04 171 198 257 4 0 3 1 0 11
5 17.05-01.06 323 356 494 6 1 3 2 0 11
6 18.10 - 29.10 227 252 264 2 1 1 0 0 11
7 15.11 -26.11 252 273 406 1 1 0 0 0 11
8 06.12-17.12 253 271 385 2 1 0 0 1 11




Table 2
Current IBR-2 parameters

Parameter December 1999 Rated
1 | Operation for physical experiment (th.hr) 36. 984 44
2 | Generated energy (th. MWhr) 68.216 85
3 | Operation of MR-2P(th.hr) 11.676 18*
4 | Maximum fluence on the jacket in the center of the
active zone (1022 n/cm?):
En > 0.5 MeV 1.845 23
E. > 0.1 MeV 2.98 3.72
5 | Maximum burn of fuel (%)
Brick-like TVEL 5.19 6.5
rod-like TVEL 5.51 8.2
6 | Number of emergency shutdowns - 424 550

Note:

" The resource is established in the process of reactor operation as a function of the MR state. The expected
resource is indicated by analogy with MR-2.

Table 3
IBR-2 expenditures in 1999 in k$ (paid to outside organizations)
Budget Non-budget
Operation and maintenance 67 18
Modernization 156 -
TOTAL: 223 18
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2.2. THE IREN PROJECT

The project of the new Intense REsonace Neutron source IREN for fundamental and
applied nuclear physics investigations with a total cost of 3.7M$ and the startup date in
December 1997 was approved by the JINR Directorate in June 1994. By analogy with the
existing booster IBR-30+LUE-40 the IREN source is composed of a powerful electron linac,
LUE-200, with the beam energy 200 MeV, pulse duration 250 ns, repetition rate 150Hz, and
the mean beam power 10 kW and a fast subcritical plutonium core with the neutron
multiplication coefficient ~30. So, the mean intensity is 10'>n/s and the fast neutron pulse
duration is ~400ns. These parameters place the IREN source in one row with the best neutron
sources in the world.

Insufficient replenishment of the JINR budget resulted in that 1,044 k$ had only been
invested in the IREN project by the end of 1998 (for details see the attached Table). In spite of
insufficient and irregular financing work on the project is progressing. For the linac: M-350,
the first modulator on the basis of an OLIVIN station with a SLAC klystron 5045, is
successfully tested, an RF feeder and accelerating tubes are designed and partly produced,
designing of a focusing system and a vacuum system is completed with almost all equipment
for the vacuum system being shipped to JINR, a full-scale testing rig for accelerating tubes
trials is, in the main, built in FLNP. For the multiplying target: the technical project of the
subcritical core and respective fuel elements is completed, all spare parts of the fuel elements,
including metallic plutonium rods are produced, the technological aspects of the production of
the fuel elements are practically worked out, the contract for a civil engineering project of the
installation of IREN and dismounting of the old IBR-30+LUE-40 booster is signed and its
first stage is realised.

The above outlined was mainly executed from June 1994 to March 1996 when the
financing of the project was on the level ~40% of the allocated amount. In the following three
years, however, the rate of the project implementation fell down, the key contracts were
frozen or cancelled and the future of the project had become questionable.

In this critical situation in March 1999 the JINR Directorate approved a modified
working schedule of the IREN project and found a possibility to allocate a special grant to
save the project. This included a sum of 250 k$ allotted by the end of 1999, which allowed the
management of the IREN project to start negotiations with the partners on the preparation of
new contracts and the prolongation of some old ones. The new working schedule assumes the
shipment of ready fuel elements to JINR by the end of 2000. A supplementary to previous
agreements is prepared which provides a principle possibility of the completion of linac
construction in accordance with the new working schedule of the IREN project. The
implementation of financial plans in 1999 is illustrated in Table 4.

The modified working schedule of the IREN project, realized and planned investments
in 1999-2002 are shown in Table 5. It is necessary to emphasise that the implementation of the
new working schedule with a startup date at the end of 2002 requires the investment of not less
than 560 k$, including the financing for the resuming of work in JINR laboratories, in 2000.
However, increased financing in the coming years will not compensate for the delay in the
project implementation as soon as each stage needs a definite time and should be included in
the annual plans of partner-institutions.
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Table 5

Time-table of the IREN project implementation in 2000-2003

Work

(Juarter

2000

2001 2002

2003

2

3

O] [ T [ S ] e [

Civil engineering project of
IREN facility, including

technical provision of safety |

Production of accelerating
tubes, buncher and SLED
system and shipment to
JINR

Construction of main linac
systems and their test at full
scale testing facilities of
JINR

Fuel elements manufacture,
licensing and shipment to
JINR

Technological project of
multiplying target
construction

Manufacture of the
multiplying target and its
auxiliary systems

Licensing of shut down and
dismounting of IBR-30

Production of equipment
for IBR-30 dismounting

Dismounting of IBR-30
and LUE-40

Reconstruction of Bld. 43
and IREN infrastructure

Mounting of IREN linac
and multiplying target in
Bld. 43

Startup, tests and adjusting
of IREN

Required funding ( k$)

376

920 699

300

Approved total cost of the IREN project

Invested in 1994-1999
To be invested in 2000-2003

-3740 k$
- 1302 k$
- 2438 k$
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THE IBR-2 SPECTROMETERS COMPLEX
AND COMPUTATION INFRASTRUCTURE

In the development of the IBR-2 spectrometers complex the main effort concentrated on the
creation and introduction of new-generation electronics and software for VME-systems of data
acquisition and control of experiment.

On HRFD, test experiments of a VME-system completed and it was commissioned. The
system consists of several subsystems and provides:

accumul ation of low-resolution spectra,

control of the spectrometer devices (goniometer, scanner, refridgerator, etc.),

registration, computation, and accumulation of high-resolution spectra (RTOF-analyzers),
control of the Fourier-chopper,

network support (accumulation of datain central file-servers, remote control from an X-
terminal).

The YUMO spectrometer was modernized. In place of old drivers, step-motors were
installed to drive the sample displacement table (in two directions) and platforms for moving of
scattering detectors inside the neutron guide. Also, new electronic blocks were developed to
automate the moving mechanisms, which makes it possible to change the configuration of the setup
in the manual and computer versions. The second collimator was replaced by a collimator with a
diding tube. This removed an air gap of 1 m on the way of neutrons. A second scatterer
(polyethelene) in front of the scattering detector platform and an additional monitoring counter were
installed. The system for regulating of the sample temperature was essentially improved.

On the YUMO spectrometer, VME-subsystems to automate control of the spectrometer
devices and the first stage of electronics and software for the VME-subsystem of data acquisition
were put into operation in October 1999. The software enables multiwindow control of data
acquisition, temperature, motors, monitoring of parameters, and control of the experiment,
including remote control from any point of the local network. For several months, test experiments
of a ring position-sensitive detector in aggregate with a unified VME-electronic system of data
acquisition were carried out with a neutron source. At present, the detector, electronics and the
software are ready for the installation in the beam.

In the VME-system of data acquisition of the x-ray spectrometers DRON and SAX,
electronics controlling the executive mechanisms is renewed and a new software analogous to the
YUMO software in functional possiblitiesis developed.

On the DN-2 spectrometer, preparatory work to change the measuring systems and sample
environment to VME-standard completed. The electronics of the goniometer (GKS-100, PS111,
HUBER) and of moving the rotation table with a PSD using a position sensor were reconsructed
and modernized. The electronics of alinear PSD was manufactured.

The two-axis position-sensitive detector isfilled with a new gas mixture. Test measurements
and tuning of the working modes of the detectors were conducted. The electronics of the detectors
was modernized and work to optimize time and position resolutions was carried out. A new two-
channel time-digital converter for data reading from PSD was devel oped.

Today, a complete set of VME-devices for the spectrometer is installed, the software is
ready, and debugging is being done.

Under the auspices of the modernization project of the polarized neutron spectrometer SPN,
the working drawings of the head part of the spectrometer were made and manufacturing started in
Experimental Workshops. The electronics of the monitoring detector and 16 preamplifiers for the
main detector were manufactured and debugged. Manufacturing of a unified VME system for data
acquisition started.



A large volume of work was conducted to manufacture and assembly the elements of the
FSD spectrometer in channel 11 of the IBR-2 reactor. Namely,

o aFourier chopper was manufactured, assembled and tested in cooperation with PINP,

» aprototype of one element of the 90°-detector was manufactured and tested,

e amirror oven (to 10000°C) was manufactured and tested in cooperation with LfZP
(Rossendorf),

o test measurements of atensor neutron scanner were conducted,

o VME equipment for the registration of low-resolution spectra and the system to control the
executive mechanisms were manufactured and tested. Also, tuning of the RTOF analyzer for
the detector MultiCon 5.2 began.

« the beam profile at the neutron guide entrance and transmission functions of the Fourier
chopper were measured.

For the spectrometer DN-12, a complete set of detecting electronics and a VME-system for
data acquisition were manufactured and debugged. Work to select He-counters and develop
software is being compl eted.

In cooperation with HMI (Berlin) there was developed a data acquisition system for a PSD
prototype based on microstrip-chambers with a Gd neutron converter. The central elements of the
system are a TMS320C67X X digital signal processor with a performance of 1 Gfolps, two 8-
channel time-digital converters, F1, with a picosecond resolution, a hystogram memory with a
capacity of 256 Mb, two FIFO-buffers, and a PCI interface.

Also, in cooperation with HMI new programs were developed and they essentially extended
the possibilities of the PV-Wave packet for visual express analysis of data from neutron scattering
experiments.

Together with the Laboratory of Nuclear Problems a system of filmless registration and
accumulation of data from a streamer chamber was created (DUBTO project). The basic elements
of the system are two digital TV-cameras (a stereo-pair) on scientific-grade CCD matrices with the
resolution 1300x1000. The data are accumulated in a PC with high-capacity removable hard disks.
In 1999 the system was commissioned and the first physical results were obtained.

In 1999 a number of new unified blocks of analog electronics, including preamplifiers,
amplifier-formers and discriminators for point detectors, power units and power amplifiers for
executive mechanisms, etc., were created to replace outdated blocks in the equipment of the
Spectrometers.

During the reported year a lot of effort concentrated on repairing, modernization and
maintenance of the measuring and control systems of the spectrometers and computers.

In 1999 the members of the Division published 5 papers and a Candidate of Science thesis
was defended by E.I.Litvinenko.



4. EXPERIMENTAL REPORTS

4.1. CONDENSED MATTER PHYSICS
Diffraction

Structural and Magnetic Properties of Lag gsCao.1sMnQO3 CMR Perovskite
M.V.Lobanov, A.M.Balagurov, V.Yu.Pomjakushin, P.Fischer, M.Gutmann, A.M.Abakumov,
0.G.D’yachenko, E.V.Antipov, O.I.Lebedev, G. Van Tendeloo

Enhancement of T. in Hg-1223 by Fluorination
K. A.Lokshin, D.A.Pavlov, S.N.Putilin, E.V.Antipov, D.V.Sheptyakov, A.M.Balagurov

A-Cation Size and Oxygen Isotope Substitution Effects on (Lai.yPry)o.7Cao.3MnO3 Structure
A.M.Balagurov, V.Yu.Pomjakushin, D.V.Sheptyakov, V.L.Aksenov, N.A.Babushkina,
O.Yu.Gorbenko, A.R.Kaul

TOF Width of Diffraction Lines Measured with High Resolution Fourier Diffractometer
A.M.Balagurov, V.G.Simkin, M. Popovici

Helical Magnetic Structure in Tb Affected by Uniaxial Tension: Neutron Examination
A.V.Andrianov, A.1 Beskrovnyi, D.I. Kosarev

Structure Investigation of Rhenium Dioxide by Neutron Powder Diffraction at Ambient and
High Pressure
K.G.Bramnik, H.Fuess, D.V.Sheptyakov

High Pressure - Low Temperature Structural Study of ND4I
V.P.Glazkov, D.P.Kozlenko, B.N.Savenko, V.A.Somenkov

Investigation of Nd,CuO4 Crystal Structure at High Pressures
V.P.Glazkov, B.N.Savenko, V.A.Somenkov, D.V.Sheptyakov, S.Sh.Shilstein

Influence of Temperature and Long-Time Loading on Texture and Physical Property of Calcite
T.LIvankina, A.N.Nikitin, G.A.Sobolev, V.A.Sukhoparov, A.S.Telepnev, K.Ullemeyer, K.Walther

Laboratory Investigation of Elastic Anisotropy and Texture of Rocks from Kola Super Deep
Borehole SG-3
A.N.Nikitin, T.I.Ivankina, K.Ullemeyer, T.Lokajicek, Z.Pros, K.Klima, Yu.P.Smirnov

Applied and Residual Strain/Stress Determination on Quartz Rocks Using Neutron TOF Diffraction
C.M.Scheffzuk, A.Frischbutter, K.Walther, R.A.Zhukov

Residual Stress Study by Neutron Diffraction in Perforator’s Striker
G.Bokuchava, N.Shamsutdinov, A.Tamonov

Small-Angle Scattering
Light-Induced Long-Living Changes of Bacteriorhodopsin Structure

V.I.Gordeliy, N.Dencher, T.Hauss, A.Kuklin, A.Tougan-Baranovskaya, J.Teixeira, L.S.Yaguzhinsky,
G.Bueldt

55



Microstructural Studies on Different Treated Aluminium Alloys by SANS
F.Haussler, A.IKuklin, G.Zouhar, H Worch

Microstructural Studies on Hydrating Tricalcium Silicate by SANS
F.Haussler, A.1.Kuklin, S.Palzer, A.Eckart

A Structure of DMPC Vesicles in Surcose/Water Solutions
M.A.Kiselev, P.Lesieur, A.M.Kisselev, D.Lombardo, M. Killany, S.Lesieur

Determination of Structural Parameters and Hydration of Unilamellar Vesicles at High Water
Excess from SANS Curves Using a Multiple-Strip Model
P.Jorchel, M .Kiselev, G.Klose, H.Schmiedel

SANS Study of Aggregates of the Gemini Surfactant
1,4-Butanediamonium-N,N’-Dihexadecyl-N,N,N’ ,N’-Tetmethyl Dibromide in the Aqueous
Solution

M.Dubnickova, M.Kiselev, I.Lacko, F.Devinsky, P.Balgavy

SANS Study of Block Copolymer Micelles with Coated Cores
J.Plestil, H.Pospisil, V.I.Gordeliy

Neutron Optics

Nuclear Potential of Glass Substrate Obtained from Spin-Flipped Neutron Transmission Through
the Co Film
V.L.Aksenov, S.V.Kozhevnikov, Yu.V.Nikitenko

Magnetic Inequality of Film Interfaces Extracted by Polarized Neutron Refraction
V.L.Aksenov, S.V.Kozhevnikov, Yu.V.Nikitenko

Magnetic Regime of glass/Fe(1000A)/Gd(50A) Layered Structure Extracted by Neutron
Polarization Methods
V.L.Aksenov, S.V.Kozhevnikov, Yu.V.Nikitenko, H.Lauter

First Experiments of Observation of Surface Phonons and Magnons at Polarised Neutron
Reflectometer REFLEX-P
D.A.Korneev, V.I.Bodnarchuk, V.F.Peresedov, V.V.Zhuravlev, A.F.Schebetov, S.P.Yaradaikin

Reflectometry Studies of the Coherent Properties of Neutrons
D.A.Korneev, V.I.Bodnarchuk, S.P.Yaradaikin, V.F.Peresedov, V.K.Ignatovich, A.Menelle,
R.Gaehler

Magnetic Off-Specular Neutron Scattering from Fe/Cr Multilayers

V.Lauter-Pasyuk, H.J.Lauter, B.Toperverg, O.Nikonov, E.Kravtsov, A.V.Petrenko, M.A.Milyaev,
L.Romashev, V.Ustinov
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Inelastic Scattering

Collective Dynamics of Liquid Gallium Studied by Inelastic Neutron Scattering
A.Beldiman, M.Ion, Zh.A.Kozlov, A.G.Novikov, I.Padureanu, A.Radulescu, V.V.Savostin

Some Results of Investigation of Liquid “He Dynamics
1.V.Bogoyavlenski, A.V.Puchkov, A.Skomorokhov

Neutron Spectroscopy and QC Modeling of the Low Frequency Internal Vibrations of Mesitylene
L.Cser, K.Holderna-Natkaniec, I.Natkaniec, A.Pawlukojc

Neutron Spectroscopy and QC Modeling of Methyl Dynamics in 1-and 2-Methyl-Naphtalene
Crystals
K.Holderna-Natkaniec, 1. Natkaniec, V.D.Khavryuchenko

Neutron Scattering Studies and Quantum Chemistry Modeling of Internal Vibration of Testosterone
P.Klodzinski, K.Holderna-Natkaniec, I.Natkaniec, A.Pawlukojc, A.Szyczewski

Neutron Scattering Study of the CssH3(S04)4-0.5H,0 Crystal and its Deuterated Analog
S.G.Lushnikov, A.V.Belushkin, S.N.Gvasaliya, I Natkaniec, L.A.Shuvalov, L.S.Smirnov,
V.V.Dolbinina

Investigation of Disorder Degree Effect on Vibrational Spectra of the Relaxor Ferroelectrics
PbSc,Ta;1203
S.Lushnikov, S.Gvasaliya, 1.Sashin, R.Blinc

Structure, IR, NQR and INS Spectra of Hydrogen Dichloromaleates
I Majerz, L.Jerzykiewicz, A.Pawlukojc, I.Natkaniec, J.Kalenik, L.Sobczyk

Vibrational Analysis of Pentachlorophenol
I.Majerz, A.Pawlukojc, I.Natkaniec, L.Sobczyk

On Diffusion of Big Ions in Aqueous Solutions
A.G.Novikov, M.N.Rodnikova, O.V.Sobolev

Local Structure and Charge Distribution in Ionic Conductors Ln,.,Sr,C00s.5, Ln = La,Ho; x=0.6,
0.8;6=0,0.1,0.2
A.Podlesnyak, A.Mirmelstein, H.Chimid

Low-Frequency Collective Modes in the Superionic Phase of Lead Fluoride
A.Radulescu, I.Padureanu, S.N.Rapeanu, A.Beldiman, M.lIon, Zh.A.Kozlov, V.A.Semenov

Hydrogen Trapping by Solute Atoms in Nb-Mo Alloys as Observed by the Neutron Spectroscopy
V.V.Sumin, G.Chimid, F.Mazzolai
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4.2. NEUTRON NUCLEAR PHYSICS

Nuclear Properties

Experiments on Neutron Spin Interferometry Using Spin-Echo Technique
A.LFrank, A.V.Kozlov, P.Hoghoj, F.Pfeiffer, G.Ehlers

The Technique for Simultaneous Estimation of the Level Density and Radiative Strength Functions
of Dipole Transitions at E¢x < B, - 0.5 MeV
V.A.Khitrov, A.M.Sukhovoj, E.V.Vasilieva

Experimental Indications of the Probable Abrupt Change in Nuclear Properties of Heavy Nucleus at
Eex =0.5B,
V.A.Khitrov, A.M.Sukhovoj, E.V.Vasilieva

New Method of Partial Radiative Capture Cross Section Measurements
Yu.P.Popov, A.V.Voinov, P.V.Sedyshev, S.S.Parzhitski, A.P.Kobzev, N.A.Gundorin, D.G.Serov,
M.V.Sedysheva

Fission

Determination of the Forward-Backward Asymmetry Coefficient in 35Cl(n,p)*’S Reaction
Yu.M.Gledenov, R.Machrafi, A.1.Oprea, P.V.Sedyshev, V.1.Salatski, P.J.Szalanski

Angular Anisotropy of Fission Fragments from the Resonance Neutron Induced Fission of Aligned
25U Target and the Role of JK Fission Channels
Yu.N.Kopatch, A.B.Popov, W.I. Furman, D.I.Tambovtsev, L.K.Kozlovsky, N.N.Gonin, J.Kliman

Applied Research

Reliability of Mosses (Hylocomium Splendens, Pleurozium Schreberi and Calliergon Geganteum)
as Biomonitors of Heavy Metal Atmospheric Deposition in Central Russia

M.V.Frontasyeva, Ye.V.Yermakova, E.Steinnes

Selection of Appropriate Moss Biomonitors for Studying Atmospheric Elemental Deposition in

China
0.A.Stan, Zh.H.Zhang, M.V.Frontasyeva, E.Steinnes
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Structural and magnetic properties of LaggsCag1sMnO3; CMR perovskite

M.V. Lobanov', A.M. Balagurov?, V.Yu. Pomjakushin®, P. Fischer’, M. Gutmann®,
AM. Abakumov'*, 0.G. D'yachenko’, E.V. Antipov', O.1. Lebedev®, G. Van Tendeloo®

' Department of Chemistry, Moscow State University, Moscow 119899, Russia

2 Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Russia
3 PSI, CH-5232, Villigen, Switzerland
* EMAT, University of Antwerp (RUCA), Groenenborgerlaan 171, B-2020 Antwerp, Belgium

The CMR perovskites exhibit a large variety of phase transformations and lattice
distortions determined by several structural factors including average size of A-cations and
formal Mn valence. According to standard structural phase diagram [1], compositions
belonging to the crossover between AFM-insulating and FM-metallic region are within the
stability range of orthorhombic (space group Pnma) structure. The Sr-containing
compositions corresponding to the crossover region have been recently studied in detail. It
was shown by use of single crystal neutron and X-ray synchrotron diffraction for the
particular composition Lag gsSrp12MnOs that a sequence of temperature-induced structural
transformations [2] occurs. Recently Cox et al. [3] showed that a phase separation into two
phases occurs below 350 K with splitting of some majority-phase reflections indicative of
monoclinic (f~90.1°) distortion of the parent orthorhombic structure. Our recent HREM
observation may indicate for the breakdown of orthorhombic symmetry for Ca-containing
compositions as well at least on the microdomain scale. Thus we attempted to prepare
stoichiometric compound with the composition Lag gsCag 1sMnO; belonging to the crossover
region in order to clarify its structural and magnetic properties in neutron and electron
diffraction experiments.

To avoid possible inhomogeneous cation distribution and also to reduce synthesis
temperature to avoid anion vacancies formation we applied freeze-drying technique which is
characterised by atomic-scale homogenisation. Single phase composition of the sample was
confirmed by X-ray powder diffraction. The cation composition inferred from EDX
corresponds to La:Ca:Mn ratio 0.84(2):0.149(3):1.00(1), indicating for absence of deviations
from nominal cation stoichiometry. The ratio is virtually identical for different crystallites;
numbers in parentheses are calculated statistical errors, their magnitudes are indicative of
highly uniform cation distribution. The iodometric titration analysis revealed 15+5% of Mn**
corresponding to the oxygen index 3.00(3). Thus, combination of EDX and chemical analysis
confirmed complete stoichiometry of the compound and absence of significant deviations
from the nominal composition.

Neutron data for magnetic structure refinement were collected with the powder
diffractometer DMC at the SINQ spallation source at PSI in Villigen using neutron beam
with wavelength A=2.562 A. A ferromagnetic contribution was clearly observed at low
temperature and no additional antiferromagnetic peaks were detected at any temperatures.
The atomic positions obtained from the high resolution neutron diffraction data (HRFD
diffractometer at the IBR-2 reactor) for Pnma space group were fixed in the refinement of the
DMC data. The refinements show best y’-square for Mn-spins directed along the c-axis,
however, the refined value of the Mn-moment is not sensitive to the Mn-spin direction. The
low temperature data obtained at HRFD shows that the main magnetic contribution is to the
(200) peak, which means at least that iy is non-parallel to a-axis. Low temperature value of
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the moment is £=2.9(2) us, and agrees well with Mn-moments measured for the same
compositions earlier.

In order to determine the actual symmetry Selected Area Electron diffraction (SAED)
and High-Resolution Electron Microscopy (HREM) were performed using Philips CM20 and
Jeol 4000 EX instrument operating at 200 kV and 400 kV, respectively. Image simulations
were made using MacTempas software. On the basis of these data it was concluded that the
real-space symmetry is lower than Pnma. The data are consistent with either Pmc2; or P2;/c
symmetry.

For choosing the correct model neutron powder diffraction (NPD) experiments were
performed with high resolution TOF Fourier diffractometer HRFD (Fig.1). It was found that
the diffraction patterns could be rather well described in average by the standard structural
model with the orthorhombic Pnma symmetry. In this approximation the temperature
behavior of average <Mn-O> bond length and <Mn-O-Mn> angle well before and below
phase transition temperature was found regular and typical: <Mn-O> goes down with
decreasing temperature and changes slope at T, <Mn-O-Mn> also goes down till T, but then
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Fig.1. Neutron diffraction pattern of LayssCap1sMnQO3 sample, measured at 200 K with the
HRFD diffractometer. Experimental, calculated (P2)/c sp. gr.) and difference curves are
shown. The difference curve is normalised on the mean square deviation.

starts to increase (Fig.2). However in some interval of spectra, especially around (220)/(022)
doublet, coincidence between experimental and calculated patterns was unsatisfactory.
Analysis showed that in the frame of Pnma space group variation of any parameters including
atom occupancy factors does not give adequate description of that doublet. The general
outlook of the diffraction pattern including the doublet region is only slightly affected by
temperature variation (except for the appearance of ferromagnetic component below T¢), so
the fit was performed for the data acquired with the best statistical accuracy at T=200 K.

The three possibilities (two Pmc2; and P2,/c models) were checked by the Rietveld
refinement of NPD data. The refinement of the Pmc2, model with two A-cation sites yielded
reliability factors (x*=1.58, Rp=0.116, R,,=0.078), atomic positions and interatomic distances
almost identical with those for Pnma model. The refinement is not sensitive to the relative
occupation of nonequivalent A-sites by La and Ca in spite of significant difference in their
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Fig.2. Temperature dependence of average Mn-O distance and Mn-O-Mn bond angle,
calculated in Pnma model. The lines are guides to the eye.

atomic scattering factors (0.824 and 0.490 for La and Ca, respectively); the variation of
occupation factors does not provide better profile description or v value lowering. On the
other hand, Pmc2; model with two Mn-sites gives satisfactory descrlptlon of the doublet, but
the general fit is much worse compared with Pnma model (x*=3.21, Rp=0.139, R,=0.111).

Moreover, the refinement of thermal parameters for oxygen atoms fails to converge
indicating for their incorrect location. The refinement in P2i/c space group leads to
significantly better fit of experimental neutron diffraction pattern (x*=1.43, Rp=0.107,

R,=0.074); the main difference from Pnma case arising from the correct description of the
(220)/(022) orthorhombic doublet.

The two Pnma phase model as another possibility for better fitting of high-resolution
neutron diffraction pattern could not be rejected on the basis of neutron diffraction data only.
The refinement in this model was performed with the positional parameters for two thases
forced to coincide and yielded reliability factors comparable with the P2;/c model (y"=1.47,
Rp=0.110, R,=0.075). Refined lattice parameters for the two phases are a=5.4764(1),
b=7.7488(2), ¢=5.5036(2) and a=5.4680(2), b=7.7383(4), c=5.5058(4), respectively; phase
ratio is approximately 2:1. However, this possibility does not account for ED and HREM data
available.

In conclusion, we performed detailed crystal structure investigation for the
Lag gsCag ;sMnO; composition by a combination of electron diffraction, high resolution
electron microscopy and neutron diffraction. Various possible crystal structure models
allowed by ED were checked by Rietveld refinement of NPD data. On the basis of the entire
set of data we claim that the actual crystal structure is monoclinic P2/c. The different oxygen
environment for two nonequivalent Mn-atoms suggests the possibility of the treatment of
observed structural distortion as a consequence of charge ordering. The ordered placement of
Mn atoms can lead to a profound modification of physical properties. Since ordering has two-
dimensional character, it would not necessarily lead to insulating behavior. Nevertheless, the
existence of different Mn-O-Mn angles may lead to the complicated pattern of exchange
interactions, different from those expected from Pnma model.

P. Schiffer, A.P. Ramirez, W. Bao, and S.-W. Cheong, Phys. Rev. Lett. 75, 3336 (1995).
2. H. Kawano, R. Kajimoto, M. Kubota, and H. Yoshizawa, Phys. Rev. B53, R14709 (1996)
3. D.E.Cox, T.glesias, G.Shirane, K.Hirota, and Y.Endoh, Powder Diffraction, 14, 147
(1999)
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Enhancement of T, in Hg-1223 by fluorination

K.A. Lokshin,! D.A. Pavlov,' S.N. Putilin,' E.V. Antipov,
D.V. Sheptyakov,2 and A.M. Balagurov®.

‘Department of Chemistry, Moscow State University, 119899, Moscow, Russia.
2Frank Laboratory of Neutron Physics, JINR, 141980, Dubna, Russia.

The third member of the superconducting HgBa;Ca, iCuyOzni2,5 homologous series
exhibits a record T.=135 K at ambient conditions. Moreover, an application of external pressure
promotes its increase up to 160 K. This result shows a principal possibility to achieve in Hg-
1223 similar values of T. at ambient pressure by proper modifying of its composition and,
subsequently, crystal structure. Pressure effect can be simulated by an anion exchange. Fluorine
has a lower formal valence than oxygen therefore the larger amount of fluorine should be
incorporated into the structure to achieve the same carrier concentration. Moreover, it has
slightly smaller radius than oxygen. Both factors can promote a variation of characteristic bond
lengths. It was shown that fluorination of Hg-1201 resulted in a significant compression of the
apical Cu-O distance, while the in-plane one did not vary in comparison with those in the
oxygenated Hg-1201 samples exhibiting the same T. values [1]. For this superconductor an
anion exchange does not allow to enhance T, and its optimal values for both series were 97 K.
This fact allowed to conclude that compression of apical Cu-O bond could not be the main factor
of T. enhancement under high pressure. It was shown that the achievement of the same carrier
concentration and T,’s requires a double amount of fluorine in comparison with oxygen.

The larger anion concentration can be also incorporated into the fluorinated
Hg-1223 structure compared to the oxygenated one resulting in the Cu-O distances variation.
The effect of oxygen — fluorine anion exchange may be different for Hg-1201 and Hg-1223
phases due to different coordination polyhedra for Cu cations. Therefore we suggested that it
would be interesting to study an influence of such anion substitution on structural and
superconducting properties of Hg-1223 phase.

Syntheses of Hg-1223 samples were carried out in a sealed silica tubes in two-temperature
furnace. We found that an excess of copper in the starting mixture resulted in synthesis of Hg-
1223 samples with the lower amount of impurity phases. This technique allowed to obtain
samples with Hg-1223 content about 95%. Reduced Hg-1223 samples were subjected by
fluorination or treatment in oxygen flow during 20 h at 300°C. Fluorination was performed with
the use of XeF,

The most important observation is that some samples after fluorination exhibit
T. = 138 K which was not reached on samples annealed in oxygen flow. This fact was carefully
investigated. The Hg-1223 sample preliminary reduced to T, = 100 K was divided on two parts.
One of them was fluorinated while the other part was treated in oxygen flow. Fluorinated sample
(a=3.8501(2) A and ¢=15.773(3) A) shows onset of the transition at 138 K, while the oxygenated
sample exhibits T,=134 K and has significantly larger lattice parameters: a=3.8524(4) A and
c=15.819(4) A. So we can conclude that fluorine incorporation into Hg-1223 structure allows to
increase T. up to 3 — 4 K in comparison with oxygen-treated samples.

To understand the reason of this phenomenon one sample with the minimum of impurities
was further investigated by NPD and XRD methods. The neutron powder diffraction spectrum
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was measured at temperature T=7 K with the high-resolution Fourier diffractometer (HRFD) at
the IBR-2 pulsed reactor. In our experiment the resolution of HRFD, Ad/d was near 0.0015,
which allowed to obtain the precise structural information. In particular, the errors of the
interatomic distances were about 0.005 A. An example of the diffraction spectrum measured at
the HRFD and treated with the Rietveld method is given in Fig.1. Remarkably that NPD pattern
contains only one impurity phase of CaO with mass fraction less than 1%. This allowed us to
obtain structural parameters with high precision, because incorrect handling in the refinements of

impurity phases results in significant systematic errors especially for e occupancy parameters.
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Figure 1. Rietveld refinement of neutron diffraction pattern of Hg-1223 fluorinated
compound. Experimental points, calculated and difference profiles are shown. Tiks below
the graph correspond to the positions of Hg-1223 and CaO impurity phase peaks. The inset
shows the low d-spacings region.

We have found two types of positions of extra anion located in the (Hg) layer: A(1) in the
middle of the mesh — (0.5, 0.5, 0) and A(2) in the middle of the edge — (0.5, 0, 0) with the
occupancies 27(1)% and 10(1)% respectively. The latter value is close to Cu concentration in Hg
site and may be attributed to additional bonding between Cu and anions. It is interesting to note
that these values as well as positional parameters of atoms were practically insensitive to a
variation of the Hg/Cu ratio in the Hg position in the range of 10 — 30%.

Incorporation of fluorine results in structure modifications reflected by a change in lattice
parameters. The change of the a-parameter reflects a variation of the extra anion concentration in
the structure. The dependencies of T, vs a-parameter for oxygenated and fluorinated Hg-1223
samples are shown in Fig.2. The values of lattice parameters determined by XRD with internal
standard were used to avoid possible systematic errors between data obtained by different
techniques.
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1223 samples. Lines are guides to the eye.

The right part (underdoped range) of the Tc(a) curve for fluorinated series is close to the
oxygenated one up to a = 3.852 A and T=134 - 135 K. These values correspond to the optimally
doped oxygenated Hg-1223 samples. However, further increase of extra anion concentration
promotes an increase of T for the fluorinated series up to 138 K while oxygenated Hg-1223
exhibits a decrease of T, due to overdoping. For the fluorinated series the optimal value of the a-
parameter is smaller in comparison with the oxygenated series: 3.850 A and 3852 A
respectively. Therefore we can conclude that a partial exchange of extra oxygen by fluorine in
(Hg) layer results in a compression of the structure in the ab plane which is accompanied by an
increase of optimal T, value. This fact is different from the data recently found for Hg-1201
where the T.(a) dependencies for oxygenated and fluorinated samples practically coincide and

have the same values of optimal T, = 97 K and in-plane parameter (3.880 A).

[1] AM. Abakumov, V.L. Aksenov, V.A. Alyoshin, E.V. Antipov, A.M. Balagurov, D.A.

Mikhailova, S.N. Putilin, and M.G. Rozova, Phys. Rev. Lett. 80, 385 (1998).
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A-cation size and oxygen isotope substitution effects

on (Lay,Pr,)7Cag3MnO; structure

A.M.Balagurovl, V.Yu.Pomjakushinl, D.V.She?tyakovl, V.L.Aksenov!
N.A.Babushkinaz, 0.Yu.Gorbenko’, A.RKaul®

' Frank Laboratory of Neutron Physics JINR, 141980 Dubna, Russia
2RRC “Kurchatov” Institute, 123182 Moscow, Russia
3Chemistry Department, Moscow State University, 119899 Moscow, Russia

The new systematic structural data for the (Laj.yPry)o.7Cao3MnO; series were obtained for
y=0.5, 0.6, 0.7 and 0.75 as functions of temperature. One of the main goals of the work was to
define the structure of the two samples with y=0.75 with different contents of the 160 and '%0 (O-
16 and O-18 samples hereafter) oxygen isotopes.

The samples of (Laj.yPry)o.7Ca03MnO3 with y=0.50, 0.60, 0.70 and 0.75 (LPCM-50 and so
on, hereafter) were prepared as powders with the use of the so-called “paper synthesis”. The
LPCM-75 composition was additionally exposed to the process of oxygen isotopes enrichment.
Their low-temperature magnetic structure was defined in the neutron-diffraction experiments,
carried out with the DMC diffractometer in the Paul Scherrer Institute at the SINQ neutron source
[1]. The structural neutron-diffraction experiments were carried out with the neutron
diffractometer HRFD in the FLNP, JINR at the IBR-2 pulsed reactor.

At room temperature the dependencies of the LPCM unit cell parameters on the Pr content
are monotonic, and the decrease of the unit cell volume with increasing Pr content is linear. The
dependencies of the average values of the Mn-O distance and Mn-O-Mn angle (Fig.1) on y are
also close to linear. The change of the angle in the extreme points is quite significant (about
2.5%), while the <Mn-O> distance is changed not more than by 0.15%.
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values for the <Mn-O-Mn> valence
angle at room temperature on the Pr
content. The points for y=0.5, 0.6, 0.7
and 0.75 were defined in the present
paper, the points for =0, 0.25 and 1
are taken from literature. The linear
dependencies were obtained by the
least-squares method. At the upper x-
axis, the calculated average A-cation
S L SR S ionic radii corresponding to the Pr
0.0 02 04 0.6 0.8 1.0 content are presented.

Pr content (y)

Bond angle <Mn-O-Mn> (deg.)

For all the compositions, the unit cell parameters changing with temperature has quite a
complicated character, which reflects the changes of the atomic and magnetic structure in them
(Fig.2). The most characteristic peculiarities are the lowering of a and b parameters near the
transition to the FM phase and the characteristic minimum in the b-parameter temperature
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dependence near 180 K is observed (practically absent for y=0.5 and very weak for y=0.6), which
might be connected to the beginning of the charge ordering process.

5460 y=0.7 ,./'\l/"——"'a -
=] Fig.2. Temperature dependencies of a,
2 s e b, and ¢ unit cell parameters for the
s 7 c LPCM-70. The lines drawn through
g .—/ the experimental points are guides for
g 5.440i — b’ - the eye. The symbol sizes are larger
8 ] than the experimental errors.
=1
5.430 _1 g—— ?TFM % TCO . .:
i | | :
T Tt
0 50 100 150 200 250 300

Temperature (K)

At room temperature the oxygen octahedra of LPCM-y are almost regular, i.e. all three
independent bonds, Mn-O1 (along the b axis), Mn-0O21 and Mn-022 (in the a-c plane) have
practically equal lengths. At approaching the temperature of the phase transition into the metallic
FM state, the strong Jahn-Teller distortion appears. After reaching the saturated FM state, the
“melting” of the orbital ordering occurs and the bond lengths become equal again. In the
dependencies of the average values on temperature the peculiarity is also clearly observed at Trm.
In Fig.3, the temperature dependencies of the <Mn-O> and <Mn-O-Mn> values for LPCM-60 are
shown. The characteristic jumps in <Mn-O-Mn> angle and in <Mn-O> distance are clearly seen at
T=Trm. The same dependencies are observed to some extent in the other compositions as well. The
analysis shows that the jump in lattice parameters at Try is equally due to the jump-like change of
distances and angles both in the (a,c) plane, and along the b axis.
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Fig.3. Temperature dependencies of the average bond length (left frame) and of the average
valence angle (right frame) for LPCM-60. The arrows indicate the temperature of the transition
into the FM state.

The differences in the structural behavior of O-16 and O-18 samples are more clearly seen

from the temperature dependencies of the average Mn-O bond length and of the average Mn-O-
Mn valence angles in them (Fig.4). It is obvious that at T~110 K in the O-16 sample, the jump-like
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(same as in LPCM-60) changes of the bond length (by ~0.003 A) and of the valence angle (by
~0.7°) occur, while in the O-18 sample these values remain practically constant.
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Fig.4. Comparison of the temperature dependencies of the average <Mn-O> bond length (left
frame) and the average <Mn-O-Mn> valence angle (right frame) for the O-16 and O-18 samples.
The arrow indicates the temperature of the '®0 sample transition into the FM-state.

Summary. We have shown that in (Laj.,Pry)97Cag 3sMnOs3, as in the other CMR perovskites,
there exists the clear interplay between <r,>, atomic and magnetic structure, and transport
properties. Decrease of <ra> leads to the linear decrease of the mean <Mn-O-Mn> valence angle
and, in turn, to the linear decrease of Try. The data obtained for the 150 and '®0 enriched samples
with y=0.75 have shown the structural identity of the samples in the interval between the room
temperature and the temperature of the O-16 sample transition into the FM metallic phase. It
means that their quite different transport and magnetic properties at 7 < 110 K are driven by the
different oxygen atoms dynamics solely.

1 A.M.Balagurov, V.Yu.Pomjakushin, D.V.Sheptyakov, V.L.Aksenov, N.A.Babushkina,
L.M.Belova, A.H.Taldenkov, A.V.Inyushkin, P.Fischer, M.Gutmann, L.Keller,
0.Yu.Gorbenko, A.R.Kaul “Effect of oxygen isotope substitution on magnetic structure of
(Lag 25Pro.75)0.7Ca0 sMnO3” Phys. Rev. B, 1999, v.60, pp.383-387.
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TOF width of diffraction lines measured with
High Resolution Fourier Diffractometer

A.M.Balagurov', V.G.Simkin', M.Popovici>

! Frank Laboratory of Neutron Physics JINR, 141980 Dubna, Russia
2 Missouri University Research Reactor, Columbia, MO 65211, USA

Commercial thin silicon wafers were found to be suitable as focusing monochromator
and analyzer for high-resolution quasielastic neutron scattering [1]. For using them at TOF
instruments in high-resolution mode the adequate neutron pulse width should be smaller than
10 ps. Neither TOF spectrometer at short-pulse neutron source, nor TOF spectrometer with
conventional Fermi chopper can provide such short pulse with appropriate intensity.
Measurements confirming that it is possible with Fourier chopper are presented here.

Diffraction spectra from commercial 6" diameter thin Si [111] plate have been
measured with HRFD instrument at the IBR-2 pulsed reactor in Dubna for Fourier chopper
velocities: V=4000, 6000, and 8000 rpm. Four orders of reflection are seen in diffraction
patterns: 111, 333, 444, 555 (also peaks from Al jacket) (Fig.1).

si-mono

(333)

b IILJLI.LAL

-
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1/H (A'Y)

Fig.1. Diffraction pattern from Si-monochromator (hhh-plane) in Al-jacket.
In Table 1 the obtained diffraction peak widths are presented.

Table 1. Data for full diffraction peak widths (in TOF channels, t=4 us) for (111), (333),
(444), and (555) orders at three Fourier-chopper velocities.

i Ikt d A 4000 m_ﬂlm_m ___E_ED_['_I(I__rpm |
[ 111 3.136 12.01 12.01 11.53
| 333 1.045 | 5.15 4.35 4.08
[ 444 0,784 176 | 3.8 3.39
[555  [0627 [4.48 34 [29

The general formulae for W(d) dependence is:

W:Z = (\NTOF)2 + (\Na.ng)2 : dz,
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where Wror is the contribution connected with chopper velocity (Wrop~1/V), Wayg is
geometrical contribution (Wan,~A0/tgB). In Fig.2 the width data are fitted by (1), without the
width of the 1th order (111) which is disturbed by divergence of incident neutron beam.
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s | Y=000tPm Fig.2. The full diffraction peaks width
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Wror parameter determined from fits is presented in Table 3.

V, rpm Wror 1V WroF Wror, US

4000 16.75 0.25 4.092676 16.3707

6000 7.73 0.1666667 2.780288 11.12115
| 446 0125 2111871 8.447484

In Fig.3 Wror as a function of 1/V is shown. The LS line is indeed going to zero point if V=co.
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5 Fig.3. TOF contribution in the full
E 10 width as a function of 1/V. The line is
= 10-
B the least-square fit.
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In conclusion, we have shown that equation (1) is a good approximation for the width of
diffraction peaks measured with HRFD and the TOF contribution in full width is inversely
proportional to chopper velocity. If Fourier chopper speed V>7000 rpm, TOF contribution is
smaller than 10 ps, in particular for V=10000 rpm, Wror could be as small as 6.8 ps.

[ M.Popovici et al., Physica B, 243 (1998) 216
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HELICAL MAGNETIC STRUCTURE IN Tb AFFECTED BY UNIAXIAL
TENSION: NEUTRON EXAMINATION

A.V.Andrianove, A.I.Beskrovnyib and D.I. Kosarev?

a Low Temperature Dept., Physics Faculty, Moscow State University, 19899, Moscow.
Russia

b Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna,
Moscow region., Russia

Recent experiments with uniaxial pressure applied to heavy rare-earth metal terbium
revealed that its helical magnetic structure is extremely sensitive to the uniaxial elastic
deformation. Namely, the relatively low uniaxial tension of p=700 bar appeared to be enough
to suppress completely the helical ordering in Tb single crystal [1]. There are theoretical
considerations that tie this phenomenon with the expected change in the Fermi surface
topology caused by tension applied. This change is expected to affect the parameters of the
RKKY interaction (that is responsible for the magnetic ordering in rare earth metals) and thus
the type of the magnetic ordering [2]. The theory [2] predicts that the helical wavevector q shall
depend on uniaxial tension p as a square root: gec(pe-p)!/2, where per is the critical tension
value (pe=700 bar in our case). The neutron experiment was performed to validate this
prediction.

The purity is declared as 99% of the Tb single crystal. The neutron scattering
examination performed on DN-2 installation on IBR-2 pulse reactor confirmed the helical
ordering in the sample. The sample of the shape of "capital I" en face was cut from this single
crystal by spark erosion. Two holders of beryllium-copper were also cut by spark erosion as a
fit to the sample shape. The c crystalline axis was parallel to load direction within *1°.
Operational fragment of the sample was of 3 mm length with crossection 0.57*3.87 mm?; total
length of the sample was 5.5 mm. The cell design allowed access to the sample for neutron
beam. The load was produced by steel string of rigidity 13.8 N/mm. The elasticity limit for Tb
is some 2 kbar, thus we newer exceed the half of this value due to fear of the sample rupture.

The neutron diffraction experiment was performed on DN-2 with a two-dimensional
position sensitive detector. The cell design limited the Bragg angle © by 32°. The neutron
output from the sample occured to be as low as 1 neutron per minute with incident beam of
107 neutrons/s/cm2, hence expositions of more than 12 hours were required. Four scans at
different tensions p=0, 160, 310, 470 bar were obtained at the same temperature T=229+0.2 K,
or 2.5 K below magnetic ordering temperature (Neel point) Tn=231.5 K. The scan at the
ambient pressure was taken before mounting the sample in the experimental cell, thus its noise
level is much smaller than in the others. The remainder three were taken in the experimental
cell without remounting.

The first three scans are presented on Fig.1. As the magnetic sattelites due to helical
structure are weak compared with nuclear peak, 80 percent of the nuclear peak (taken in
paramagnetic phase) were substracted for clarity. The sattelites are well observable but hardly
resolved as their width appeared to be comparable with the helical wavevector. Under load
increase the satellite width increases rapidly while nuclear peak width remains almost
unchanged. Due to this broadening we failed to resolve the sattelites on the scan for the
highest tension p=470 bar (not presented).

The helical wavevector values were obtained by fitting the scans with Gauss central
peak accompanied with two equidistant Gauss satellites equal in amplitude and width. The
fitting results are presented on Fig.1 as dashed curves, sattelites centers marked by arrows. In
spite of the poor accuracy of these fits, the decrease in helical wavevector is clear. The
numerical estimations of changes in lattice parameters under uniaxial tension revealed value of
the order of 10-3. Hence it has been confirmed that the helical ordering in terbium is rather
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sensiyive to the uniaxial tension applied along c crystalline axis. This suggests that the role of

crystalline lattice parameters in magnetic ordering in rare earth metal can be really crucial as
was expected [2].
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Fig.1. Neutron patterns at T=229K at ambient pressure (the top one), at p=160 and 310bar (the

bottom one). 80 percent of the nuclear peak substracted for clarity. Fitting results presented as
dashed curves, sattelite positions marked by arrows.
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Structure investigation of rhenium dioxide by neutron powder
diffraction at ambient and high pressure.

K.G. Bramnik', H.Fuess', D.V. Sheptyakov2

!Fachgebiet Strukturforschung, FB Materialwissenschaft,
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Two different crystal structures of ReO, are described in the literature. The first one is
stable between 300 and 1050°C and has a structural type MoQ, [1]. The main structural units
of this compound are connected by common edges ReOg octahedra, which form Re,Osns2
infinite chains. The chains generate a three-dimensional framework by bounding themselves
together by the common oxygen atoms. One has to mention that the Re-Re distance, 2.61A, is
much shorter than the same distance in the metallic rhenium, 2.77A and longer than in the
other structures with the Re,O¢ groups (2.42-2.51A).

The monoclinic structure of ReO; is the high temperature modification [2] and
crystallizes in VO, structural type.

However, prior to our starting of this work, the oxygen position parameters were not
well determined. The Rietveld (1969) method of profile analysis of neutron diffraction
powder data is known to yield accurate structural parameters for metal oxides. The first aim
of this study was in careful determination of f-ReO, modification crystal structure under
ambient pressure by neutron powder diffraction and comparing the results with the literature
data, which were obtained by X-ray diffraction experiments [1]. The second aim was to find
out whether there is any significant influence of high pressure on the structure.

. Neutron diffraction experiment was performed under ambient and high pressure with
the high-pressure diffractometer (DN-12) at the IBR-2 pulsed reactor in Dubna. High pressure
investigations of the ReO, oxide were carried out at six different pressures, 0.1, 0.6, 1.3, 2.3,
3.8 and 5 GPa. All neutron diffraction patterns were refined with the use of MRIA software
package. The experimental points measured at ambient pressure, calculated (fitted) profile,
and difference curve are shown as an example of refinement in Fig. 1. the same view of
refinement fit at high pressure is shown in Fig. 2.

The final refinement results show clear difference between the refined oxygen position
parameters and the same ones from literature data. The positional parameters and main
interatomic distances are listed in Tables 1 and 2 respectively.

Table 1. Positional parameters of }-Re0O,.

| ]{C:‘I.l.h: of [I!._'lllll}Jlnlili_!:.i';!;;_i_'.._'.!!|11IL‘I;.HE-’:‘]'IE.Tf["!IH.‘II‘I_Lj_I_\_[_ [ Literature fs1]_5_1_.__}.’_—:;13:-,{_]_1:1.15_[_;| _
Atom_ | W e | o0 3D Ty’ e Atom w1 v 2/
Re | 0 [o11083) | % | Re | 0 [ oat | w _
0O |02411(4) [0.3605(4) [0.09103) | O | 025 | 036 [ 0.125

Table 2. Main interatomic distances of 3-ReQ,.

Re-O 1.966(2)x2
2.009(2)x2
2.020(2)x2

Re-Re 2.619(1)x2
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Fig. 1. Refinement fit at ambient pressure. Experimental points, calculated profile, and
difference curve are shown. Tics below the curves are corresponding to the calculated
positions of diffraction peaks of B-ReO,. The “second” phase is aluminum container.
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Fig. 2. Refinement fit at high pressure. Experimental points, calculated profile, and difference
curve are shown. Tics below the curves are corresponding to the calculated positions of

diffraction peaks of B-ReO,.

Investigations of B-ReO, under pressure did not show any phase transitions up to 5GPa.
No drastic changing of the structural parameters were found (at least with the accuracy
available with DN-12 diffractometer). However, the determination of the ambient pressure
crystal structure is the main and clear result of the experiment.

We intend to continue our high pressure study of B-ReO, at even higher pressures at
synchrothron in Hamburg.

[1] Magneli, Acta Chem. Scand., 11, 28, (1957).
[2] Tribalot et al., Seances Acad. Sci. (Paris), 259, 2109, (1964).
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HIGH PRESSURE - LOW TEMPERATURE
STRUCTURAL STUDY OF ND,I
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Investigation of structure of ammonium halides is of great interest due to a number of
orientation phase transitions they undergo with respect to the relative orientations of ammonium
jons [1]. Ammonium iodide NH,I (ND,]) is less studied than the other ammonium halides. Its
detailed phase diagram is known only at temperatures down to 100 K and pressures up to 2 GPa [2].

Recently a new high pressure phase V of ammonium halides has been discovered in Raman
spectra [3]. It was found that the phase transition into the phase V occurs at P~8 GPa and ND.I(V)
phase structure has the same structural type as low temperature phase ND,4I(III) structure - tetragonal
one, with antiparallel ordering of ammonium ions [1]. It was also established that pressure at which
the phase transition into the phase V occurs decreases with temperature decrease {31

To found possible differences between phases Il & V structures and study the NDaI
structure at high pressures and low temperatures, we have performed neutron diffraction
experiments at temperatures down to 12 K and pressures up to 2.5 GPa. The DN-12 spectrometer
[4] and the sapphire anvil high pressure cells {5] equipment were used.

At room temperature and P=3 kbar ND4I was in phase II - disordered CsCl - type cubic
structure, space group Pm3m. According to the phase diagram, II - Il phase transition has occurred
at T ~ 200 K. No other phase transitions were observed with cooling down to 12 K. At T=12 K and
P=5 kbar III - IV phase transition into the ordered CsCl - type cubic phase IV has occurred. NDI
was remained in phase IV with farther pressure increase up to 2.5 GPa at this temperature.

From diffraction data (fig. 1), lattice parameters and deuterium positional parameter as
functions of pressure were obtained. For tetragonal phase III, iodine positional parameter was also
obtained.

ND4, IV P=23 kbar, T=12 K
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Figure 1. Diffraction pattern of ND4 measured with the DN-12 spectrometer at pressure 23 kbar
and T=12 K, normalized by the incident neutron spectrum and processed by the Rietveld method.
Experimental points, calculated profile and difference curve normalized by the mean square
deviation are shown.
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At different pressures, D-I distance decreases with temperature decrease, and N-D bond
length remains near constant Iy p=1.03(2) A, but shows a tendency to grow (fig. 2).
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Figure 2. Temperature dependencies of D-1 and N-D distances at different pressures. Triangles -
data obtained at P=3 kbar, circles - data obtained at 8 kbar, squares - data obtained at 23 kbar.

If one compare phases Il and V [1] structures, following differences could be found. First of
all, lattice parameters ratio a/N2:c >1 for phase V and a/V2:c < 1 for phase Il It corresponds to
increase of the distance between the nearest I atoms in a-b plane for phase V and decrease of this
distance for phase III in comparison with CsCl - type cubic structure of phases II and IV. Secondly,
I' ions shifted outwards the nearest deuterium atoms in phase V (increase of D-I distance, iodine
positional parameter v > 0.5) and towards the nearest deuterium atoms in phase III (decrease of D-I
distance, iodine positional parameter v < 0.5) in comparison with CsCl - type cubic structure
(v=0.5) - see Table 1.

Table 1. Comparison of phase Il and V structures of ND4

Phase Lattice parameters alN2:c Iodine positional
ratio parameter
ND4I(V), T=295 K, P=86 kbar | a=5.600(5) A 1.0096 0.524(3)
c=3.922(5) A
ND,I(IIT), T=135 K, P=3 kbar | a=6.058(5) A 0.992 0.464(3)
ols c=4.317(5) A
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Investigation of Nd,CuQj, crystal structure at high pressures
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Studies of the structural changes under the effect of high pressures and the comparison of
the different bonds compressibilities allow to better understand the peculiarities of the crystal
structure. The properties of many high temperature superconducting copounds are known to be
strongly pressure-dependent. For the HTSC (which are the layered compounds), the analysis of
the interlayer and interatomic distances pressure dependencies can provide the information on
the interlayer charge exchange under the effect of external pressure [1].

The crystal structure of the electron-doped superconductors under the influence of high
pressures has practically not been investigated yet. Here, the results are presented on the
behavior of Nd;CuQj4 crystal structure under high pressure. This compound is known to exhibit
the electron conductivity after being doped by cerium. The aim of the study is to determine the
compressibilities and the structural changes under the effect of external high pressure and to
compare them to that found for the hole-doped high temperature superconductors.

The powdered sample of Nd,CuO4 was prepared from the single crystal, which was
grown in air atmosphere by spontaneous crystallization from a melt with excess of CuO. Its
structure was studied by time-of-flight neutron diffraction technique with the DN-12
diffractometer at the IBR-2 pulsed reactor in FLNP, JINR. The quasi-hydrostatic pressures up to
~5 GPa were obtained in the sapphire anvils high pressure cell with the sample volume of ~ 2.5
mm’. The pressure was measured by the ruby fluorescence technique.

The parameters of tetragonal lattice a and ¢ and the neodymium atom positional
parameter z at ambient pressure were determined from the diffraction pattern obtained on the
larger sample amount, not in the pressure cell: a=3.949 (5) A, c=12.18(3) A, 2=0,1496(2). These
values agree with those previously found for the stoichiometric Nd,CuOj4 [2]. According to the
available literature data, the violation of the stoichiometry of Nd,CuO,4 and the substitution of
Nd by Ce only cause the changes in ¢ unit cell parameter, and the z(c) dependence is close to
linear.

In the investigated pressure range, the significant shifts of the diffraction peaks and
changes in their intensities are observed (Figure 1). The changes of the unit cell parameters with
pressure (Figure 1) indicate that the compressibility of the unit cell along the ¢ axis is
approximately 1.5 times higher than that along the a axis. The volume compressibility of
Nd,CuO; is kv=5,6*10"/GPa.

In the Nd,CuO; lattice, neodymium atoms occupy the (0,0,z) positions (z=0.15 at P=0),
and the other atoms are situated in the non-parametric positions. Hence the changes of the
relative intensities under pressure directly indicate the changes in the neodymium position
parameter z. Its values were refined from the patterns at various pressures, and its pressure
dependence is shown in the Figure 2 — the parameter lowers by the value of approximately
0.002.
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Intensity

Figure 1 The examples of neutron-diffraction patterns of Nd,CuQy at different pressures.
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Figure 2 Dependence of z parameter of neodymium in Nd2CuO4 on pressure — from the
diffraction experiment under pressure.
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For mercury and thallium cuprates, the volume compressibility in the same pressure
range is about 11+14*107/GPa, and its significant part is defined by the compression of the
«weak fragment» — of the BaO splitted layers. The Nd,CuQ, lattice turns out to be much harder
compressible, and this is probably due to the absence of such splitted layers in it.

The comparison of the observed changes in the structure to those caused by doping, show
that the main influence on the interlayer distances & charge balance are the same. The
neodimium atom z parameter lowers when Nd is partly substituted by Ce, i.e. when the average
charge of ions in this layer increases. The same structural response is observed under the effect
of pressure. We can therefore propose that when z parameter decreases the charge in neodymium
layer increases, i.e. the part of neodymium atoms changes their state from +3 to +4. The
simplified phenomenological calculations suggest that the pressure of 5 GPa causes the transition
Nd;Cu*?042 — Nd, 75" Ndg25™*Cu*'">0,42, which is analogous to the transition caused by the
substitution of trivalent neodymium atoms by the four-valent cerium (Nd2‘”3Cu’“204'2 -
Nd; 82" Ceo.15"*Cu**204%). But the pressure-induced negative =0.25 electrons charge transfer
from the neodymium layers to the copper one is even higher than that caused by doping in the
electron-doped superconductors, at about the same volume change. From analogy of structure
changes under influence of cerium substitution and external pressure it is possible to suggest that
neodymium cuprate should become metallic under the effect of external pressure.

In conclusion, the outcome of the experimental work done at DN-12 diffractometer is the
following: The volume compressibility of the neodymium cuprate (5.6.10°/GPa) is
approximately two times lower than that of the mercury cuprates. This is conditioned by the
absence of the «weak fragment» (splitted layers) in the lattice of neodymium cuprate. Under the
effect of external pressure up to 5 GPa, the lowering of the neodymium parameter is observed,
which is apparently indicating the transfer of negative charge =0.25 electron charge from
neodymium layers to the copper one. The analogous process takes place if the part of
neodymium atoms is substituted by cerium.
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INFLUENCE OF TEMPERATURE AND LONG-TIME LOADING ON
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Calcite rocks (marbles) are a good model system for experimental rock deformation because of their
ductile behavior even at relatively low temperatures. Meanwhile, a large amount of experimental data
on deformation mechanisms and development of calcite textures at various conditions is available
(refer to [1] for a recent overview). In this study, an attempt was made to determine textural and
structural changes of calcite marble samples in dependence upon the temperature and mechanical
stresses [2], as well as in dependence upon the time of load.

Three cylindrical samples (height: 20 mm; diameter: 18 mm) were prepared from a fine-
grained natural marble which consists exclusively of calcite. The following series of experiments was
carried out at the TOF texture diffractometer at FLNP/JINR [3] using a chamber for uniaxial
compression and high temperatures [4]:

(1) the texture of calcite was determined at room temperature

(2) subsequently, the texture measurements were repeated at a temperature of 250°C applying
compressional stress along the sample cylinder axis

(3)  after 20 weeks exposition time of the sample at room temperature (during this time span, the
load decreased from 60 MPa down to 10 MPa), texture measurements were performed again

Some significant experimental pole figures of the three texture measurements are given in Figure 1.
It is remarkable, that the differences in texture strength and orientation of the intensity patterns are
quite small for the first and the second experimental run, i.e. no structural changes occured as a
consequence of increased temperature and directed load. In contrast, distinct texture changes can be
observed after long time exposition under load for 20 weeks. This holds true especially for the
orientation of the intensity patterns (best visible in the (0006) pole figures), additionally, the contours
lines become smoother which can be attributed to grain size reduction. Both observations indicate
dynamic recrystallization as a response on long-acting stress at low temperatures.

For one sample, the heating period between the first two texture measurements was used to
record diffraction patterns at distinct temperature levels (50-80-120-150-190-220 [°C]) and to
measure the propagation velocity of ultrasonic waves along the sample axis. The data are used to
calculate the directional dependence of the thermal expansion coefficient a of calcite from the
observed peak shift of the BRAGG reflections, and the mechanical stresses as a reaction on
temperature increase.
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T=20 °C
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Fig. 1 Selected pole figures of texture
measurements at various conditions
(for explanation refer to text).

=20 °C
long-time loading

For comparison, a was determined from X-ray measurements as well. The neutron and X-ray based
calculations show significant differences which will be the subject of discussion (see Table 1): the
reference value d is different for neutrons and X-rays, as well as the observed peak shift Ad and the
calculated thermal expansion coefficient a. It is remarkable, that the neutron based dy- values are
consistently smaller for all BRAGG reflections, whereas the observed peak shift Ad and « are smaller
only for the (11-20) reflection, i.e. the temperature dependence seems to be different for distinct

lattice planes.

Table 1 Lattice spacing dy (T = 20°C), peak shift Ad (AT = 230°C) and thermal
expansion coefficient @ = Ad d' AT'. ., . indicate neutron and X-ray
measurements, respectively.

(hkil) dy, A Ad, A Addy*'AT' K

) 36.210°
o  22310°
(11-20), 2 4883 -0.15 107 2,58 10
(11-20), 2.4940 -0.26 107 -4.53 10
(01-12), 3.8482 0.17 10 1.87 10
(Q1-12), 3.8538 0.09 107 0.96 10
(11-23), 2.2808 0.046 107 0.89 10°°
(11-23), 2.2840 -0.007 102 -0.13 10°
(10-14), 3.0295 1.02 10° 14.7 10°
(10-14), 3 0351 063 107 9010°

Since the compressional wave velocity V, was measured by ultrasonic sounding, the elastic module
of the marble sample for the direction of wave propagation can be determined. Assuming, that the
elastic module of the single crystal is close to the bulk module of the sample, also lattice stresses can
be estimated. In Table 2, the calculated values are given for the (0006) and (11-20) reflection and for
different temperatures. They confirm the interdependence of the elastic module from temperature
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and from the lattice direction in which it is measured. This interdependence, as well as the relation to
the mineral texture will be subject of discussion.

Table 2 Elastic module E and calculated macro- and micro-stresses (&armice, Olattice; Omacro)
at different temperatures 7. p: density.

(hlkl) T [OC] ,0 [kg m-3] VP E Elattice Olattice Omacro

[m/s] [GPa] [MPa] [MPa]

(0006) 120  2.6.10° 5840 88.67 2.59-10° 229.66 25
150 261-10° 5810 88.11 3.7410° 329.53 26

190 2.62-10° 5770 8723 5.5010° 479.77 27

220 263100 5750 86.95 63910° 55561 31

(11-20) 120  26-10° 5840 88.67 048-10° 4256 25
150 2.61-10° 5810 88.11 0.66-10° 58.15 26

190 262100 5770 8723 085 10° 74.15 27

220 263100 5750 86.95 1.13-10° 9825 31
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The interpretation of the elastic properties of the earth’s crust largely depends upon the knowledge
of rock anisotropies of any kind, like mineralogical composition, foliations, grain shape anisotropy
and mineral textures. The influence of the texture on the elastic behavior of rocks is of interest
because it affects the propagation velocity of seismic waves and therefore has consequences for the
interpretation of large scale geophysical anisotropies in the earth’s crust and mantle. One of the
unique sources of rock material giving the information about the crustal rocks is Super Deep
Borehole SG-3 at Kola peninsula (the depth of 12262 m).

The aim of this study was to determine the P-wave velocity distributions of samples from the
Kola SG-3 borehole at different confining pressures, to measure the textures of the predominant
rock-forming minerals by means of neutron diffraction as a basis for the modeling of the P-wave
velocity distributions, and to correlate the experimental and theoretical results. From the lithotypes
which are present in the drilling cores, only amphibolites were selected. We focused on a unique rock
type since we mainly wanted to characterize possible variations of its elastic properties. Future work
will concentrate on other widespread lithotypes from the Kola borehole.

The complete P-wave distribution was determined on spherical samples in 132 independent
sample directions (corresponding to a regular 15° ¢ 15° grid) for six levels of confining pressure in
the interval 0.1 MPa to 400 MPa. The measurements were performed by means of ultrasonic
sounding at the Geophysical Institute in Prague (for details on the measuring equipment refer to [1]).
The number of considered sample directions is enough to describe the P-wave matrix with sufficient
accuracy.

It is a general observation (Fig. 1), that the P-wave velocities increase with increasing
confining pressure. At atmospheric pressure, the mean velocities Vpme. range from 2.64 to 3.17
km/s, except sample 37172 which shows a considerably higher value of Vpuean = 5.93 km/s.. At 400
MPa, the mean velocities range from 7.17 to 7.72 km/s for all samples. The observed P-wave
velocity - confining pressure behaviour (see Fig. 1) which is different for the samples additionally
supports the usual interpretation, that intra- and intercrystalline cracks control the P-wave velocities
at low confining pressures. With increasing confining pressure, the elastic behaviour is dominated by
the intrinsic properties of the minerals, i.e. the textures and the elastic constants of the rock-forming
minerals. The transition between the two fields of predominance is quite different: sample 31904
shows a much wider range of crack- predominance as for example sample 9665, where the influence
of cracks is neglectible at confining pressures > 40 MPa.
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Figure 1. Experimental P-wave velocity distributions at confining pressures 0.1 and 400 MPa. The
minimum and maximum directions are marked by rhombs and circles, respectively. The lowest and
highest contour line is indicated at the bottom of each stereoplot, the contour spacing at the top left.

Neutron texture measurements were performed at the time-of-flight texture diffractometer at Dubna,
Russia (Ullemeyer et al., 1998). The advantage of neutrons is its low absorption in matter, in
addition, the beam cross section of the neutron beam at Dubna (5 cm ¢ 8.5 cm) is large enough to
allow texture measurements on exactly the same spherical samples as they were used for the P-wave
measurements

31593 9665 37172

31904

Hbl (100) Hbl (001)

Hbi (010)

Bt (001)

Figure 2. Pole figures of hornblende (Hbl) and biotite (Bt), recalculated from the ODF. Contouring
starts at one time random, grid points with intensities smaller one time random are displayed.
Minimum and maximum intensities are given at the bottom of the plots, and the orientation of the
rock foliation is indicated by a dotted circle in the hornblende (100) pole figure.
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An estimate of the volume fraction of the predominant mineral phases was derived from summarized
neutron diffraction patterns of the texture measurements. The orientation distribution functions
(ODFs) of hornblende and biotite were approximated by means of component deconvolution {3], in
Figure 2, recalculated pole figures of some interesting lattice directions are presented.

For the modeling of the P-wave velocity distributions, C- coefficients were calculated from
the texture components [4]. The modeling was based on the elastic stiffness tensors given by [5].
The averaged bulk rock velocity distributions are different from the experimental ones, this holds
true for the spatial orientation of the tensors, its quantities and the degree of anisotropy as well. The
modeled P-wave velocity distributions include the range from 6.1 to 6.7 km/s (see Fig. 3). In general,
the calculated velocities much closer fit the experimental P-wave distributions obtained at P = 400
MPa, nevertheless, the mean values are usually smaller. The anisotropy is highest for sample 9665
because of the well-developed biotite (001) preferred orientation and the large volume fraction of
biotite in this sample (30%).

31593 31904 9665 37172 43687
A=0.1 A0 T A=O% A=01, A=0.1
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Figure 3. Modeled bulk rock P-wave velocity distributions. The anisotropy of the velocity
distributions is given in percent.

Distinct orientation differences between the modeled and experimental velocity distributions are also
valid, especially the sample 43687 shows a very clear orientation difference of the velocity patterns.

Furthermore, it is obvious, that the texture-derived (modeled) P-wave anisotropy can't
explain the experimentally determined bulk rock anisotropy completely, since significant changes of
the velocity patterns are observed in dependence upon the confining pressure.

It was concluded, that in addition to the mineral textures factors like open microcracks and
open fractures control the elastic properties of bulk rock, but the closing behaviour is quite different
for the samples. Furthermore, orientation differences between modeled and experimental velocity
patterns are valid, in one case they are clearly far from experimental errors. It must be postulated,
that unknown - highly anisotropic - factor(s) may influence the velocity distributions.
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Introduction

Neutron diffraction in situ strain investigations are a suitable tool for a better understanding of
the deformation behaviour and of the strain/stress relaxation behaviour of polycrystalline rock
materials. In combination with the deformation apparatus ExStress, this method allows the
determination of strain by external applied load, the determination of residual strain/stress
behaviour and the volume-sensitive characterisation of the strain contents. Experiments were
carried out on quartz rocks at the neutron time-of-flight diffractometer EPSILON, located at the
beam line 7A of the pulsed reactor IBR-2.

Material and Methods

The specimens were prepared from cores of ground water holes in the Elbezone, drilled close
to Konigstein, a little town about 20 km SE of Dresden (E-Germany). The Elbezone is
characterized by weak recent tectonic activity: In accordance with results of interpretations of
repeated geodetic triangulations [1] the Elbezone is recently a 10 - 25 km wide NW-SE -
trending zone, characterized by a NE-SW - directed extension, followed by small zones of
compression and additionally cut by predominantly N-S directed sinistral shear zones.

Quartz is one of the best known and most frequently occurring mineral within the upper
continental Earth’s crust. From the mechanical point of view quartz reacts brittle, from which
arises a good contrast e.g. in relation to the ductile mica in other polymineralic systems. That’s
why the rocks were regarded as well suitable for experiments to adapt diffraction methods for
geological problems.

The Cretaceous sandstones of the Elbezone were selected because of, their quasi-monomineralic
composition, the absence of crystallographic preferred orientation of quartz and different types
of bedding available. Samples were taken from cores of ground water holes at a drilling depth
of about 250 m below surface level. The cores were taken without orientation marks, therefore
the coordinate system could be fixed only in relation to the bedding plane (xy) and perpendicular
to the bedding plane {z], which direction was fixed by the core bit.

The average composition of the sandstone is: 95% quartz, accessories (5%) are potassium-
feldspar, white mica, calcite, dolomite (determined by quantitative X-ray-phase analysis). The
grain size varies in the range between 100-200 pm. Rarely there are rock fragments (mainly of
granitic composition) which may be up to 1 mm in diameter. Quartz is mostly clastic and
equigranular. The pore volume of the rocks is in the order of 10%. The sandstone is
characterized by absence of crystallographic preferred orientation of quartz crystallites, but
shows well developed bedding of different qualities.
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The neutron diffractometer “Epsilon” is situated about 102 m from the surface of the moderator.
Due to this long flight path a good spectral resolution of 0.4 % (for lattice spacings d > 0.2 nm)
is achieved. This allows the measurement of samples of lower crystal symmetry (even mica and
feldspar). The diffractometer is equipped with a pressure device (“ExStress™), which provides
an uniaxial load of maximal 100 kN which corresponds to a maximal stress of 150 MPa for
cylindrical samples with the dimensions of 30 mm ¢ and 60 mm length. The sample is mounted
inside the pressure device. Two detectors are set up with scattering angle 20 = + 90°, thus one
detector is able to measure the diffraction pattern in the direction of the applied load, the other
one in the direction perpendicular to the load (see Fig. 1).
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Fig. 1: Layout of the neutron time-of-flight diffractometer “Epsilon” at the reactor IBR-2 at the
beam line 7A. Q, and @, are the scattering vectors.

3.2 Results

In situ - deformation experiments were carried out at a quarz sample HG 7012/2/a2 up to an
uniaxial pressure of o= 56.33 MPa. Caused by the spectral distribution of the reactor pulse, the
diffraction peaks can not treated like simple Gaussian. The right flank decreases slightly less
than the left flank increases. For this reason the position of the Bragg reflections was determined
using the asymmetrical double sigmoidal fit function described in detail by [2].

The results reflect a linear peak shift by increasing the applied load. The peak shift is an
indicator of first order stresses. The linear dependence of the measured strain on the applied
stress demonstrate the elastic behaviour of the rock's material, so that the observed lattice
contractions are consistent with the Hooke’s law. The Young’s moduli were experimentally
determined for the net planes (01 11), (1120) and (01T2). The obtained Young's moduli are in
all cases smaller than the “theoretical” ones, caused by possible effects from grain boundaries,
accessory phases, pore volume, texture etc.

Furthermore, in addition to peak shift, peak broadening was observed too, which is an indicator
for increased stresses of second order. Figure 2 (below right) shows the dependence of the peak
width (FWHM) of the (1120) Bragg reflection on the applied load. Neglecting the runaway
FWHM-value at o = 40.8 MPa a relationship between FWHM and the stress o was determined
by linear regression to be (2.4 + 1.3)-10° time channels per MPa.
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Fig. 2: Deformation of the quartz sample HG 7012/2/a2 due to the uniaxial load up to 56.33
MPa. Top left: the (01T1)/(10T1) Bragg reflection, the Young*s modulus was determined to be
E=(66.2+3.0) GPa, top right: the (1120) Bragg reflection, the Young‘s modulus: E = (72.7£6.1)
GPa; below left: the (0112)/(1012) Bragg reflection, the Young‘s modulus: E = (60.1+4.7) GPa;
below right: the peak broadening as full width at the half maximum (FWHM) of the (1120)
Bragg reflection, the peak broadening was determined by linear regression to be (2.4 + 1.3)-10?
time channels per MPa [3].

Residual strain/stress

Residual strain was measured at the same sample six days after unloading. The strain was
scanned in a radial direction, from the centre to the surface of the sandstone cylinder and
arranged in the directions [x] and [y], which are perpendicular to each other and determining the
bedding plane of the sandstone (Fig. 3). :

It is noteworthy that the results indicate an anisotropy of residual strain distributions within the
bedding plane. Figure 4 demonstrates the residual strain for the Bragg reflections (O1T1)/10T 1),
(1120) and (01T2)/(10T2) in [x] and [y]-direction. It is shown, that in the [x]-direction there
was measured the tension in the centre (V1) of the sample and at the margin of the sample (V3).
The residual strain behaviour in [y]-direction is vice versa.
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{ Fig. 3: Schematic geometry for volume-sensitive strain

scanning for determination of residual strains.
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Figure 5 demonstrate as an example only two anisotropy functions I'l and I'2, determined from

residual strain data at the margin of the sample HG 7012/a/a2 in [y]-direction. The relationship
indicate the elastic behaviour of the sample at this point.
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Residual stress study by neutron diffraction
in perforator’s striker

G.Bokuchava, N.Shamsutdinov, A.Tamonov

Within the framework of co-operation with the industrial enterprises of Russia
(TULAMASHZAVOD) test experiments on residual stress study in perforator's striker were
carried out. The knowledge of residual stress level in such components is very important for
equipment production in mineral resource industry. The sample was made of steel 65C2BA
(elastic constants E = 211 GPa, v = 0.3, G= 82 GPa) and had cylindrical shape (outer diameter
24mm, inner - 8mm).

The experiment was performed at High Resolution Fourier Diffractometer [1]. For the
stress measurements we used the 90°-detector with gauge volume 2x2x5mm°. The back
scattering detector was utilised for the investigation of diffraction peak broadening and the
phase analysis.

Looking at the diffraction pattern one finds the presence of austenitic phase in the
sample (see fig.1). After analysis of peak intensities the estimation for the volume content of
austenite had been found: ¢, = (11.7+0.2) %. It’s a pretty large amount comparatively to the
homogeneity reported by sample producers. Also the strong peak broadening can be clearly
seen (fig.1). Generally, the peak width Ad behaves according to the following law:

/ N2

(Ad)z = —AL +(Aectg9)2 d;z,k1+82-dz,,, +OL-dfu
:
h

Here At and A6 are the time and geometry uncertainties, o - coefficient, which takes
into account the size of grains, € - microstrain. This estimation of the microstrains gives quite
a high value: €ye=0.012£0.004. The strain of this amplitude corresponds to the stresses
above the yield strength of the material. But one must keep in mind the non-homogeneity of
the sample, so the deformation has the limited nature, allowing stresses to exceed the yield
strength.

The measured stresses are shown on fig.2. Radial and tangential components of the
stress tensor are negative, i.e. compression is going on. In the sample’s bulk they achieve high
values. Axial component has a different behaviour. Firstly, in the places close to the edges,
axial stress is positive, i.e. the material is under tension. In the core of the sample, the sign of
stresses changes. Then, the sample has pretty high stress gradients. In addition to the
combination of tension/compression near the edges this fact forms the complex stress state of
the material. These circumstances badly damage the resistance of the sample.

After analysing of the macro- as well as micro-stress state of the sample we came to
the conclusion, that material had no the optimal heat treatment. The resistance of the sample
can be improved by 2-3 times by appropriate treatment.

Literature

{1} V.L.Aksenov, A.M.Balagurov, V.G.Simkin et al., JINR Communication, P13-96-164,
Dubna, 1996. ’
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Fig. 1. The example of measured spectrum. The peak broadening compared to the unstressed
sample as well as the peaks of austenite phase is well pronounced.
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Fig.2. The distribution of measured stresses along radial coordinate x: x=0 corresponds to the
surface of the outer diameter.
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Light-Induced Long-Living Changes of
Bacteriorhodopsin Structure

V.L Gordeliy*", N. Dencher®, T. Hauss®, A. Kuklin®, A. Tougan-Baranovskaya
J. Teixeira®, L.S. Yaguzhinskiys and G. Biildt*

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research,

141980 Dubna, Moscow District, Russia

IBI-2: Structural Biology, Research Centre Juelich, 52425 Juelich, Germany

Biochemical Institute, Technical University Darmstadt, Petersenstr. 22, 64287 Darmstadt, Germany
Laboratoire Leon Brillouin (CEA/CNRS), CE de Saclay, 91191 Gif-sur-Yvette Cedex, France
A.N. Belozersky Institute of Phisico-Chemical Biology, Moscow State University, 119899 Moscow, Russia

Purple membranes (PM) from bacterium Halobium Salinarius , contains only one type of
the proteins - Bacteriorhodopsin (BR) . The protein catching a photon uses its energy to
transport protons H' through the membrane. It results in electro-chemical gradient on the
membrane. The energy, accumulated in this way, provides living functions of the bacterium.
This first step of accumulation of energy (creation of electro-chemical gradient by proton
pumping) is an universal step in energy transformation in bacteria, plants and animals. BR is
widely used for investigation of mechanism of proton pumping. A major question to be
answered is whether structural changes are involved in proton pumping. The photocycle of
BR has been studied and it was shown that the protein pumps in its M-state.

A substantial difference between the thickness , T, of PM dark-adapted (T=50.3 A) and
exposed to continuous illumination (T=44.7 A) has been observed by small angle neutron
scattering (Fig.1). The measurements were performed at the YuMO instrument. The study
was done at pH=9.6, in presence of 100 mM of guanidine hydrochloride to slow down the
decay of M-state of bacteriorhodopsin (BR) in 2 wt% of PM in aqueous solutions. The
observed conformational fast alterations occur within first 10 min and are irreversible for

hours (Fig.1), suggesting a strong interaction of guanidine hydrochloride with PM induced
by the illumination of the samples.

The reduction of the membrane thickness can be explained by the shift of BR loops and
C- and N-terminates (in average by about 3 A) toward membrane surface when PM s
exposed to light. This shift can occur due to the alteration of the membrane surface potential
induced by light illumination of the PM and leads to the creation of the hydrogen bonds
between amino acid segments of BR loops as well as C- and N-terminates and nearest to
them amino acids embedded into the membrane and stabilisation of BR in a new long-living
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Fig. 5 Kinetics of the changes of (a) the intensity I(0) (b) the radius of gyration and of PM in
D,0 ( in presence of 100 mM of guanidine hydrochloride at T=16.8 °C in 50 mM Na,CO3
buffer at pH=9.6) at dark and upon illumination. The arrows corresponds to the start of a new
state of the sample: (W) dark-adapted state; (@)upon first continuous illumination; (A) at
dark after the illumination; (O) under second continuous illumination; and (V) at dark after
second illumination.

structural conformation. Guanidine hydrochloride can play an important role in such a
scenario due to its ability to take part in the hydrogen bonding.

In addition, the experimental data showed light-induced H/D exchange in which 52122
hydrogen atoms are involved.

Small angle contrast variation study yields an accurate estimation of the membrane
thickness, which is equal to 50.3 A in dark-adapted state of purple membranes.

Very recently the dependence of the effect under discussion on pH has been studied. It has
been shown that pH itself changes membrane structure. The pH dependence of the membrane
thickness in dark and exposed to illumination displays a minimum at the same value of pH.
Investigation of the molecular mechanism of the observed phenomenon is in progress.

92



MICROSTRUCTURAL STUDIES ON DIFFERENT TREATED ALUMINIUM
ALLOYS BY SANS
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1 Introduction

The neutron methods provide a powerful tool for the nondestructive evaluation of several material
parameters inside the volume [1]. In the previous report period microstructural studies on alumin-
ium alloy samples investigations were realized by SANS. In this paper some experimental results
will be presented.

Aluminium alloys are applied in different aged conditions. Yield strength, tensile strength, uniform
strain, fracture strain and the plastic flow behaviour are dependent on the microstructure, especially
on grain size, distribution, nature and coherence of the precipitations, on texture and on solid solu-
tion. The integral influence of these microstructural features on the plastic behaviour can be de-
scribed by means of the athermal work-hardening parameter a [2,3]. Because the SANS effect is in-
fluenced by the volume concentration and by the size distribution of the precipitations, a correlation
between the scattering curve parameters and the athermal work-hardening parameter a should exist.
The objective of the SANS studies is the quantitative characterization of the precipitation state
caused by different heat treatments of the Al-alloys. Furthermore a quantitative relation between the
precipitation state and the scattering curve parameters belonging to that sample should be eluci-
dated.

2 Experiments and Results

The spectrometer YuMO is located on beam 4 of the pulsed reactor IBR-2 of the Frank Laboratory
of Neutron Physics of the Joint Institute for Nuclear Research, Dubna. A detailed description of the
SANS spectrometer YuMO is given in [4]. The SANS pattern is described by the macroscopic dif-
ferential cross section dZ/dQ(Q) with Q as the scattering vector. The aluminium alloys represent
polydisperse systems containing a large variety of morphological different scattering objects. Hence
the SANS measurements reflect a superposition of the scattering effects of all microstructural ob-
jects.

By means of the fit program FUMILI the scattering curves d/d (Q) were fitted in the following way:

aZ ha-AR)
5 @=A0-Q +AQ3) (1)

Here the parameter A(3) reflects the incoherent neutron scattering background. It depends on the
chemical and isotopic composition of the sample under investigation. In contrast to A(3) the pa-
rameters A(2) and A(1) are caused by the microstructure. The parameter A(2) indicates the quality
of the interfaces between the hydrated and non hydrated components in the sample. In the special
case of A(2) = 4 (Porod-like behaviour) the parameter A(1) becomes the Porod constant which is
proportional of the total inner surface. Significant deviations from this behaviour suggest the exis-
tence of fractal structures described by the fractal dimension. The parameter A(1) should be a meas-
ure of the inner surface with fractal properties.

Assuming a fractal behaviour the fractal dimension is determined by A(2), the exponent of an ap-
proximated scattering curve. Previously the decision whether a mass (volume) or a surface fractal
exists is necessary. The fractal dimension dy, of mass fractals is identical with A(2) and must fulfil
the condition A(2) 3. The parameter A(2) allows to describe the microstructural changes in the
sample volume [5,6]. These changes are caused by different heat treatments of the aluminium al-
loys.
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Pieces (40 x 40 x ~2 mm®) of aluminium alloys with different content and morphology of precipita-
tions, according to certain manufacturing conditions (thermal treatment) were prepared. Applied
was an AlMgSi-alloy, naturally aged (T4). This type of alloy was also artificially aged at a tem-
perature of 190 degrees centigrade for four hours (named also by T6).
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Fig. 1-2: SANS pattern of two aluminium samples with different heat treatments. The lines indicate the fitted curves ac-
cording eq. (1). The fitted curve parameters A(i) and quality of the fit procedure are inside the frame.

In Fig. 1 and 2 the evolution of the microstructure caused by a different period of heat treatment is
evident by the curve parameter A(i). The parameter A(2) indicates fractal behaviour. The value of
A(2) is decreased from 2,78 (T4, start) to 2,03 (T4, 4 hours heat treatment) with increasing heat
treatment. Investigations carried out by transmission electron microscopy (TEM) revealed rod-like
or plate-like crystallographically oriented precipitations in the microstructure of sample T4, 4 hours
heat treatment (also named by T6). In contrast to that, not any precipitations could be identified in
the microstructure of the sample T4, start. It is assumed that the value A(2) characterizes the pre-
cipitation state of the Al-alloy under investigation. The athermal work-hardening parameter a of the
T6-material is higher than the a-value of the T4-material. Because the higher magnitudes of « are
correlated with higher "internal stresses" oj, caused by slip incompatibilities, the dimension dy, of
the mass fractal seems to correspond with interface phenomena of the precipitations.

3. Conclusions

Typical processes forming the microstructure can be studied. The scattering curves reflect micro-
structural changes. Influences of different technologically treatments, so for instance a different du-
ration of a thermal treatment, can be correlated to phase transitions in this aluminium alloy. Com-
paring the results of the microstructural studies on hydrating C3S the following fact is evident: Al-
though these two materials are different in their production and properties, the experimental strategy
and interpretation of the SANS pattern are similarly.
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1 Introduction

The neutron methods provide a powerful tool for the nondestructive evaluation of several material
parameters inside the volume [1]. In the previous report period microstructural studies on hydrating
tricalcium silicate samples investigations were realized by SANS. In this paper some experimental
results will be presented.

According to the typical composition of cement powder the cement clinker phases tricalcium sili-
cate (C;S) and dicalcium silicate (C,S) are of high importance for the formation of the hydration
products [2]. In the SANS experiments the hydrating C3S paste is used for a study of the typical hy-
dration processes forming the C-S-H phase. Macroscopic cement stone properties like strength and
transport parameters (relative diffusion coefficient, permeability) depend on the structure of the in-
terfaces and the pore volume. For that reason, the sample characterization by parameters of fractals
or the application of the Porod approximation [3] is a helpful concept. Kriechbaum et al. [4] have
published the results of Small Angle X-ray Scattering (SAXS). The fractal nature is one of the most
important statements in this paper. Schmidt [5] emphasized the importance of SANS for studying
the structure of fractals and other disordered systems.

2 Experiments and Results

The spectrometer YuMO is located on beam 4 of the pulsed reactor IBR-2 of the Frank Laboratory
of Neutron Physics of the Joint Institute for Nuclear Research, Dubna. A detailed description of the
SANS spectrometer YuMO is given in [6]. The SANS pattern is described by the macroscopic dif-
ferential cross section dZ/dQ(Q) with Q as the scattering vector. The hydrating C3S represent poly-
disperse systems containing a large variety of morphological different scattering objects. Hence the
SANS measurements reflect a superposition of the scattering effects of all microstructural objects.
By means of the fit program FUMILI the scattering curves d/d (Q) were fitted in the following way:

92 Ay, o-AQ)
o @=40-Q +A(3) (1)

Here the parameter A(3) reflects the incoherent neutron scattering background. It depends on the
chemical and isotopic composition of the sample under investigation. In contrast to A(3) the pa-
rameters A(2) and A(1) are caused by the microstructure. The parameter A(2) indicates the quality
of the interfaces between the hydrated and non hydrated components in the sample. In the special
case of A(2) = 4 (Porod-like behaviour) the parameter A(1) becomes the Porod constant which is
proportional of the total inner surface. Significant deviations from this behaviour suggest the exis-
tence of fractal structures described by the fractal dimension. The parameter A(1) should be a meas-
ure of the inner surface with fractal properties.

Assuming a fractal behaviour the fractal dimension is determined by A(2), the exponent of an ap-
proximated scattering curve. Previously the decision whether a mass (volume) or a surface fractal
exists is necessary. The fractal dimension d,, of mass fractals is identical with A(2) and must fulfil
the condition A(2) 3. If 3< A(2) <4, the fractal dimension dg of surface fractals is calculated with

ds=6- A(2). (2)
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The parameter A(2) allows to describe the microstructural changes in the sample volume. These
changes are caused by different w-c ratios of the C3;S samples. '

Measurements were carried out using three well characterised hydrating C;S samples [7]. Here the
water-C;S ratio was varied (0,40, 0,52, and 0,60). The samples were stored for 24 hours at 100%
rel. humidity. After that the samples were sealed in plastic bags until the beginning of the SANS ex-
periments after about two weeks. The three SANS curves measured at YuMO show a different
SANS pattern. Especially there is a significant difference between the sample prepared with
w/c=0,40 and the two others (see fig. 1). Different A(2) values are calculated (see eq. (1)):
C3SHYDA40: 3,04 +/- 0,03, C3SHYDS52: 2,75 +/- 0,02, C3SHYD60: 2,62 +/- 0,01. The change of
the scattering curve parameter A(2) from 2,75 to 2,62 indicates a mass fractal with decreasing den-
sity (decreasing dp,). Here a decreasing density means a more loosely packed mlcrostructure The in-
creasing water-solid ratio decreases the spatial density of the C-S-H phases.

Fig. 1: Hydrating cement clinker mineral C;S prepared

100 with different w-c ratios (C3SHYD40: w/c=0.40;
C3SHYDS52:w/c=0.52; C3SHYD60: w/c=0.60).
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Fig. 2-4: SEM studies on the C;S samples (M. Langenfeld, FIB Weimar, 1999)

SEM (Scanning Electron Microscopy) studies (see fig. 2-4) were realized 10 days after the SANS
experiments and show significant differences in the microstructure under investigation. The sample
with the lowest w-c ratio shows the lowest degree of hydration. Fig. 3 and fig. 4 show the hydration
products surrounding the non hydrated clinker grain.

3. Conclusions

Typical processes forming the microstructure can be studied. The scattering curves reflect micro-
structural changes. In the C3S samples these changes can be correlated to the chemical and physical
processes during hydration.

Furthermore, the SANS results in combination with the SEM studies show new possibilities for a
nondestructive description of the microstructure of hydrating cement paste. Tricalcium silicate as an
essential cement clinker phase allows the investigation of the formation of the major hydration
product (C-S-H phases).

The variation of different parameters of the sample preparation (water-solid ration, grain sizes etc.)
gives the possibility to investigate the various influences to the cement paste microstructure [8]. By
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applying a specially adapted mathematical and technical model of fractal structures, a very promis-
ing way of interpreting experimental results was used. These studies are described in [9].
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The SANS experiment on extruded vesicles from model biological membrane is useful
method for the calculation of membrane thickness/l/. Nevertheless to the importance, the radius of
large unilamellar vesicles can not be determined from scattering experiment due to the great
polydispersity in the vesicular radii. The methods to create of monodispersed large unilamellar
vesicles (LUVs) as fast delution and temperature jump protocol were developed for mixed
lipid/surfactant systems/ 2,3/, In these approaches, the monodispersed vesicles are created during the
transformation from micellar to lamellar phase. The problem to create the LUVs with low
polydispersity from pure lipid system without surfactant for SANS and SAXS experiment was not
solved till now. The application of X-ray small angle scattering to the study of vesicular systems has
a second problem, which is weak contrast Ap between phospholipid bilayer and water. The
substitution of water solutions (H7O or D70) to the sucrose/water solutions is used to solve the
both problems. The macroscopic cross section of vesicle can be written as/1/

%=N(Ap)2(4n/Q3)2(Az-Al)2’ with A;=Sin(QR;)-(QR;)Cos(QR;) (1)

where N is the number of vesicles per unit volume, Ap- contrast for neutron or X-ray scattering, R,
and R, correspond to the inner and outer radii of the vesicle, respectively. The bilayer thickness is
then d|=R2-R1 .

Fig. 1 demonstrates the increase in contrast between DMPC membrane and sucrose solution
as function of sucrose concentration for X-ray scattering. SAXS experiment with DMPC vesicles
were carried out to test the contrast variation with sucrose buffer. The vesicles were prepared by
extrusion of the solution through polycarbonate filter with pores of 500A in diameter. Vesicles with
low polydispersity were detected for sucrose concentrations from 30% to 45% (see Fig.2).

The vesicles in the sucrose/H5O solution with sucrose concentrations below 20% (see Fig. 1)
have small contrast to be measured via X-ray scattering with good statistics. The SANS at YuMO
spectrometer was applied to study the region of sucrose concentrations from 0 to 20%. The neutron
spectrum from the solid methane moderator was used to rich q<0.008A'1. Fig. 3 demonstrate the
scattering cross section of extruded DMPC vesicles in D70, which have not oscillation and
correspond to the Gaussian distribution of vesicles radii with polydispersity 72%. The addition of 5%
sucrose decrease a polydispersity to the value of 40%. The value of the polydispersity decrease with
further increase of sucrose concentration, the polydispersity has a minimum value of 29% at sucrose
concentration 20%. The macroscopic cross section from vesicles in sucrose/D20 solution with 20%
sucrose was measured with temperature of methane moderator Tipethane=35°K (see Fig. 4). The
comparison of SAXS curve from synchrotron (Fig. 2) and SANS curve from IBR-2 reactor with
cold moderator (Fig. 4) demonstrate that qmin=0.005A'1 at synchrotron are not so far from
qmin=0.OO6A'1 at IBR-2 reactor with cold moderator. Important to note that spectra from vesicles
collected at YuMO spectrometer have qmax=0.15A'1, at D22 spectrometer of DCI synchrotron
qmax=O.O4A'1, this difference create the advantage of SANS experiment for the correct calculation
of the membrane thickness. The membrane thickness as function of sucrose concentration was
calculated from Kratky-Porod plot as described i'l/. The presented in Tab. 1 results demonstrate
that sucrose has not influence to the membrane thickness at the region from 0 to 40% sucrose
concentration.
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Sucrose buffer has two advantages. First is the possibility to create a monodispersed
population of vesicles, which sufficiently improve the experimental conditions to study the vesicles
structure. Second is the increase in intensity, which is large enough to allow for the study the
structure of diluted aggregates by SAXS. Sucrose/water solutions is perspective medium for the
SANS and SAXS application at the investigation of vesicles structure and structure of mixed
lipid/surfactant systems.
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Biological membranes are very complex systems. To get more information about their
structure it is helpful to investigate more simple systems. For this purpose we studied the suitable
system POPC (1-palmitoyl-2-oleyl-sn-glycero-3-phosphatidylcholine), Ci:E4 (tetraoxyethylene
monododecylether), as well as the mixture POPC/C\2E,. Like many other amphiphilic substances,
they form membrane structures in form of liposomes at high water excess. These liposomes vary
in size and number of layers. For studying the membrane structure these complex systems have to
be simplified moreover. In the ideal case all vesicles would have the same size and one layer. In
fact, this state is not possible to realize. Nevertheless, vesicles consisting almost exclusively of
monolayers can be prepared by extrusion.

We extruded each sample before measuring 25 times with 200nm filters. The measurements
were carried out at the sample-detector distances Lgq of 4.414m and 13.173m, respectively. At

the large Lsd value the measurement time was 60 minutes. At the small Lgq value we realized a

longer measurement time of 300 minutes for getting an acceptable signal to noise ratio in spite of
the lower intensity at higher g-values.

Until now there are several publications regarding small angle studies of membranes in form of
vesicles. Komura at al. /1/ determined the diameters of small unilamellar vesicles (SUV) without
taking into account their size distribution and by assuming two symmetric one-strip functions as
approximation for the neutron scattering amplitude density across the bilayers. The bilayer
thickness of large unilamellar lipid vesicles (LUV) was deduced by means of the Kratky-Porod
approximation /2/ in Refs. /3 — 6/. Further, Glatter /7/ analysed the small angle x-ray scattering
(SAXS) curves by applying two symmetric two-strip functions as approximation for the electron
scattering length density across the bilayer. Strip functions are also common as approximation of
the neutron scattering length density calculated from diffractograms of multilamellar system by
Fourier synthesis /8, 9/.

Our aim is the determination not only of the lipid bilayer thickness but also of the thickness of
the hydrophobic core and of the surface requirements of the molecules as well as the extension of
the hydrophobic parts of the molecules into the water subphase and of the hydration of the
vesicles. For this reason the experiment was carried out with the objective to get data inclusively
g-values as high as possible with an acceptable signal to noise ratio. The g-values of
measurements range from 0.006 A" to 0.382 A™.

The size distribution of vesicles has been determined by freeze fracture electron microscopy.
That means that it is no fit parameter. An important improvement of the used model in
comparison to other ones is the insertion of a parameter taking into account the presence of small
amounts of multilamellar and/or non-spherical vesicles. The fit procedure using this model results
in calculated spectra with very small deviations from the measured ones. An example is given in
Fig.1 for vesicles of pure C;E4 in D;O.

The demonstration of the efficiency of the model by its application on special vesicle
dispersions and by comparison of the results obtained with other data is another aim of our
experiment. Mixtures of POPC and Ci;Es have been extensively studied at low water
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concentration by SAXS /10/, SANS /11/, and NMR/12/. It was found that the structural and
dynamic properties change with composition and exhibit some peculiarities.
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Fig. 1. Measured SANS spectrum at C;;E4-vesicles in D,O and fitted curve of our model.
Results of fit: thickness of hydrophobic core 7.8A, thickness of headgroup region 12.6A,
bilayer thickness 33.0A, number of bond water molecules per Ci2E4 molecule 18, cross-
sectional area per Ci2E4 molecule 69A?, relative amount of bilamellar vesicles 4,3%.
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Introduction

Several years ago, different gemini surfactants were prepared and their
physicochemical properties were correlated with their biological activities [1, 2]. This has
stimulated a series of papers where the physical properties of micelles and other lyotropic
phases formed by gemini surfactants were studied in detail [3-7]. Recently, we have prepared
new 1,4-butanediamonium--N,N’-dialkyl-N,N,N’,N’-tetramethyl dibromide gemini
surfactants (abbreviation CmA, where m=7-16 is the number of carbon atoms in the alkyl
chain) which proved to be very efficient antimicrobial agents [8]. We have studied their
physicochemical properties in aqueous phases as a function of concentration and number of
carbon atoms in the alkyl chain m, using the surface tension, electrical conductivity, dynamic
light scattering and zeta potential measurement methods [8, 9]. These experimental data have
indirectly indicated, that closely above the CmA critical micelle concentrations (cmc), the
spheroidal micelles are present in the the aqueous phase at the intermediate m values
(14>m>10). However, these experimental results have suggested also the presence of large
aggregates for the long (m>14) alkyl chain CmA gemini surfactants. In the present
communication, we report the results of small-angle neutron scattering (SANS) study of the
C16A aggregates in the aqueous phase.

Material and Methods

The Cl6A gemini surfactant was prepared by reaction of tertiary
N,N,N’ N-tetramethyl-1,4-butanediamine with 1-bromohexadecane as described in [10]. The
surfactant was purified by manifold crystallization from a mixture of acetone and methanol.
Its identity and purity was confirmed by elemental analysis, thin-layer chromatography, and IR
and '"HNMR spectroscopies. Heavy water (99.98 % ?H,0) was obtained from Izotop
(Moscow, Russia). Surfactant and heavy water were mixed in a glass tube, the tube was
purged with gaseous nitrogen and sealed. The content was dispersed by hand shaking and
sonication in a bath sonicator. The SANS measurements were performed at the small-angle
time-of-flight axially symmetric neutron scattering spectrometer YuMO at the IBR-2 fast
pulsed reactor. The samples were poured into quartz cells (Hellma, Miillheim, Germany) to
provide the 1 mm sample thickness. The sample temperature was set and controlled
electronically at 20.0+0.1°C. The sample in quartz cell was equilibrated for 1 hour at the given
temperature before measurement. The sample-detector distance was set to 10.553 m.

Results and Discussion

The SANS scattering function can be written as

I(Q)=NPQ)S(Q) (1
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where Q is the scattering vector, N is the number of scattering particles in unit volume, P(Q)
is the particle structure factor, and S(Q) is the size- and orientation-dependent interparticle
structure factor. S(Q) approximately equals to 1 for dilute and weakly interacting particles; we
will suppose that this holds for the samples measured in the present work.
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Fig.1. The dependence of SANS intensity /(Q) on scattering vector Q. Squares: r=1, circles:
r=2, diamonds: r=3.

According to Guinier approximation for very small scattering angles (see [11-14] for
references), one rewrites then equation (1) as

KQ)=I(Q)exp(-Q’R* /) )

where 1(0) is the intensity at zero scattering vector, R is the object radius of gyration and
r=1,2, and 3 hold for infinite sheet-like object, for rod-like object of infinite length and
uniform cross section, and for a globular object, respectively. Using eqn. 1 one can thus in
principle discriminate between discoid, tubular and spheroidal micelles in heavy water. We
have shown [15] that =1 is a good approximation also for polydisperse hollow spheres with
radii larger than the constant shell thickness, such as unilamellar liposomes. Using eqn. 2, we
have fitted our SANS data in the interval of 0.004 A%>Q%>0.001 A by the least-squares
method and the fitted functions extrapolated into the interval 0.007 A2>Q*>0.004 A? (full
lines in Fig.1). It is seen that the experimental data deviate from the fitted functions when
supposing rods or globules in the C16A system, while all the experimental data are
approximated rather well by the fitted function when supposing the presence of sheets and/or
polydisperse liposomes. It is well known that the thickness of the infinite sheet as well as of
the shell in polydisperse hollow spheres can be obtained from the radius of gyration as
ds=12"R under condition that the coherent scattering length density of the solvent is
substantially larger than that of scattering particle and that the scattering density within the
particle can be taken as homogeneous (see [11-15] for references). This is the case of C16A
aggregates in heavy water. We have thus calculated the value of d; from the SANS curves. Its
concentration dependence is shown in Fig.2. With the increase of concentration, this thickness
increases. At concentrations above cmc, the value of d; obtained corresponds to the length of
two C16A molecules located in the bilayer of large discoid micelles or/and unilamellar
liposomes.

103



o5

'Y
50 é
% o § ® ®
ol¥ &8
35— " v ' L I - T 1
0.1 02 03 0.5 1 2 3
c [wt. %]

Fig.2. The dependence of the thickness d; on the C16A concentration.
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Introduction
Block copolymer micelles are polymolecular particles with a dense core formed by insoluble blocks
and a protective corona formed by swollen soluble blocks. Most prospective applications of the
micelles are based on loading sparingly soluble compounds into micellar cores (solubilization). It is
desirable to have a possibility of controlling characteristics of this process by variation of the micelle
parameters. Promising candidates for such purpose are onion-type micelles. Unlike the commonly
studied two-component core/corona micelles, the onion-type micelles have a three-layer structure. The
so far studied multilayered micelles have been prepared using two diblock copolymers [1,2] or an
ABC triblock copolymer [3,4].

This contribution demonstrates the possibility of preparing another type of multilayered
particles. The procedure consists in solubilization of a monomer in micellar solution and subsequent
polymerization [5].

Experimental
Materials: The micellar solution of polystyrene-block-poly(methacrylic acid) (PS-b-PMA, or SA) (M,
= 42x10° g/mol, weight fraction of PS = 0.58) was prepared in 0.1 M borax in H,O. A part of the
solution was transferred into 0.1 M borax in D,0 by dialysis. Methyl methacrylate (MMA) was added
to the micellar solution in an amount comparable with that of the copolymer. The solutions were
stored for one day and then the MMA was polymerized by y-radiation (dose 2 kGy) at 295 K.
Small-Angle Neutron Scattering (SANS) Measurements: Scattering data measured using the YuMO
spectrometers are presented as a function of the magnitude of the scattering vector, g = (4n/4) sin 6,
where A is the wavelength and 2 @ is the scattering angle.
Analysis of SANS data: The theoretical
scattering function of spherical particles with
1 Schulz-Zimm distribution of radii was fitted to
! 1 experimental SANS data within a properly
Wk “%N 1 chosen g- range (bare-core approximation [6]).

%0, ] This fit provides the mean radius of particle
core, R..., and the relative standard deviation,

E

| %% ] O/Reoe = 1N(Z+1), where Z is the width
> F parameter of the Schulz-Zimm distribution.
A %% : Other characteristics of the particle cores
< ® (volume, aggregation number, and mass) can be
S4p 4 calculated using the fit parameters.

U

g Results and discussion

The PS-b-PMA copolymer (SA) forms micelles
10 7% with PS core and PMA corona. Figure 1
- py  demonstrates the effect of solubilization of
MMA monomer in this micellar solution and
subsequent polymerization on SANS curves. It
can be seen that an addition of the MMA
monomer to the micellar solution has only a

- - 6.01 - -
é.o q /A

Fig.1. Changes in the SANS curve of the

PS-6-PMA in 0.1 M borax in D,0 (¢=1.92
g/L) induced by solubilization of MMA
monomer and subsequent polymerization.
Both normal (h-MMA) and deuterated (d-
MMA) monomers are used.

minor influence on scattering intensities. As this
is true for both the normal and deuterated
monomer, we may conclude that the monomer
did not penetrate into the micelle core in a large
amount,
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The SANS curves taken after polymerization differ significantly from that observed for the
original micelles (Fig. 1). For the SA/d-PMMA system, deviation from SANS curve of simple
micelles is observed only at small ¢'s while at higher angles, the curves coincide. On the other hand,
SANS curve of the SA/h-PMMA system deviates appreciably also in the region of the secondary
maximum reflecting the size of the scatterer. These findings indicate that the cores of the studied
particles are formed by the PS core of the original micelle and PMMA deposited on the surface of this
core. Analysis of the SANS curves shows that the mean radius of PS core is 99 A and the thickness of
PMMA layer is 17 A. These conclusions have been confirmed by the results of contrast variation
experiments [5].

Polymerization process: A time-resolved SANS experiment was performed to monitor the

process of polymerization of MMA in PS-b-
PMA micellar solution. Polymerization was

o T T T T T T initiated with ammonium peroxysulfate. Figure
> 1 2 shows the time dependence of the core
'§ CORE RADIUS parameters obtained from the SANS data. We
Troo ¢ p can see that a sudden increase in parameter
e ] values occurs about 30 min after the initiator
~ 1 was added. Our NMR experiments [7] reveal
§ [ CORE VOLUME | that the amount of monomer starts to decrease
° from the very beginning of the process. These
x observations suggest that in early stages of
s polymerization, soluble oligomers are formed.
-1 POLYDISPERSITY When the oligomers are long enough, they
3 collapse onto the core surface to form a layer of
2 the PMMA polymer.

$Or ]

g '(;- -245“4-540-.-‘73@:-160- ] Conclusions

-§ Reaction time, min It was demonstrated that block copolymer

micelles can be modified by solubilization of a
monomer and subsequent polymerization to

e e . N form micelles with coated cores. The thickness
reaction time during polymerization of MMA . .
of the surface layer is expected to be easily

(c=4 g/L) in a PS-b-PMA micellar solution controllable. Further investigation of the factors

(c=1.67 g/L). affecting the relevant characteristics of the
resulting particles is in progress.

Fig.2. Variation of the core parameters with
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NUCLEAR POTENTIAL OF GLASS SUBSTRATE OBTAINED FROM
SPIN-FLIPPED NEUTRON TRANSMISSION THROUGH THE Co FILM
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Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Moscow region, Russia
Abstract.

_Transmission of a polarized neutron beam through the magnetic Co (700 A) film on a glass
substrate, where the external magnetic field was applied at an angle to the sample surface, was analyzed.
The following phenomenon was observed: a neutron beam of ‘+-* spin transition passed through the
sample without refraction at a certain value of the external magnetic field strength. This effect was used
to determine the nuclear potential of a nonmagnetic substrate. :

When a polarized neutron beam is transmitted or reflected from a magnetically noncollinear
medium, neutron spin-flip and spatial beam-splitting take place. This effect was first predicted by
Ignatovich in [1] (see also [2]) and was experimentally studied in [3-7]. In this work, a polarized
neutron beam, passing through a magnetically noncollinear film, is employed to determine the
nuclear potential of a nonmagnetic substrate.

Experiments were run on the polarized neutron spectrometer SPN-1 at the IBR-2 reactor in
Dubna. A scheme of total polarization analysis using a multislit analyser and a position-sensitive
detector was applied. The 100x50x5mm> sample was a magnetic Co (700 A) film on a glass
substrate; this sample was used in [4]. An external magnetic field H=0.2+10.1 kOe was applied
at an angle of 80° to the film surface. The grazing angle of the incident beam was equal to 6;=3.7
mrad. Angular resolution of the spectrometer was equal to £0.13 mrad. The neutron beam passed
through the magnetic film and emerged from the edge of the substrate. Preliminary results of this
study were published in [7].

As neutrons pass through the magnetic Co film, a neutron spin-flip occurs, causing an
alteration in the potential energy of neutron interaction with the external magnetic field. This
changes the Kinetic energy of neutrons in the direction perpendicular to the sample plane. Thus,
the polarized neutron beam splits in the space into two neutron beams — with and without spin-
flip. In Fig.1, the grazing angle of the ‘+-‘ transmitted beam as a function of the neutron
wavelength at different values of H is shown. It can be seen that with increasing H, the angle 0
increases and, in the 10.1 kOe field, it becomes greater than the grazing angle of the incident
beam. In Fig.2, the difference A@’=6°-67 is shown vs. the external magnetic field strength at
different wavelength values. It can be easily seen that all of the straight lines intersect at different
values of the wavelength. That is, all of the straight lines intersect at a point where 6=6;. From
here, the value of the field at which the neutron beam passes through the sample without
refraction, H=7.910.2 kOe, was found. In this point the value of the alteration of the potential
energy in the external magnetic field compensates the nuclear potential of the nonmagnetic
substrate: 2uH=U. Thus, the value of the nuclear potential of the substrate was determined to be
U=95.312.4 neV.

This technique of nuclear potential measurement resembles the procedure of weighing. The
magnetic field strength plays the role of the scale weight, while the neutron beam plays the role
of the pointer on the ‘neutron scales’. The estimates show that, using the external magnetic field,
the nuclear potential of a nonmagnetic layer can be determined to an accuracy of AU/U=10*. Tt
should be emphasized that the condition of equality of the magnetic and nuclear potentials holds
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for all values A and 6. Therefore, it allows one to perform nuclear potential measurements on a
polychromatic neutron beam with an unknown spectrum and a monodetector.
The authors wish to express their sincere gratitude to V.G.Syromiatnikov for the sample.
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MAGNETIC INEQUALITY OF FILM INTERFACES EXTRACTED
BY POLARIZED NEUTRON REFRACTION

V.L. Aksenov, S.V. Kozhevnikov, Yu.V. Nikitenko
Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Moscow Region, Russia

Abstract.

Refraction of polarized neutrons on separate boundaries of magnetic film was investigated. The
effects of neutron spin-flip and spatial splitting of a polarized neutron beam were observed. Magnetic and
nuclear parameters near the interfaces were determined.

In [1], a twofold refraction of a nonpolarized neutron beam on one interface of two domains
was observed. In [2], neutron refraction was employed to determine the thickness of the domain
walls. Neutron spin-flip and spatial splitting of a polarized beam occur at reflection and
refraction on the interface of the magnetically noncollinear medium. This effect was predicted
by Ignatovich in [3] (see also [4]) and was experimentally studied in [5-7]. In this work, the
refraction of a polarized neutron beam was studied separately on each boundary of a magnetic
FeAlSi film.

The measurements were carried out on the SPN-1 polarized neutron spectrometer at the
IBR-2 reactor in Dubna. A scheme of total polarization analysis using a multislit analyzer and a
position-sensitive detector was applied. The 5x20x1 mm’ sample was a multilayer structure of
Fe(86 at%)Al1(9.6 at%)Si(4.4 at%)(20 pm)/Cr(500 A)/CaTiOs. An external magnetic field of 4.5
kOe was applied at an angle ﬁ=70° to the sample surface. The grazing angle of the incident beam
was equal to 6,= 4.7 mrad. Angular resolution of the spectrometer was equal to 10.13 mrad. The
experiment is schematically depicted in Fig.1. The refraction on the vacuum-magnetic film
interface (the first boundary) is marked as index 1, and the refraction on the magnetic film-
nonmagnetic substrate interface (the second boundary) is marked as index 2.

In Fig. 2, the values of the grazing angle of the refracted beam as a function of the neutron
wavelength are shown for the interval AA=0.27 A. The probability of the neutron spin flip is
20+30%. Four beams ‘+(-),+(-)’ of different spin transitions is observed at refraction on the first
interface (closed symbols). Only three beams can be seen at refraction on the second interface
(open symbols). The fourth beam ‘-+’ is overlapped by the direct beam. Using the experimental
data from the values of the grazing angles for the refracted beams, the following parameters were
calculated by formulae from [7]:

U,=148.314.4 neV; B,=11.840.2 kG; H,=5.040.3 kOe;

(U»-V)=108.413.2 neV; B,=10.910.4 kG; H»=3.0+0.7 kOe,

where U, 1, Bi> and H, , are the values of the nuclear potential of the magnetic film, the magnetic
induction and the external magnetic field strength near the first and the second boundaries
respectively; V — the nuclear potential of substrate. To determine the values of U, and V
separately, it is necessary to carry out an experiment on neutron beam transmission through the
two interfaces.

Thus, we have shown that polarized neutron refraction on separate boundaries of a magnetic
film is described by different values of the magnetic parameters. This study gives us reason to
hope that the method of polarized neutron refraction has considerable promise for investigation
the processes of the alteration of magnetic properties on the interfaces of a magnetic film.

The authors express their deep gratitude to J. Schreiber for the sample and to H.Fredrikze
and M.Th. Rekveldt for the fruitful discussions.
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MAGNETIC REGIME OF glass/Fe(10004)/Gd(504) LAYERED STRUCTURE
EXTRACTED BY NEUTRON POLARIZATION METHODS

V.L.Aksenov, S.V.Kozhevnikov, Yu.V.Nikitenko, H. Lauter’

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research,
141980 Dubna, Moscow Region, Russian Federation
Unstitut Laue-Langevin, Post Box 156, 38042 Grenoble, France

In this work, a magnetic behavior of the Fe(1000A4)/Gd(50A) layered structure has been
investigated [1] using the polarization methods of generating neutron standing waves [2], spatial
neutron beam-splitting [3] and full neutron polarization analysis at SPN-1 spectrometer.

The dependencies in Fig. 1+5 were obtained after the preliminary reverse magnetization of the
sample with the external magnetic field up to H=4 kOe for measurement spin-flipper modes ‘on,off’
and ‘off,on’. It can be seen in Fig. 1 that at H=110 Oe and H=277 Oe there are non-specular reflected
and refracted neutron beams caused by the spin transitions in the local magnetic field Hioc ‘-+L’ and
‘+-L’ respectively (‘+-L’ takes place at AE >0 and ‘-+L’ at AE < 0, where AE is the transmission of
the energy to the neutron). At H=163 Oe, these beams are absent. In Fig. 2 it can be seen that at
H=277 Oe, the spin transitions ‘-+’ and ‘+-’ in the external magnetic field correspond to the spin
transitions ‘+-L’ and ‘-+L’ in the local magnetic field Hs. Thus, we can conclude that at H > 163 Oe,
two spin-flip processes exist, which change the initial and final spin states to their opposites. The
difference AR= R, .(A) - R.(A) in Fig. 3 changes its sign with an increasing magnetic field and at H=
163 QOe, it reaches the minimum value by its absolute magnitude. The value Hs at interface in front of
magnetic region is connected with perpendicular component of the magnetization Jn and the values
of the tangential Ht and the perpendicular Hn components of the strength of the magnetic field :

s—(Ht2+(Hn+Jn) W2, Fig. 4 the absolute values of Hs; and Hs+Hs; obtained from beam-
splitting angles for reflection and refraction, respectively, and its difference Hs; are shown. These
values practically do not change and at H'= 163 Oe are close to zero. In the range H=200+800 Oe,
the Hs, and Hs, alteration occurs in the opposite phase. This may be explained by correlated
changing of magnetization vector near the corresponding interfaces and (or) by neutron wave
interference. From the spectral position of the maxima in the reflectivities of spin-flip neutrons, and
minima connected with the adsorption of neutrons in Gd when neutron standing waves are
generated, it follows that the region of flipping is located closer to the Fe-Gd interface than the region
of nuclear neutron adsorption. In Fig. 5 spin-flip reflectivity is demonstrated in dependence of
strength of external magnetic field. It is seen that with increasing of H the reflectivity falls. It is not
excluded that it is connected with a reduction in the cross-section of the regions (domains),
magnetized normal to the interface.

From the experimental results and the preliminary calculations we can conclude that there are
two types of regions. In the first region (domains), the magnetization of the Gd layer (or the Fe
layer) is directed normal to the sample plane. This region leads to neutron beam-sphttmg At H=H',
the magnetization of this region lies in the sample surface. The second region is Fe layer coated by
Gd layer, or by a gadolinium oxide layer, and the magnetization is directed parallel to the dlrectlon of
an external magnetic field. This region does not split the polarized beam. At H=H’, the
magnetization in this region lies in the sample plane and is directed normal to the direction of an
external magnetic field.
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Reflectometry studies of the coherent properties of neutrons
D.A. Korneev®, V.I. Bodnarchuk™*, S.P. Yaradaikin®, V.F. Peresedov’,

V K. Ignatovich®, A. Menelle’, R. Gaehler®

*Frank Laboratory of Neutron Physics, JINR, Russia

*Laboratoire Leon Brillouin, Saclay, France

“Technical University Munich, Germany

3 It is well known that neutron
reflection from thin films exhibits an
interference pattern due to reflection
from two interfaces. However it is not
widely known that this interference

5; ] Dattern contains some features which

have not been theoretically explained till

now and which are related to some not
yet well understood physics.
i One of such precisely measured

' OF-4 Yo 50 as 3 .. . Dpatterns is presented in fig. 1. It

) ‘ wﬁielengﬁf)& corresponds to the reflection from a thin
Fig 1 Cu film of a polychromatic well-

Coherent plane wave approach. collimated neutron beam, measured with

Experimental and theoretical reflectivities the time-of-flight technique. The model

for a Cu film with d=(1796£10)A. The solid of a rectangular potential for the film

curve is the best fit for the Eckart from 8ives the pattern shown by the broken
potential represented in the frame with line in fig.1, which is not well fitted to
smoothing of boundaries o, =70.4 A, o, the experimental points. It is clear that

=22 A. The dashed line corresponds to the the rectangular potential should be
rectangular potential (6, = 62) modified. Since both interfaces are

usually not ideal, we are to introduce

T

YT R
|

wn

some smoothing because of roughnesses.
Indeed, the fitting for the model of film, described with a system of two

matched Eckart’s potentials, V,,(z)=V,,,/(1+exp(-z n/«/gc,_z)),as shown in
fig.1, becomes much better. (The reflectivity from a single boundary with such a

C . 2
potential is rzlsh(ﬁo(kz —k}‘))/sh(ﬁo(kz+k'z))} , where k, and k’, are the z-

components of the wavevector on the left and right sides of the boundary respectively).
The solid curve in fig. 1 shows the best fitting (x’=1.39) to the experimental points
when two smoothing parameters for the first and second interfaces are 5,=70.4 A, and
06,=22A respectively.

However, even after such a fitting with x*=1.39 some discrepancy, which is not
seen in fig.1 by the naked eye, still remains.

To improve the description of the experimental data we used the modified
formula for reflectivity
R=(1-F) R+F R, (1
i.e. we assume that R(A,¢) (A is the neutron wave length, ¢=const is the grazing angle
of the incident beam), consists of two parts: coherent, R, shown by the solid curve in
fig.1, which contains interference of waves reflected from both interfaces, and
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incoherent (without interference), Rine=(r1+r2-2r112)/(1-11r2), which contains reflection
coefficients r;, from separate single smoothed boundaries (this approach was
formulated in [1]). The best fit of formula (1) to the experimental points with
coefficient F as a parameter gives the F about 0.04 with 5*=1.15 (see fig 2a.).

It is reasonable to assume that the coefficient F could be a function of
wavelength A. This function could be found from the following phenomenological
consideration. Two rays v, ' (incident and reflected) are shifted along the film surface
by the distance /=2d/tand’. Since the grazing angle inside the film ¢’ depends on A, /
also depends on A. If we choose the parameter £ as double dispersion for Gaussian like
law of the suppression the interference ability of the two rays y, y' that coherent part
of reflectivity will be proportional to the area of overlapping of two Gaussians and the
incoherent coefficient will be F = erf (I(A) / J2€) . Because the scale of / is determined
by the parameter €, we can identify & with the coherence length of the reflection
process. The fraction of the incoherent reflection in (1) increases with increasing ratio
IE.

The fitting of formula (1) to the experimental data with F=F(/,£) leads to &~
1.5mm with considerably improved x’=1.04 (see fig.2b), which means that our
assumption of F=F(/,£) is significant. The knowledge of the angle uncertainty Ad/¢ is
very important because it suppresses the interference contrast, as does the incoherent
admixture. We use the value A¢/p=1.8-107.
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a) Dependence of y’on the parameter F in
formula (1), $=5.04mrd, Ad/$p=0.9-10

b) dependence of x* on the parameter &
F=erf(I(\)/2E). A  deeper
minimum in this curve than that in fig. 2a)
indicates significance of the model with the
function F(/,£).
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The question of interpretation
of the parameter £ is open at this stage
of our work. It leads to two possible
considerations. One is that incoherent
admixture due to incoherent interaction
of neutrons with film and substrate
media. The other is that the parameter
€ reflects the coherent properties of the
neutron itself. Supporting the latter is
the fact that the incoherent diffuse
scattering from roughnesses, which
leads to some contribution to specular
reflections, does not depend on the
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However, in spite of this
argument interpretation of  the
parameter & demand others
experiments to check the repeatability
of the incoherent effect in specular
neutron reflection from thin films.
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Magnetic off-specular neutron scattering from Fe/Cr multilayers
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We report about the polarised neutron scattering study of the magnetic structure ofa
[Cr(12A)/57Fe(68A)]X12 multilayer on sapphire substrate carried .out at the SPN
reflectometer. The intensity distribution was measured over a broad range of
incident and outgoing wavevectors. The specular and off-specular intensities of the
first and second order Bragg-peaks (determined by the bi-layer thickness) and those
at the half order positions (due to antiferromagnetic coupling) were measured. Off-
specular scattering arranged into sheets running trough the antiferromagnetic half
order positions is spread over an appreciable range crossing the specular line. These
findings result in a picture of in-plane domains, rather than in the model of
homogeneously —magnetized neighboring  Fe-layers, ~with non-collinear
magnetization.

Fe/Cr multilayers are well-known systems demonstrating antiferromagnetic interlayer coupling
in alternative Fe layers separated by a Cr spacer and were thoroughly studied by different
techniques. Also polarised neutron reflectometry (PNR) was often applied to Fe/Cr multilayers
and gave interesting results [1] in particular with respect to the canted state of the magnetisation
in successive Fe layers. We will give a different interpretation due to the wide range of the
measured specular and off-specular scattering. The off-specular intensity distribution along the
half-order Bragg-sheets influences the interpretation of the specular scattering. This off-specular
intensity cannot be simply neglected or even subtracted from the specular intensity. The presence
of magnetic domains is strongly suggested as primary effect by the off-specular scattering
through the half-order Bragg-positions. ‘

The (001) superlattice [Cr(lZA)/57Fe(68A)]x12 was grown with molecular beam epitaxy. The
Al,O; substrate was annealed at 700°C and covered with a 70A Cr buffer layer at 300°C. The
multilayer was grown at the substrate temperature of 180°C starting with Fe layer and
characterized in-situ with Reflection High Energy Electron Diffraction (RHEED) and ex-situ
with X-ray Diffraction measurements. The in-plane magnetization measurements carried out at
room temperature with a vibrating sample magnetometer (VSM) revealed extremely strong in-
plane anisotropy in the sample with a four-fold in plane anisotropy [2].

The PNR experiments were performed on the SPN ‘spectrometer at FLNP with the external
magnetic field H applied parallel to the sample surface. A multidetector recorded the reflected
intensity. The experiment was performed at an incident angle of 15.2 mrad and the external
magnetic field H = 0.405 kG after having applied a negative saturation field. As an example
figure 1a (for the antiparallel direction of the neutron spin and the external magnetic field) shows
the scattering from the Fe/Cr multilayer in the co-ordinate system of wavelength A and outgoing
angles oy, o being the angle between the surface of the film and the scattered neutrons. The
scattered intensity is represented by a grey log-scale shown in the bar on the right side of the
figure. Strong intensity parallel to the A-scale corresponds to the specular line with the total
reflection region around A = 12 A. The position of the two measured full order Bragg-peaks (at A
=232 A and A= 1.16 A) are determined by the thickness of Fe/Cr bi-layer. Nearly no off-
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specular scattering is visible around these Bragg-peaks, that confirms -that the quality of the
sample was extremely good with very small interface roughness. Two half order Bragg-peaks (at
A =4.62 A and A = 3.47 A) are due to the magnetic superstructure perpendicular to the film.
Additional intensity is observed going through the two half-order peaks forming superstructure
Bragg-sheets. This off-specular scattering around the half-order Bragg-peak positions appears
when the “magnetic” lateral order is smaller than the corresponding projection of the neutron
coherence length. So, in-plane magnetization is homogeneous only within a certain, relatively
small, range. Therefore the model of homogeneously magnetized layers stacked into a sequence
with magnetization direction varying between next Fe-layers would be rather unsuitable. Instead
one may assume that the sample is decomposed into a set of domains in which the alternating Fe
layer magnetization has a component which is antiferromagnetic with respect to the next Fe
layer. A small domain size is supported by electron diffraction on a similar sample [3]. The
distorted wave Born approximation (DWBA) — based theory in combination with supermatrix
routine for polarized neutrons was developed [4] and applied for the treatment of the off-specular
scattering from antiferromagnetic domains [5]. The results of such calculation are presented in
figure 1b. The agreement between theory and experiment is reached using a model of domains
with average lateral dimension of 1 um and the magnetization in alternative Fe layers non-
collinear ordered through all the multilayer stack. As one can see from the figure, this simple
model not only reproduces correctly the general features of the experiment, such as spin-flip off-
specular scattering sheets along with the non-spin-flip reflectivity ridge, but it also describes a
slight asymmetry of the superstructure sheets as well as the overall behavior of intensities along
and across the sheets.

We are still analyzing the results but we assume that these magnetic domains play an essential
role in the electron scattering process responsible for the GMR (giant magnetic resistance) effect.
We believe the model with domains offer a more exact description than the simple explanation
usually given in terms of stacks of homogeneously-ordered antiferromagnetic layers.

117



a)

0,04
2035

ooy = :

0,01 [

0005 -

b)

QG3s—

|
g =

i
i
]
A B

A

&
wavelenath

Fig.1: a) Intensity map of specular and off-specular scattered neutrons (spin-down) from the
Fe/Cr multilayer at H=0.428 kG as a function of A and oy, the neutron wavelength and outgoing
scattering angles, respectively; incident angle o; = 15 mrad; b) result of the supermatrix
calculation with the model of noncollinear domains.
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COLLECTIVE DYNAMICS OF LIQUID GALLIUM
STUDIED BY INELASTIC NEUTRON SCATTERING
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Atomic dynamics of liquid gallium is a matter of steady scientific interest in recent years [1 — 6].
Nevertheless some contradictions especial for abnormal liquids like gallium still exist. Gallium is the
simple metal of the III-rd group in the periodic table of elements, but it exhibits several unexpected
properties. One of them is the anomaly of the static structure factor S(Q), known also for other
elements such as Ge, Sn, Sb and Bi. The correlation between these features and dynamic properties
is in a much less satisfactory state. The investigation of the short range order in liquid gallium [1] by
means of neutron diffraction into the temperature range 290 — 343 K (7,, = 303 K) has shown that
S(Q) is a superposition of two structure factors where B-phase is present. This could explain the
strange crystallisation of gallium and the physical meaning of the temperature T" =333 K close to
Debye temperature. It was suggested that liquid gallium exhibits a-kind of «memory effect», but the
inelastic neutron scattering (INS) experiment [7] has shown that the dynamic properties of a-Ga do
not depend on thermal history. It was also stated [4] that dynamic structure factor S.(Q,®) obtained
from INS experiments shows sound wave peak at ho~ 5 — 6 meV and 0 = 1.6 — 1.7 A These
collective modes could be correlated with the second structure observed on the high-Q side of S(Q)
main peak.

In this connection a new INS experiment was carried out at temperature 373 K aiming to get
new data about the microdynamics of a-Ga. Measurements were performed with the DIN-2PI time-
of-flight neutron spectrometer of the direct geometry set up at one of the neutron beams from the
IBR-2 pulsed reactor (Frank Laboratory of Neutron Physics, JINR, Dubna). The incident neutron
energy was 4 meV with the resolution of 4%. The wide interval of scattering angles from 6° up 134°
was used within the range of Qo =0.2 — 2.8 A", The sample container consists of twenty quartz tubes
whose height is 12 cm, the inner diameter 3 mm and wall thickness 0.2 mm.

All the corrections involving the background from the empty sample holder, the attenuation
factor into the sample, the detector efficiency have been applied to experimental data. As a result, the
scattering function S(Q, ) was extracted. S(Q,w) is expressed as weighted sum:

S(Q,w)=z—:Sc(Q,w)+:—:S,-(Q,w)

where 0., o; o, stand for the coherent, incoherent and bound scattering cross section respectively.
S(Q,w) was evaluated from a theoretical model [8]. S.(Q,w) was transformed by an interpolation
procedure from fixed scattering angle spectra into the representation at constant (). The features
appearing are interpreted as the evidence of the existence of propagating collective modes.

Liquid gallium is not a simple metal and quite different from alkaline metals. The calculations
[9] performed with pair interaction potentials also within viscoelastic theory confirm the idea that the
hardness of the repulsive part is a major factor and it depends slowly on temperature. The problem is
more complicated for a-Ga at temperatures as 373 K not far from melting point where superposition
of two structures exists. This feature is reflected by both the S(Q) and the derived potential.
Therefore both structures may have some influence on the collective excitations. Unlike molten alkali
and other simple metals, the damping effect is higher for a-Ga, but the idea [3, 4] that a-Ga cannot
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sustain finite-frequency excitations because of relatively high longitudinal viscosity is a questionable
problem. From the analysis of S/(Q, ) we have build the dispersion relations (Fig. 1). The positions
of the inelastic peaks plotted against corresponding Q reveal the existence of two dispersion relations
which seem to be the consequence of anomalies observed in S(Q) and pair interaction potential. The solid
line depicts the dispersion of hydrodynamic sound velocity of 1350 m/s and the dashed line
corresponds to a hydrodynamic dispersion ap = cQ), with ¢ = 3300 m/s. We think that the lower
frequency curve lying close to spectral moment <a>>'? is related to the main structure of the S(Q)
for ai-Ga, while the higher frequency component is a consequence of the second structure observed
in S(Q), close to <@?>'". The shape and characteristic of the low frequency dispersion curve are in
agreement with the results obtained in [6] from first principles molecular dynamics simulations for o-Ga at
T = 702 K and 982 K_ It is worth to mention here that the propagation of hypersonic waves in a-Ga
was studied by Brillouin scattering of light [10]. The measured frequencies follow a hydrodynamic
dispersion with an anomalous high velocity, v = 3700 m/s, which is quite near to the one derived
from the high frequency dispersion curve in our results.
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Fig. 1. The dispersion curves for o-Ga at 373 K. The empty circles and full squares represent
the experimental points. The crosses and the asterisks depict <ap>"? and <™>".
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Some results of investigation of liquid ‘He dynamics.
1.V.Bogoyavlenskii, A.V.Puchkov and A.Skomorokhov
Institute of Physics and Power Engineering, 249020, Bondarenko sq.1, Obninsk, Russia

The dynamics in liquid “He at low temperatures has already been a subject of interest for
many years because helium behaves in a unique way. So excitation in superfluid helium in contrast
to the other “simple” liquids remain extremely sharp at wave vectors up to 3.5 A™. Are the sharp
excitations then a “signature” of the superfluid phase, connected in some way to the existence of
Bose condensate in superfluid helium, or is “He just an extremely cold liquid?

The Density-Quasiparticle picture in the frame of the Field Theory and Dielectric function
Formulation provides [1] a good description of the temperature dependence of neutron scattering
data. In this picture, Bose condensate plays an explicit role, and the excitations at the phonon-
maxon range of the dispersion curve is interpreted as a joint density/quasiparticle mode strongly
coupled via the condensate. Within this description, the phonon at low Q is interpreted as a
collective excitation of the Zero Sound mode (ZS-mode) which is not sensitive to the existence of
the Bose-condensate. The sharp maxon peak is interpreted as a quasiparticle excitation of the Single
Particle mode (SP-mode) which observed in S(Q,w) only bellow T;. So the sharp maxon peak is a
unique feature of the condensate and could not be observed in S(Q,w) without one [1].

In this paper we report the results of the recent investigations [2] carried by inelastic neutron
scattering to assess this relationship. Measurements were performed on the time-of-flight direct
geometry DIN-2PI spectrometer at the Joint Institute for Nuclear Research in Dubna. Initial neutron
energy was set about 2 meV and multi-detectors system at angle scattering range 6.3° - 71° allow us
to cover Q range from 0.2 up to 1.15 A™! in one measurements. The Q-dependent resolution widths
varied between 0.05 and 0.1 meV (FWHM).

The scattering function of *He was measured at eleven different temperatures in the range
0.44-2.22K at SVP. The spectra were corrected for background, detector efficiency, and
interpolated from constant 4 to constant Q. To obtain the one-phonon parameters we used simple
subtraction model (SSM) [3]. The multiphonon part of S(Q,») was determined at lowest
experimental temperature and subtracted then from experimental spectra at higher temperatures.
The damped harmonic oscillator function (DHO function) was fitted to the resulting one-phonon
peak taking into account the instrumental resolution.

In results we obtain data on temperature dependence of S(Q,w) which agree in main with
previous detailed study [4]. One-phonon peak is anomalously independent of temperature at the Q
less than 0.3 A"'. Width of the peak slowly increases with temperature; position and intensity
remain constant. We could not find any manifestations of the superfluid phase transition in the
temperature dependence of the one-phonon parameters at this Q-region. At 0.3<(0<0.725 A one-
phonon parameters demonstrate the essential temperature dependence which is most marked at
temperatures near 7. All one-phonon parameters have jump near 7, Intensity and width of peak
increase smoothly with temperature up to 7) and change set of increasing after 7). Position of the
peak have a small dip at T=1.9 K and increases just below 7 (see Fig.1). Changes of the one-
phonon peak become more marked with Q increasing. And temperature dependence of S(Q,w) at
Q=1.15 A" is quite different from that at the phonon region. Intensity and width of the peak
increase with temperature also. Position of the peak remains constant up to 1.6 K, decreases after
one and there are no indications of its rise at T (see Fig.1).

We suppose that temperature dependence of peak position at 0.3<0<0.725 A™! with a dip
bellow T} can be viewed as indication of strong hybridization between ZS and SP modes (If suppose
that ZS energy for normal “He lies above SP energy for superfluid *He). Note, we find peculiarity in
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S(Q,) in this Q range
prediction Glyde-Griffin model [6]. Temperature independence of one phonon p
and its smooth dependence up to Ty at O=1.15 A’ indicate that there are no evidence SP-mode at
0<0.3 A" and ZS-mode at O=1.15 A’'. Wave vector range 0.3<0<0.725 A’! is probably a range
where SP and ZS modes exist simultaneously. Note that previous detailed study of S(Q,») identify
dip in o(Q,T) just bellow T, at all O<1.4 Al that not agree with our data completely. This
disappointment may be caused by some arbitrariness of determination of the multiphonon part of

S(Q,m).
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Fig.1 Energy shifts of the one-phonon peak position at SVP and various Q. Curves are
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Neutron spectroscopy and QC modeling of the low frequency
internal vibrations of mesitylene

L. Cser', K. Holderna-Natkaniec?, I. Natkaniec® A. Pawlukojc’

! Research Institute for Solid State Physics and Optics, H-1525, Budapest, POB 49
Department of Physics, A Mickiewicz University, 61 - 614 Poznan, Poland
? Frank Laboratory of Neutron Physics JINR, 141980 Dubna, Russia

Mesitylene, i.e. 1,3,5-methylbenzene - C¢H3(CHs); contains three methyl
groups in the C; symmetry positions at the benzene ring. At ambient temperature this
material is in liquid phase. The melting point is equal to 220.5 K. Due to the rotational
freedom of methyl groups and of the high hydrogen density solid mesitylene has been
proposed as an appropriate material for the cold neutron moderator [1]. Nevertheless,
there is insufficient information about the dynamical behaviour of this molecule in
crystal. In a simple neutron scattering experiment [2] a classification of its vibrations
at different energy ranges was proposed. According to this work the spectrum around
10 meV energy transfer belongs to the CHj rotational an librational motion. At about
30 meV one deals with normal modes of mesitylene molecule. Above 100 meV the
energy transition arises due to the C - H bending in CH3, while highest energy transfer
corresponds to the C - H streching in CHs. In the present work the results of more
detailed inelastic neutron scattering study and some results of QC modeling of
vibrational spectra of mesitylene, are presented.

The IINS spectra presented in Fig. 1, were measured at temperatures 290, 100
and 18K on the NERA spectrometer [3] at the IBR-2 pulsed reactor. The spectrum at
290K is almost smooth and shows broad quasielastic wings caused by rotational and
translational diffusion of molecules in liquid phase. The IINS spectrum of solid
mesitylene at 100 K shows a few precursory peaks of internal vibrations of molecule
and still significant quasielastic scattering caused by relatively fast reorientations of
methyl groups. The quasielasic scattering is not observed at 18K. The IINS spectrum
consists of broad band of the lattice vibrations and sharp peaks of the internal
vibrations of molecule.

The atomic coordinates and normal modes frequencies of the isolated
molecule were calculated by the AM1 semi-empirical quantum chemistry method [4]
and the Hartree-Fock method using the 6 -31G basis set of the GAUSSIAN 94
program [5]. The calculated frequencies of normal modes up to 700 cm’' are
compared in Fig.2 with the vibrational density of states - G(w), obtained from the IINS
spectrum of mesitylene at 18K. The COSPECO program [4] based on the AMI
method allows to calculate the neutron scattering intensities of normal modes. The
AMI calculated spectrum in Fig. 2 was obtained by convolution these intensities with
the resolution function of the NERA spectrometer [3]. The frequencies of normal
modes calculated by the Hartree-Fock method (HF/6-31G), are presented by bars. The
bars of the higher intensity correspond to the doubly degenerated modes.

Considerable deviation between the observed and calculated frequencies of
methyl librations can be seen over the 20-120 cm™' energy transfer range. The benzene
ring deformation modes in the frequency range 150-650 cm™ can be quite well
approximated by the QC model calculations The discrepancies occur due to the fault
of the model which can calculate only isolated molecule while the intermolecular
interactions are neglected.
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Figure 2. The comparison of the vibrational density of state G(w) obtained from the
IINS spectrum of mesitylene at 18 K with the calculated spectrum by AM1 method [4]
and the frequencies of the low frequency normal modes of mesitylene molecule
calculated by the HF/6-31G method [5] (bars of the higher intensity correspond to the

doubly degenerated modes).
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From the obtained results we can conclude that due to the presence of the
methyl groups in the mesitylene molecules a number of rotational freedom is added to
the lattice and internal modes. This is promising from point of view to use of solid
mesitylen as a cold moderator. The QC calculations reflect many details of the
molecular motions. Discrepancies between the measured and calculated spectra show
the limits of this approach. It seems to be obvious to extent such investigations to
other methyl-benzene compounds.
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NEUTRON SPECTROSCOPY AND QUANTUM CHEMISTRY
MODELING OF METHYL DYNAMICS IN
1- AND 2-METHYL-NAPHTHALENE CRYSTALS
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! Departament of Physics A. Mickiewicz University, 61-614 Poznan, Poland.
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The CH; group in methylnaphthalene (MN) may be attached to the planar naphthalene
rings in two different position denoted as 1 or 2 (or a, B), given compounds named as 1-MN
and 2-MN (or o-MN and B-MN), respectively. The numbering of carbon atoms in
naphthalene starts with the upper one in the right ring and proceed clockwise. The methyl
groups in both studied materials indicate the rotational freedom. Its activation energy
determined on the ground of NMR spin lattice relaxation time, was estimated as (2.4 = 0.1)
and (0.8 % 0.1) kcal/mol in both materials, respectively.[1,2]. In present work the results of
inelastic neutron scattering method was used for study a vibrational spectra as providing a
link between quantum chemistry calculations and experiment. The inelastic incoherent
neutron scattering (IINS) spectra were obtained at 12K on the NERA spectrometer at the
IBR2 pulse reactor. After transformation (in one phonon scattering approximation) of the
TINS spectra, the vibration density of states of the investigated compounds, were obtained.

On the basis of the atom coordinates and the force field matrix, the frequencies of
particular modes - ®j, and their intensities in the amplitude weighted vibration density of
states G(), were obtained by the AM1 semi-empirical quantum chemistry (QC) method. The
contribution of the n-th atom involved in the j-th vibrational mode to the G(w) spectra, were
calculated as proportional to the scattering cross-section- o,, and the displacement — ajn(w;).
These spectra are shown in Fig’s. 1 and 2 by bars, and convoluted with the resolution function
of the NERA spectrometer are shown by solid lines. Disagreements between observed and
calculated frequencies arise almost entirely from a free molecule approximation in the
dynamical model.

It was given the various method of establishing molecular vibrational force field with
their fitting, scaling and refinement procedure. New force field matrix was obtained taking
into account the force field scaling factor as in naphthalene. The calculated spectra with the
new fitted force field are compared with experimental ones in Fig. 1 and 2 for both studied
compounds, respectively. On the grounds of presented above calculations, the assignment of
internal vibration bands may be proposed.

In both studied compounds the intramolecular bands overlaps the lattice modes and
naphthalene ring deformations. The bending out of plane mode xC-CH3 and methyl groups
rotation indicate high amplitude and was observed at 154,192, 211 as well as at 101,119 and
146 cm” in 1-MN and 2-MN, respectively. The bending in plane modes 6C-C-CH3 was
observed at 263, 444 and 201,269, 293 cm’ respectively in both isomeric compounds.
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Figure 1. Phonon density of state of 1-MN versus frequency obtained experimentally from the
IINS spectra at 17K, calculated by semi-empirical quantum chemistry AM1 method (bars and
thin line), and after fitting the calculated frequencies to experimental ones, taking into account
the force field scaling for solid naphthalene (thick solid line).
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Figure 2. Phonon density of state of 2-MN versus frequency obtained experimentally from the
IINS spectra at 17K, calculated by semi-empirical quantum chemistry AM1 method (bars and
thin line), and after fitting the calculated frequencies to experimental ones, taking into account
the force field scaling for solid naphthalene (thick solid line).
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NEUTRON SCATTERING STUDIES AND QUANTUM CHEMISTRY
MODELLING OF INTERNAL VIBRATION OF TESTOSTERONE

P. Klodzinski!, K. Holderna Natkaniec', I. Natkaniec?’, A. Pawlukojc?, A. Szyczewski'

"Department of Physics, A. Mickiewicz University, 61-614 Poznan, Poland.
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3H. Niewodniczanski Institute of Nuclear Physics, 31-342 Krakow, Poland.

Testosterone, a steroids, is the principial hormone of the testes, produced by the interstritial
cells. It acts as a powerful androgen and is responsible for the male sex characteristics.
Testosterone, of the chemical formula Ci9H,s O, , has a molecule built of sterane ring (fig.1)
to which two methyl groups are bonded at the carbon atoms denoted as C10 and C13, and
hydroxyl and ketone groups are bonded to the carbon atoms C17 and C3, respectively. At
room temperature it crystallizes in monoclinic symmetry P2;. The elementary unit cell
described by the lattice constants (in A) a= 14.720(3), b=11.080(2), c=10.868(2), B= 113.34°
contains Z=4 molecules of the compound [1]. The internal dynamics of testosterone was

studied by the 'H NMR [2] and IR spectroscopy [3].

.’\@”
/‘W\o

Fig.1. The sterane ring with the assumed notation of carbon atoms.

Neutron scattering experiments were performed on NERA-PR time of flight inverted

geometry spectrometer at IBR-2 high-flux reactor of JINR at Dubna. The spectrometer
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provides a possibility of simultaneous recording of neutron diffraction (ND) and incoherent
inelastic neutron scattering (IINS) spectra. The ND spectra obtained at 20 K were recorded at
the scattering angles of 68.5° and 135.0° for inter-planar distances from 2.5 to 6.5 A. The low
temperature ND reflections may be indexed in the monoclinic symmetry by the least square fit
method of the experimental data as a=14.40, b=10.82, ¢=10.61, f=110.6°. No phase transition
was observed in the temperature range from 290K to 20K.

The inelastic neutron scattering spectra recorded simultaneously with ND pattern after
summation over 8 detectors and subtraction of background, were transformed in one phonon
scattering approximation to the amplitude weighted phonon density of state (fig.2). The
energy gap between the lattice and internal modes was found. Some structure observed in the
lattice band, as well as the Debye like behavior of its low frequency part i.e. G(®) ~° seems

to be related to the ordering in low temperatures.
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Figure 2. Phonon density of state of testosterone in one phonon scattering approximation.
(details in text ,below).

In order to explain the experimental results, the calculation of the IINS spectra was
performed by the semi-empirical QC AM1 method. The internal structure of an isolated
molecule of testosterone was determined by this method. The force field was calculated by the
QC method using different parameters proposed by Dewar in [4,5]. The intensity of normal

modes of the frequency ® in the phonon density spectra, Gn(w) , was calculated as
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proportional to the displacement of the n-th atom involved in the j th vibration mode a;" with
the frequency ® and is convoluted by the spectrometers apparatus function &(w-;) that
provides the measurements INS intensity:

G ()~ 3" (W) §(w-a)

The calculated results obtained taking into regard parameters as in [4] and [5], were
presented in Fig.2 by bars B and D, respectively and compare with experimental ones ( curve
A, fig.2). Each mode was convoluted with a broadening function that is Gaussian (exemplary
presented curve C in fig.2); the line width of each Gaussian is as a resolution function of used
spectrometer [6].

On the basis of the calculation results the assignment of internal modes can be proposed. In
the INS spectra of testosterone the methyl torsion were observed. The methyl torsions were
usually weak or inactive in optical spectroscopy, but appear strong in neutron spectroscopy.
An explanation is that the three hydrogen atoms of the methyl group have the cross-section for
neutron scattering of 80, so much higher then that of the other atoms in the molecule. The out
of plane vibrations (symmetric or anti-symmetric) were observed in the region 170-300 cm’
! As the first, the onset of rotation of methyl group bonded with C(10) was calculated at the
frequency of 111 cm’. Then, at 214 cm™ the torsion of the second methyl group was denoted.
These vibrations were mixed with the skeleton ones. The observed experimentally difference
of frequency these modes (120 and 195 cm’') was caused also by the interaction of the
molecular surrounding. It was found that the lines corresponding to the torsion vibrations
involving any atoms from OH group were close to 267 cm’', and those attributed to
deformational modes § [CCC-O] were close to 350-480 cm™.

On the basis of the results discussed before we have proved the different dynamics of the
methyl groups.
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First experiments of observation of surface phonons and magnons at polarised neutron
reflectometer REFLEX-P

D.A.Korneev, V.1.Bodnarchuk, V.F.Peresedov, V.V.Zhuravlev, A.F.Schebetov*, S.P.Yaradaikin
FLNP, JINR, Dubna, *PINP, Gatchina

Abstract
A new mode of the time-of-flight polarised neutron reflectometer for investigation of inelastic interaction
between thermal neutrons and surface excitations via reflection by thin films is described. Using the direct
inelastic method with rotating monochromator (AA/A=4x10Y/A, AE/E=0.9-107E"* [A]=A, [E]=meV) and
time-of-flight energy analysis the upper limit of the probability of thermal neutron - surface phonon inelastic
collision for the Ni/Ti multilayer structure in the energy transfef region near the maximum of state density

function of bulk Ni has been estimated experimentally.

The neutron wave function damps with depth x in a
medium at wave vectors ky below the critical one: y(
x,y,z)~exp(-x/l)-exp{i(kyy+k.z)}, where

I=(k:2 - k)12, k. is the critical wave vector.

Wave vectors of surface excitations (phonons,
magnons) have only surface (planar) y,z components
and are also concentrated in the subsurface region.
Interaction of the neutron with surface excitations
must only lead to a change in ky, k, components of
wave vector of neutron. The interaction with a surface

phonon must result in a small-angle scattering. In the

Fig.1 Two ways of measuring inelastic neutron
scattering on surface excitations by the reflectometer
REFLEX-P: (a) The movable detector records
neutrons scattered in the horizontal plane by the angle
@ Two ways of measuring inelastic neutron
scattering on surface excitations by the reflectometer
REFLEX-P: (a) The movable detector records
neE/E=0.9-102E'? ([E]=meV). The energy of
scattered neutrons is analysed by the time of flight of
n the neutron over the distance between the sample and
the detector. The best transferred energy resolution is
achieved when the neutron loses energy(P>y). The
energy gain corresponds to the region p<y.
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Fig3 Curve 1 - specular beam reflected
by the angle p=y=3.3mrad. Curve 2 - off-
specular beam reflected by the angle f=1.9y
(peak on the curve 2 corresponds to the
elastic diffuse scattering). The counting of
the inelastic neutron in the hatched channels
did not exceed the background of the
setup(see the text).

case of incoherent inelastic .reflection the reflected
neutrons will fill the small-angle isotropic cone. The
kinematics of the process is quite simple and provides
a unique relation between the off-specular angle § and
the energy transfer €. A rotating monochromator is
built to measure energy transfer € at off-specular
reflection (see Fig. 1). The energy € is analysed by the
time of flight of the neutron over the distance between
the detector and the sample. The x coordinate and

of the detector

window width Ax=1.4mm
unambiguously determine the expected energy et Ae
and time t+ At regions for recording of inelastically
reflected neutrons. Measurements were carried out for
the off-specular angles B=1.9y (e=-28meV), 0.65y
(e=t20meV), and 0.25y (e=+190meV). Figure 3
displays the measured inelastic spectrum. Curve 1 is
the monochromatic line at B=y (¥=3.3mrd), i.e. in a
specular reflected beam. Curve 2 corresponds to the
spectrum at the off- specular angle B=1.9y. The elastic
line of diffusely reflected neutrons is clearly seen. The
region At of the expected inelastic peak is hatched.
The counting in the hatched channels did not exceed
the background of the setup Thus, the first results
show that the inelastic process probability in the
region of €=(28+3)meV and within the vertical
acceptance of detector A[3=10'2 is as low as 1.8-107
per one collision of the neutron with the surface of
Ni, which is about 1000 times lower than the
probability of the diffuse elastic process within this
angle. The recalculation for AB=2r give us the upper
estimation of the magnitude of the "inelastic"

probability < 1.1-10 per one collision
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The interaction of neutrons with surface magnons
must lead to scattering in the vertical plane. It

should be expected that neutrons inelastically

reflected from the magnetic FeCo/TiZr supermirror on glass (under assumption of quadratic

dispersion low of surface magnons) will concentrate within the small vertical angle o< tr, where r <<

1 is the magnon-to-neutron mass ratio. Measurements without the monochromator with

polychromatic beam showed that scattering does occur and its characteristic dependence on the

scattering angle o indicates inelastic reflecting of neutrons (see Fig. 4).

The work is supported by the Russian Foundation for Fundamental Research, grant Ne 00-02-

17484.

133



NEUTRON SCATTERING STUDY OF THE CssH3(SO4)4- 0.5H,O CRYSTAL
AND ITS DEUTERATED ANALOG.

S.G. Lushnikov®, A.V.Belushkin®, S.N.Gvasaliya®, I.Natkaniec™<, L.A.Shuvalov®, L.S.Smirnov® and
y
V.V.Dolbinina®.

“A.F.Ioffe Physical Technical Institute RAS, 194021 St.Petersburg, Russia
bFrank Laboratory of Neutron Physics, JINR, 141980 Dubna, Russia
¢ H.Niewodniczanski Institute of Nuclear Physics, 31-342 Krakow, Poland
Institute of Crystallography RAS, 117333 Moscow, Russia
€ SSC RF Institute of Theoretical and Experimental Physics, 117259 Moscow, Russia

The CsH,(SO,),*0.5H,0 (PCTS) crystal belongs to the family of superprotonic conductors where a
high protonic conductivity is due a quasi-two-dimensional dynamically disorder network of
hydrogen bonds [1]. Analysis of the dynamics of the crystalline lattice of PCTS crystal reported in
[2] suggests that the following sequence of phase transformations is realized: Superprotonic phase
P6/mmm (T =414 K) & P63/mmc (T = 360 K) < glass-like state below T, = 260 K. Of the group
of related superprotonic compounds, PCTS is now the only crystal where the glass-like state is
realized with decreasing temperature (T, = 260 K). Recent Brillouin light scattering and neutron
scattering studies of Csy(H,D);(SO,),°0.5(H,D),0 (PCTS and its deuterated analog DPCTS)
revealed a strong isotopic phenomenon, which results in disappearance of phase transition at T =
360 K in the deuterated crystal DPCTS[2, 3]. The goal of this work was further studies of the effect
of deuteration on the structure and dynamics of the PCTS lattice at low temperatures.

Inelastic incoherent neutron scattering (IINS) and powder neutron diffraction experiments
were carried out in a wide temperature range 10 - 300 K at the NERA-PR inverse geometry time-of-
flight spectrometer. Powder samples of PCTS and DPCTS (two samples with different deuterium
concentrations) were studied. Scattered neutron energies were measured by cooled beryllium filter
and pyrographite analyzers. The elastic peak resolution was 2%. The measured IINS spectra were
recalculated to the generalized density of vibrational states G(E) in the one-phonon incoherent
approximation.

Fig.1 shows the generalized density of vibrational states G(E) for PCTS and DPCTS-II in
the regions of transferred energies 0 — 300 cm™ (Fig.12) and 300 — 1600 cm™ (Fig.1b). It is well
seen that there are differences between the curves: they have the peaks at 135 and 245 cm’ for
PCTS which disappear on the curve G(E) for DPCTS. The consequence of deuteration is the
decrease in the peak intensities which is due to a lower concentration of a strong scatterer -
hydrogen atoms (the concentration of deuterium atoms estimated by the intensity decrease is ¢}, ~ 60

% for the DPCTS-II sample).

Now we turn to the discussion of neutron diffraction data for the samples studied (Fig.2). It
is evident that substitution of hydrogen by deuterium noticeably affects the diffraction pattern at T =
20 K. The diffraction spectrum of DPCTS-I (with an intermediate deuterium concentration)
experience only quantitative changes (in intensity) compared with the PCTS spectrum. Comparison
of the diffraction spectra of PCTS and DPCTS-II shows that an increase in the deuterium
concentration gives rise to several additional reflexes. The reflexes with d = 3.242, 3.110, 2.693,
2.671 A are the most intense. The effort to describe the obtained diffraction pattern for the DPCTS-
1l compound in terms of space group P63/mmc (which corresponds to the crystal symmetry of the
PCTS crystal) failed. The authors of [4] discovered that on thermal cycling a phase transition takes
place in the PCTS crystal and as a result its symmetry lowers to rhombic. It can be supposed that
deuteration leads to symmetry changes at low temperatures similar to those occurring in pure PCTS.
Further studies are needed to understand the reasons for changes in the diffraction pattern of the

134



deuterated PCTS sample. However, even now we can argue that PCTS crystals exhibit the isotopic
effect associated with hydrogen substitution both at high and low temperatures.

[1] Baranov A.L, Kabanov O.A., Merinov B.V. and Shuvalov L.A., Ferroelectrics 127, 257 (1992).

[2] S.G. Lushnikov and L.A. Shuvalov Crystallography Reports 44 (1999).

[3] Lushnikov S.G., Belushkin A.V., Beskrovnyi A L, Fedoseev AL, Gvasaliya S.N., Shuvalov
L.A.and Schmidt V.H., Sol. St. Ionics 125 (1999) 119.

[4] Merinov B.V., Melzer R., Lechner R.E., Jones D.J., Roziere J., Sol. St. Ionics 97 (1997) 161.
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Investigation of disorder degree effect on vibrational spectra of
the relaxor ferroelectrics PbSc;,Ta;,0;.

S. Lushnikov’, S. Gvasaliyal, I.Sashin? and R. Blinc?

!A.F.Ioffe Physical - Technical Institute, St. Peterburg, 194021, Russia
2Frank Laboratory of Neutron Physics, JINR, 141980, Dubna, Russia.
3 Josef Stefan Institute, Lublijana, Sloveniya

Relaxor ferroelectric PScy,Ta1203 (PST) belongs to perovskite-like crystals with the common
formula AB’,B”,x0;, with Sc>* and Ta>* ions at the sites of the B sublattice. The PST
compound is used as a model object in studies of the effect of the disorder degree on physical
properties of relaxor ferroelectrics because the ordering degree of Sc** and Ta>* ions can be
changed by thermal treatment (annealing) [1]. The goal of this work was to study the effect of
the disorder degree on the vibrational spectrum of PST in inelastic neutron scattering (INS)
experiments. Vibrational spectra of nominally disordered and ordered (s = 0.85) PST were
studied for powder PST samples at temperatures 77 K — 320 K. For the INS experiments, a
KDSOG-M inverse geometry spectrometer was used. The resolution at zero transferred
energy was 0.6 meV. Experimental data were treated in the one-phonon incoherent
approximation and the generalized density of vibrational states G(E ) was calculated.

Fig.1 shows the generalized density of vibrational states G(E) of ordered and disordered
PST at T = 320 K. It is well seen that differences in the disorder degrees of the ions of the B
sublattice affect G(E) only slightly (the difference between the curves is within the limits of
experimental error which was ~ 2% at T = 320 K). This result is extremely important for
understanding the lattice dynamics of the PST crystal. The differences in the shapes of Raman
spectra (and also their complicated structure) [2, 3] for PST crystals with different disorder
degrees was interpreted as a result of contribution of phonons from different points of the
Brillouin zone [3]. The results obtained in the study described in this paper support this
interpretation because the shapes of the G(E) function, which is not restricted by the selection
rules in contrast to Raman spectra, were found to be similar for both samples. With decreasing
temperature the G(E) function of both samples changed in the low-energy region. Fig.2 shows
the low-energy region of the density of states G(E) at T = 77 and 320 K for the disordered
(Fig.2a) and ordered (Fig.2b) PST samples. It is evident that in the region of transferred
energies 6 — 10 meV a considerable change in the density of states of the disordered PST takes
place. The changes in the regions 2 — 6 meV and 10 — 14 meV are small and lie within the
limits of the experimental error. Therefore, the situation here is similar in many respects to the
behavior of the density of states of the PbMg;;3sNb2303 (PMN) crystal in the temperature
range 50 - 290 K, where G(E) changes in the region 5 — 10 meV [4]. It is also well seen that
the G(E) function of the ordered sample behaves differently: its density of states changes only
in the energy range 6 — 7.5 meV. Thus analysis of the experimental data has shown that the
higher the disorder degree, the wider the energy range where the generalized density of states
varies with temperature.

[1] F. Chu, N. Setter and A.K. Tagantsev, J. Appl. Phys. 74 (1993) 5129.

[2] 1.G. Siny and T.A. Smirnova, Ferroelectrics 90 (1989) 191.

[3] L.G. Siny and C. Boulesteix, Ferroelectrics 96 (1989) 119.

[4] S.G. Lushnikov, S.N. Gvasaliya, 1L.G. Siny, E.A. Goremychkin and LL. Sashin,

Ferroelectrics 262 (1999).
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STRUCTURE, IR, NQR AND INS SPECTRA OF HYDROGEN
DICHLOROMALEATES

L Majerzl‘z, L. Jerzykiewiczl, A. Pawlukojéz, I Natkaniecz, J. Kalenik' and L. Sobczyk

1)Faculty of Chemistry University of Wroctaw, Joliot-Curie 14, 50-383 Wroctaw
2) Joint Institute for Nuclear Resesarch, 141980 Dubna, Russia

Hydrogen maleate anions were the subject of numerous studies because of the presence of
very short OHO™ hydrogen bonds with a single minimum potential for the proton motion ([ and
references therein). Similar situation was found in hydrogen dichloromaleate anion in the adduct
with proton sponge [2]. However we found recently that in other inorganic salts infinite polyanionic
chains are formed with a double minimum. In the potassium salt equal population of both minima
takes place [3]. In the present raport we would like to describe preliminary results of structural and
spectroscopic stududies on selected M*H(OOC-CCI=CCI-COO)  salts.

Details related to X-ray diffraction, IR and NQR experiments are described in paper [4]. The
information about the neutron experiments is given in [5]

The structure of polianionic chains is presented in Fig taking the potassium salt as
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an example. Short hydrogen bonds OHO- of 2.45 A are symmetric. Terminal oxygen atoms
involved in hydrogen bonding are not equivalent so that the chlorine atoms CI(1) and CI(2) are also
inequivalent what is well reflected in the NQR spectra. For the sodium salt a doublet appears with
frequencies 37.384 and 38.255 MHz, for potassium salt 36.580 and 37.164, and for litium 37.407
and 38.002 MHz. In case of ammonium salt where additional differentiation due to hydrogen bonds
with ammonium cation takes place one observes a quartet with frequencies 36.683, 37.142, 37.683
and 38.135 MHz. In the IR spectra one observes for all salts a highly intense broad bénd in the
region 300 - 1600 cm’' that can be treated as an evidence of double minimum hydrogen bonds with

a low barrier for proton jumping.
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In Fig 2. there are shown INS spectra for four salts. The full analysis of these spectra at the
moment is not possible without additional calculations. However on can suggest that most intense
bands at low frequencies should be attributed in addition to the lattice modes to vibrations with
particiaption of chlorine atoms. This relates particularly to the series of bands around 500 cm™. One
should also notice dramatic differences in recorded spectra although all crystals contain similar
polyanions. In the case of the potasium salt one observes strange pattern of the spectrum up to

rather high frequencies that could suggest almost continuum distribution of phonons.
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VIBRATIONAL ANALYSIS OF PENTACHLOROPHENOL
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Pentachlorophenol seems to be an interesting compound from the dynamical point of view
because it contains only one hydrogen atom. This is important in the analysis of the INS spectra where
a substantial role play the cross sections of respective nuclei and the selection rules are not obeyed. On
the other hand the accumulation of a number of chlorine atoms with relatively large cross section
should be reflected in the low frequency range. The problem of intensities in INS spectra for modes
with participation of chlorine atoms seems to be some importance. The IR and Raman spectra of
pentachlorophennol were the subject of papers [1,2]. However the complete analysis based on ab initio
calculations was not performed so far. Also the INS spectra were not studied up-to-now. These aspects
are the main subject of the present raport.

Neutron scattering data were collected at the pulsed reactor IBR-2 in Dubna using the inverted
geometry time-of-flight spectromether NERA-PR [3]. Ab initio calculations were performed by using
GAUSSIAN programme 94 HF/6-31G* [4].

The full vibrational analysis of pentachlorophenol will be the subject of separate paper [5] while

in this report we would like to discuss the INS spectrum. It is presented in Fig. 1

G(w)

600 800
Energy transfer [cm™] T}

observed frequencies (not taking into account the lattice vibration) marked from to 23 are compiled in

Table with assignments based on ab initio calculations.
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The comparison of data in Table 1 allows us to formulate the following conclusions. The
vibrations with participation of the chlorine atoms are exposed in the spectrum with intensities
comparable with those with participation of the hydrogen atom. This is well seen in the range 430 - 520
cm’ which comes exclusively from the vibrations of chlorine atoms. The intensity of the components is
comparable with the band at 346 cm’ connected with the vibration into which the hydrogen atom is
involved. We suppose that there are two reasons. Firstly as a rule participate in vibrations more than
one chlorine atom that increases probability of inelastic scattering. Secondly this probability depends
also on the amplitude of vibrating atoms [6] which for heavy atoms is larger than for the hydrogen
atom.

In the analysis of INS spectrum of pentachlorophenol we met the problem of overtones and
summation frequencies responsible for the neutron inelastic scattering. We believe that without
acceptance of such scattering one can not explain the INS spectrum. It seems interesting that such
overtones and summation frequencies are related to the torsional vibration of the OH group, so with

participation of the hydrogen atom which, as known, is characterized by the largest cross section.

Table 1.

Frequencies observed in INS spectra and assingments

No v,cm’ Assignment

1 65 C-Clwagg + OHiors +ring def

2 90 OHors + C-Clyagg + C-Clyock + ring def.
3 107 CClrock + C-Clyagg + ring def.

4 138 overtones

5 152 and summation modes

6 158 of 1 and 2

7 184

8 204 C-Orock + C-Clrock

9 219 C-Clrock

10 274 summation of 8 and 1

11 290 summation of 8 and 2

12 315 C-Owagg + C-Clyagg

13 346 C-Clyagg + C-Ouagg + OHpeng + C-Clroek
14 388 C-Clyock
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5 434 C-Clyeen

16 468 C-Clgiretch

17 502 C-Clsretch

18 527 C-Clstretch

19 586 ‘ summation of 17 and 2

20 652 C-Clyock + OHpend

21 714 C-Clrock + C-Clyagg + ring def.
22 764 C-Clstretch

23 872 C-Clgtreich
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On diffusion of big ions in aqueous solutions
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In our previous inelastic neutron scattering experiments on aqueous solutions we have
investigated effects of hydrophobic hydration, using as model particles tetraalkylammonium (TAA)
ions MesN*, BuyN" and tetraphenylphosphonium (TPP) ion PhyP*[1-2]. In the course of the analysis
of the experiments mentioned the main attention was paid to the dynamics of water molecules,
incorporated in the hydration shells of these big ions. They contain a remarkable number of protons
and contribute a sizeable portion in common neutron scattering by solutions. To separate water and
ion effects supplementary experiments with heavy water solutions were performed. Now we shall
use results of these experiments to infer an information concerning with the diffusion of big ions
mentioned.

Due to the small contribution, introduced by water in the common neutron scattering of
heavy water solutions (see fig. 4 in [1]), we can neglect with hydration effects in these solutions and
consider the difference between neutron scattering by solution and water as one related to an ion:

Ssol = Sp20 = Sion 1

Then the quasielastic component of Sj,, was extracted (detail see in [3 ]) and analysed in two steps.
The first one was done under assumption the quasielastic scattering function to be the superposition
of two Lorentzians, corresponding to the translation and rotation components of ion diffusion
mobility:

See™(q,€) = {Z12 A(Q*AEi(q)/[€* +AEZ(Q)]}®R(q.¢), (2)

where A; and AE; — are weights and halt-widths of partial curves, R(q,e) — resolution function of
spectrometer, q and € - neutron wave number and energy transfer. The results of two-Lorentzian
decomposition of experimental curves according exp. (2) are presented on fig. 1. It is seen, that both
components if any have similar half-widths, and neither of weights behaves like it could be
expected for reorientation diffusion. This is why we have preferred the one-Lorentzian
representation of experimental quasielastic scattering functions:

Sqe™(q,8) = {A(Q)*AE(q)/[¢’+AE*(Q)]}®R(q:€) 3)

The reasonable description of experimental curves by exp.(3) and straight — line q*-dependence of
intrinsic quasielastic scattering half-widths for three ions studied (fig. 2) indicate, that we deal with
continuous translation diffusion, for which:

AE(q) = 2hq?D 4)

Fig. 3 gives the comparison of diffusion coefficients in heavy water at 25C° for infinite dilution,
obtained from our results (fig. 2), NMR-data [4], and calculated on the basis of the conductivity
(MesN" and BuyN" [5], PhyP” [6]). In the case of TAA-ions three experimental methods give similar
results: the coefficients of diffusion are the smoothly falling functions of ion crystallographic radii
(taken from [5]), but these radii do not coincide with the predictions of Einstein-Stokes law. TPP-
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ion (crystallographic radius is taken from [7]) does not fit in with common picture and looks like
more movable one compared with TAA-ions. It is not ruled out, that alkyl chains of TAA-ions fit
into water structure and hinder diffusion mobility [8].

So, it can be concluded, that in heavy water the diffusion mobility of the big ions
investigated obeys the continuous diffusion law without any visible evidence of reorientation.
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Fig. 1. The result of two-Lorentzian decomposition of quasielastic scattering functions according to
exp. (2): a) intrinsic half-width of partial curves; b) weight of partial curves
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Fig. 2. Intrinsic half-width of quasielastic scattering functions for one-Lorentzian representation of
experimental curves (exp. (3)): a) Me,N* ion; b) BuyN" ion; ¢) PhyP” ion.
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Local structure and charge distribution in ionic conductors
Ln;,Sr,Co0s 5, Ln = La, Ho; x=0.6, 0.8; 6 =0, 0.1, 0.2.

A. Podlesnyak ! A. Mirmelstein ! G. Chimid 2

Institute for Metal Physics, Ekaterinburg, Russia
2 Frank Laboratory of Neutron Physics JINR, 141980 Dubna, Russia

At certain x and é cobalt perovskites
Ln;..S1sC00;.5 have crystallise in the cubic
structure providing thus a possibility to

determine  unambiguously the  CEF
Hamiltonian.
Inelastic neutron scattering

experiments have been carried out to study
the CEF interaction in the perovskite-like
compounds Hog,1S19.9C003.5. The
experiments were performed for T=10 and 50
K. The observed energy spectra at T=10K
exhibit well defined inelastic line at 3.2 meV
and very broad intensities of magnetic origin
around 12 and 20 meV (Fig.1). From
temperature and scattering vector
dependencies one can interpret these peaks in
terms of CEF transitions, since the phonon
density-of-states of the non-magnetic
reference compound Lag ¢Srg4CoO3 exhibits
no inelastic lines up to 30 meV (Fig. 1).

The analysis of the data involves
standard techniques, which has been
successfully used to interpret the observed
CEF spectra in the 1-2-3 systems [1]. The 17-
fold degeneracy of the ground state J-
multiplet °Ig of the Ho* ions is split by cubic
CEF into six levels. The values of energies of
all observed and calculated ground-state
transitions are given in Table 1. Estimated
CEF parameters are listed in Tables 2.

Clearly more work is needed in order
to check the proposed CEF Hamiltonian.
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Table 1. Observed and calculated energies
of Ho>" in Hog 1Sr99C00;3.5 , meV
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Table 2. CEF  parameters for
Hog.1Sr59C003, meV.
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Low-frequency collective modes in the superionic phase of
lead fluoride

A.Radulescu!, I.Padureanu’, S.N.Rapeanu', A.Beldiman', M.Ion', Zh.A Kozlov?, V.A.Semenov

!Institute of Physics and Nuclear Engineering-Horia Hulubei, Bucharest 76900, Romania
2Joint Institute of Nuclear Research, 141980 Dubna, Russia
7 Institute for Physics and Power Engineering, 249020 Obninsk, Russia

The dynamic structure factor S(Q, ) for fluoride PbF, in the normal and the superionic states at
T = 293 and 823 K has been investigated by cold neutron scattering [1]. A particular interest in
these compounds was stimulated because some fluorite like CaF,, SrCl,, BaF,, SrF,, and B-PbF,
exhibit fast-ionic conduction or “superionicity” above characteristic temperatures T, much below
the melting temperatures T,. The ionic conductivity of these compounds increases exponentially
with temperature from values smaller than 1 Q'm™, which are typical for normal ionic solids, to a
value of about 100 Q'm’ comparable to those of ionic melts [2,3]. This high increase is
accompanied by a fast increase in heat content, also at T, [4,5]. It has been generally stated that the
rising in the ionic conductivity and heat content are attributed to the development of a superionic
phase at temperature above T, with a thermally activated dynamic disorder in anion sublattices.

At present, according to the large volume of existing data, it seems that the conduction
mechanism as well as the dynamic behaviour of anion disorder responsible for the superionic
conductivity are well understood. Nevertheless, some contradictions, both in the experimental and
the theoretical results exist [6].

The conduction mechanism in these materials occurs through the mobility of the ions and, at
normal temperatures this is due to the anionic Frenkel disorder. It has been states that the anionic
disorder must be also responsible for the conductivity in the superionic state. Both the superionic
and low-temperature disorders are of the same kind but a special mechanism for the anion dynamic
at high temperatures is involved. From the majority of previous studies it was concluded that a
rather small fraction of anion was displaced from their regular sites, the fraction of true Frenkel
defects being smaller. The high conductivity is result of the high mobility of these defects [7-10],
the most important dynamic process being the diffusive motions.

Other results obtained so far contradict this general point of view. They consider that the
difference between the superionic and the low-temperature disorders is one of degree, a massive
disorder of the anion sublattice above T, being assumed [11,12]. In this respect, the dynamics of the
defects looks like that of the particles in a liquid where the distinction between their residence time
and their flight time disappears, a sublattice melting point of view being sometimes used in
association with the fast-ionic behaviour.

We consider that the fast ionic conduction mechanism via anionic diffusion defects, is not a
fully elucidated problem yet. Some ion-transport mechanism [13] have not been investigated
enough. A specific behaviour of the elastic constants of lead fluoride in contrast with other of
fluorite has been reported when temperature is being raised above T, [8]. In order to give some
insight into the diffusion mechanism in the wave vector and energy transfer (Q,#®) space, new
investigations will be necessary. A direct proof of the diffusive mechanism in such disordered
systems is provided by the investigation of the neutron quasielastic spectrum in the small energy
transfers region.
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Because of the insufficient investigation of PbF, in the range of Q space up to 2 A" we performed
an analysis on this compound by quasielastic cold neutron scattering at the DIN-2PI time-of -flight
spectrometer set up at the IBR-2 fast-pulsed reactor from JINR-Dubna. The sample of a
polycristalline lead fluoride was analysed under normal and superionic state at T = 823 K. An
incident neutron wave-length of 5.358 A allowed us to perform measurements in a range of
scattering vectors 0.2=| Q| =2.15A" with a better resolution than the previous quasielastic neutron-
scattering investigations of this compound. The energy resolution AE=0.148 meV (full width at half
maximum) was measured by means of vanadium. Thirteen batteries of He-detectors were used to
detect the neutron spectra at various angles between 9°-134°.

For a fully coherent scatterer like PbF,, the double differential cross section is related to the
dynamic structure factor S(Q,») through the relation

dio |
29 _nNE Ll s s(q 1
dQdE " TS Qo) &

were N is the number of
particles in target systems,

‘ PbF, ' E’ is the final energy of the
P el | } : ey ‘ neutrons, o, is the bound
T=823K T K | nucleus coherent scattering
} ‘ ' cross section and the ¢
! |_ | index denotes the coherent
| | ' scattering process with

| ' hQ=h(k-k") the momentum
£ Al oy transfer, and %o the energy

by \\\V rq; 1 transfer. ~ The  results
E \v-.\,_,-a—r obtained in uniform energy
40000 T VRS e e scale from the corrected
| | time-of-flight spectra were
interpolated at constant
I : wave-vector transfer Q as
203 K function of energy transfer
ho (Fig. 1).

In the superionic
state S(Q,w) at constant
wave-vector transfers
i_ reveals symmetrical peaks
1 at ~+0.5 meV in the Q-
L N~ space range 1.55-2.05 A’

Ny e St This structure is similar to
energy transfer [me\/) the long-wavelength
collective excitations
(Brillouin doublet) specific
to some liquid metals.
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B
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Fig. 1. Dynamic structure factor of PbF, at T=823
and 293 K as a function of the energy transfer for
two values of Q.
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Such an observation could support the idea of liquid-like behaviour at the level of the anion
sublattice in the superionic state. However, the energies of these excitations are about one order of
magnitude smaller and the corresponding Q values are rather high compared to those of the
collective modes observed in the simple classical liquids. Therefore these excitations are of different
nature from those characteristic for a classical liquid [14,15].

The results of this study lead to the conclusion that a strong correlation between the superionic
transition and the low-frequency dynamics exists, raising new questions that may imply a new
interest in the microscopic processes associated with the superionic transition.
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HYDROGEN TRAPPING BY SOLUTE ATOMS IN NB-MO ALLOYS AS
OBSERVED BY THE NEUTRON SPECTROSCOPY
V.V.Sumin,! G.Chimid',F. Mazzolai’
! _Frank Laboratory of Neutron Physics
2 _Perugia University, Italy

The inelastic incoherent neutron scattering was measured on time-of-flight
neutron spectrometer with inversed geometry KDSOG-M instelated on IBR-2 pulse
reactor in Dubna, Russia. The resolution of the spectrometer is 10% for the energy
transfer 100-150 meV. The Nb-Mo samples measured without and with hydrogen The
difference of these spectra is a contribution of hydrogen in phonon density of state.
Figure showes the hydrogen vibration in Nb-Mo(20 at.%)-H(5 at.%) solid solution at
300, 200 and 10K.

In the before studied alloy Nb-Mo(5 at.%)-H(3 at.%), hydrogen become to the
hydride phase lower 150K. The hydride phase has HLM energies 116 and 165 meV
(see table). We conclude from our measurement that a) Mo does not form a strong
trap for hydrogen and b) hydrogen stays in usial T-site in a discripance with FIC data.

Increasing of Mo-concentration up to 20 at.% Mo- alloy the HLM energies do
not change their values (table). Consiquently, hydrogen occupies the usial T-sites as
for 5 at.% Mo-alloy. This is in contradiction of the FIC data also. Really the HLM
energies in the octahedral site must be ca 40 and 220 meV. But we did not observed
these HLM.

The temperature dependence of the HLM energies of the 20 at.% Mo- alloy
differs sufficiantly from the HLM energies of the 5 at.% Mo-alloy. Indeed, the HLM
energy positions are almost independ from temperature (table and figure). So we see
that hydrogen does not presipitate in 20 at.% Mo- alloy. Therefore we can propose
that in this alloy Mo forms a hydrogen traps and supress the hydride formation.

Table
Energies and linewidth (FWHM) (in meV) of hydrogen local modes in
Nb-Mo(5at.%)-H(3at.%) and Nb-Mo(20at.%)-H(5at.%) alloys at diffrent temperatures

Nb-5%Mo-3%H Nb-20%Mo-5%H
T(K) hw; I hw, | ) hw,; I hw; | )
300 10743 21 15216 X 10843 22 =160 X

200 113.613 20 16116 X 10843 20 16515 X

150 114.61£2 19 16414 35

100 116.7+2 18 | 16544 37

50 116.0£1.5 19 164 31

10 116.7x1 18 164 31 107£1 17 15942 32
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Experiments on Neutron Spin Interferometry Using Spin-Echo Technique

A. L Frank, A.V. Kozlov,
Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980, Dubna, Russia
P. Heghej, F. Pfeiffer
Institut Laue-Langevin, Grenoble, France
G. Ehlers.
HMI, Berlin, Germany.
It is well known that neutron precession in the transversal magnetic field, B, may be

described as the manifestation of the phase difference between two components of a spinor
wave function

172 172
®=(k, k)x k ﬁ) 1+ BB
E E
B 2uB o
-kt -(oLx, O, N
E v h

where p, B and E are neutron magnetic moment, magnetic induction and neutron energy

respectively, o, is the Larmor frequency and v is the neutron velocity. Since two components of

the spinor differ by k-numbers, the result of neutron interaction with matter is as a rule not equal

phase variation of the two waves. The appearance of the extra precession angle may also be

interpreted as a change of the neutron travel time, At, caused by the sample presence, since

At = A% . In the simplest case of the neutron passing through the sample with thickness d
L

and the neutron refractive index n, it is easy to obtain

At=(1-n)3, Ad)szw
Vv A%

C2)

These consideration were presented in references [1] regarding to the problem of the phase
contrast in neutron optics. In ref. [2] the more general case of the interaction potential was
discussed. In recent works [3,4] the first experimental attempts of the observation of the extra
precession angle using spin-echo technique were made.

We aimed to demonstrate with better accuracy the appearances of the additional phase
precession angle when neutrons pass through the refractive sample. The experiment was done at
the IN15 spin-echo spectrometer [5] of the Institute Laue-Langevin, Grenoble, France. The
sample was installed inside the second precession coil of the instrument which was used together
with a multi-layer monocromator. We could measure precession phases for two beams of which
only one passed through the sample as it shown at the fig.1.



Fig.1. Scheme of the experiment. |- velocity selector, 2- polarizer, 3- n/2 flipper,

4- precession coils, 5- n-flipper, 6- analizer, 7- position sensitive detector, 8- multi-layer
monochromator, 9 - position of the diaphragm with the sample holder (shown below)
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Fig.2. Measured and calculated phase precession difference between two beams.

The obtained results for the 19.6A neutrons are in an excellent agreement w1th theory. Similar
results were obtained also with 15.5A neutrons for the Be and Si samples.
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THE TECHNIQUE FOR SIMULTANEOUS ESTIMATION OF THE LEVEL
DENSITY AND RADIATIVE STRENGTH FUNCTIONS OF DIPOLE
TRANSITIONS AT E.; < B, — 0.5 MeV

V.A. Khitrov, A.M.Sukhovoj, E.V.Vasilieva
FLNP, JINR

Up to now the detailed and reliable information on the level density in a given J"
interval and mean probability of populating/depopulating them 7-transitions in heavy
(A > 100) non-spherical nuclei is very pure. These parameters cannot be determined by
means of traditional methods of nuclear spectroscopy from the measured spectra of y-rays
from (n4, ) reaction (or from other reactions) due to insufficient resolution of Ge detectors.
The situation changed after obtaining a numerous data on the intensity distributions of
the two-step cascades proceeding between the compound state and a given low-lying level.
The data treatment software which allows one to derive original information from v — «
coincidences accumulated in this experiment was developed at FLNP JINR [1,2].

Using the algorithms [3,4] for analysis of v — 7 coincidences registered by ordinary Ge
detectors one can determine intensity distribution of cascades as a function of the excitation
energy of cascade intermediate levels in the all energy region almost up to E; ~ B, with
an acceptable error which decreases as increasing an efficiency of v-spectrometer. The
measured intensity L, of cascades is related to the unknown number of intermediate levels
ny = p x AE and unknown widths of primary and secondary transitions by the relation

mn ..

-_Z<P,\t

The optimal width of interval AE and number N of such intervals in eq.(1) are deter-
mined by statistics of experimental data (as square of detector efficiency). A width of AE
does not exceed 0.5 MeV even in the case of 10% efficiency detector, however. The total
radiative widths I') of the capturing states are also known from corresponding experiments
for all stable nuclei. The parameters < I'y; > and m); of the cascade y-decay which must
be found in analysis are related with the total width

= E < Ty > xmy; (2)

PN
> my \+

It is clear that N + 1 equations (1) and (2) together with 6V conditions p(m = +) > 0,
p(m = =) > 0, ['(E1) > 0, and I'(M1) > 0 restrict the interval of possible values for level
density and radiative widths. This interval can be estimated with the use of two simple
enough assumptions:

(a) energy dependence of level density with different J” is determined by known and,
in principle, equal for different models function;

(b) energy dependence (but not the absolute value) of widths of primary and secondary
transitions is the same.

A large enough value of N, nonlinearity of eqs.(1) and (2) stipulate a choice of the way
to solve the system of equations and inequalities - the Monte Carlo method. The simplest
iterative algorithm was used for this aim: we set some initial values for I'(E1), I'(M1),
and p and then distort them by means of random functions.
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Fig. 1. The examples of the p and RSFs intermediate values and corresponding distribu-
tions of cascade intensities for the 1% Dy even-even and '*® Au odd-odd nuclei. Letters next
to the lines mean number of iterations. Dashed curves represent predictions of the level
density models [5,6] and strength function models [7,8]. Histograms show experimental
cascade intensity. .

If at this step of iterative procedure these distortions decrease the parameters A, =
(Iezp — 182 and A; = (P37 — I'?!)? then these distorted values are used as initial pa-
rameters for the next iteration. An agreement between the experimental and calculated
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cascade intensities and total radiative widths, respectively, is usually achieved after several
thousands of iterations. As a result we get two random ensembles for level densities and
partial widths for each of N energy intervals.

The numerous repetition of iterative calculation with different initial parameters (in-
cluding obviously unreal values of I' and p) for ~30 nuclei from the mass region 114 <
A < 200 showed that this algorithm gives rather narrow intervals of values for the sum
level density of both parities and sum partial widths of F1 and M1 transitions. These
data allow estimation of the sum radiative strength functions for E1 and M1 transitions
using the following relation:

f=Tx/(E3x A*® x D)) (3)

The examples of intermediate results obtained within iteraive procedure for two nuclei are
shown in Fig. 1. Analysis of the obtained results shows that they should be considered as
probable enough estimations of level densities excited by dipole primary transitions after
thermal neutron capture and radiative strength functions of these transitions. It should
be noted here that no model ideas are required in this technique. Of course, the use of
the reliable information on the nucleus under study decreases uncertainties of the analysis.
There can be the data on energies and types of decay of known low-lying levels, mean
spacings between neutron resonances, and ratio between partial widths of high-energy
primary E1 and M1 transitions (although influence of two last parameters is very week).

The most critical point of the described technique is an assumption about equal energy
dependence for strength functions of primary and secondary transitions. However, the
assumption can be checked experimentally. This requires to measure in experiment and
reproduce in calculation the intensities of two-step cascades for the maximum wide energy
interval of their final level. Corresponding experiment can be realized using multidetector
compton-suppressed spectrometer.
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EXPERIMENTAL INDICATIONS OF THE PROBABLE ABRUPT
CHANGE IN NUCLEAR PROPERTIES OF HEAVY NUCLEUS AT
E.. ~0.58B,

V.A. Khitrov, A.M.Sukhovoj, E.V:Vasilieva
FLNP, JINR

The cascades of two successive vy-transitions in group of nuclei from the mass region
114 < A < 200 were studied in the framework of the program of studying nuclei with
high density at FLNP JINR. Some part of the data was obtained in Riga and Rez. The
observed cascades proceed between the compound state which is excited after thermal
neutron capture and a group of low-lying levels. Selection of such cascades from a mass of
v — v coincidences and their analysis provided original information on nuclear properties
in the excitation energy range where spacings between the levels are many times less than
energy resolution of the used spectrometer.

Intensity of such cascades integrated over some interval of their intermediate levels
depends on partial widths of cascade 7-transitions and number of nuclear states with
0 < E., < B,. A comparison between the experimental and model calculated cascade
intensities shows [1] that theoretical notions of peculiarities of nuclear matter below B,
should be considerably modified. Energy dependences of level density with a given J™ and
partial widths of cascade y-transitions are the very suitable data for a comparison with the
theory. The method [2,3] is developed to select the corresponding data from the cascade
intensity distributions [4] built in function of the energy of the cascade intermediate levels.
The results were obtained for more than 30 nuclei from the mentioned mass region.

The used data treatment software [2,3] allows one to get reliable information on the
sum level density p(mr = —) + p(r = +) excited by F1 and M1 primary transitions and
sum of their radiative strength functions f(E1) + f(M1). Uncertainties of p(r = —) and
p(r = +) as well as f(E1) and f(M1) separately are noticeably larger than those for
corresponding sum values. It should be noted that the technique |2,3] does not use model
ideas of process under study (except the shape of spin dependence of level density) and
is very sensitive to minimum density of excited states. There are two most considerable
differences of our technique [2,3] from known methods [5] to derive level density from the
spectra obtained in the neutron induced nuclear reactions. Also, there were no methods up
to now which determined strength functions for primary transitions populating the levels
of heavy enough nuclei at the energy of some MeV.

The main result of the analysis [2,3] that both traditional and modern enough ideas
of a nucleus at excitations from 1-3 MeV to B, need serious corrections. Discrepancy
between the level density observed by us in the (n, ) reaction (at least in the case of the
two-step cascades) and predictions of the Fermi-gas level density model which considers
nucleus as a system of noninteracting fermions testifies to considerable role of phonon
excitations in the wave functions of the observed states. (We do not introduce some new
ideas of nuclear matter even for qualitative explanation of our results but use simple known
notions). The more modern models like the generalized model of the superfluid nucleus
[6,7] provides better agreement with the experimental level density, however even in this
case discrepancy exceeds experimental uncertainties.
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A comparison between the results [2,3] and model calculations allowed one more essen-
tial conclusion: energy dependence of level density at E.; ~ 3 — 4 MeV exhibits more or
less clearly expressed “step” (see Fig. 1.). The conclusion is in complete agreement with
the results [8] of approximation of random fluctuations of the cascade intensities relative
to their mean value which provided estimation of the total number of levels which can be
excited in the (n, ) reaction below 3-4 MeV.

Complete explanation of the observed [2,8] effect is possible only in the framework of
the strong nuclear model which reproduces experimental level density with experimental
precision. However, the most probable qualitative explanation can be suggested under
assumption that the thermodynamical function — specific heat of nuclear matter in the
total energy region of excitation where the second order phase transition can affect nuclear
properties — has the same functional dependence on energy as that which is known for
a mixture of superfluid 3He and *He. A well known fact of increase in specific heat of
quantum liquid in the region of the second order phase transition can signify decrease in
nuclear temperature and, as consequence, level density of fermion-type at certain nuclear
energy. Because energy dependence of level density is exponential for both fermions and
bosons then the presence of “step” requires one to postulate that at the excitation energy
of several MeV in heavy nucleus the number of phonons is noticeably less than the number
of quasiparticles but energy of bosons considerably exceeds energy of fermions. Such as-
sumption follows from proportionality of the parameter a (which determines level density)
to the number of excited quasiparticles or phonons. I. e., adiabatic principle — one of the
basic principle of the generalized model of the superfluid nucleus - is not fulfilled. The
BCS-theory [9] predicts the transition of Fermi-liquid to Fermi-gas at temperature

]
T. 76 (1)

what is approximately two times higher than the point of abrupt change in level density
in our experiment. This fact can be easily explained if one take into account a decrease in
temperature of phase transition in mixture of liquid *He and *He as compared with pure
4He. Probably, more correct variant of the model of the superfluid nucleus must take into
account this temperature shift, i. e., consider nucleus as a mixture of boson and fermion
excitations in the wide energy interval.

The presence of phonon excitations strongly affecting nuclear properties appears as two
more effects observed when studying two-step cascades:

(a) approximate harmonicity in the excitation spectra of intermediate levels (or their
groups) of most intense cascades:

(b) noticeable increase in strength functions (i. e., intensities of cascade transitions)
as compared with the model [10] which considers nucleus as a drop of Fermi-liquid. The
estimated from the experiment and calculated according to conventional models strength
functions are shown in Fig. 2. As can be seen from figure, the maximum values of the sum
strength functions of E1 and M1 transitions are observed at ~ By, i. e., they conform to
the energy of “step” in our level density. ‘

So, the analysis of totality of experimental data on the two-step cascades leads to
conclusion about probability of abrupt enough change in nuclear properties at E., ~ 3 —5
MeV and necessity of serious correction of corresponding nuclear models.
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NEW METHOD OF PARTIAL RADIATIVE CAPTURE CROSS

SECTION MEASUREMENTS

Yu.P.Popov, A.V.Voinov, P.V.Sedyshev, S.S.Parzhitski, A.P.Kobzev, N.A.Gundorin,

D.G.Serov, M.V.Sedysheva.

New method is based on the measurements of the energy shift of the primary Y-
transition due to the capture of intermediate neutron with respect to its position after the
thermal neutron capture. If an intense of the primary y-transition with the energy Eiw to the i-th
final level of the excited nucleus after a thermal neutron capture (E,=0) by a nucleus with the
atomic weight A, the energy of the y-transition following the capture of an neutron with energy
E, must be:

E',= E'p +A/(A+1)E,

The method was first demonstrated in [1], where two resonances of sulfur were
registered by using of reactor neutron beam with boron filter. However the authors did not
manage to derive any information from the experiment beside the experimental widths of two
resonances.

In our case the neutrons in the energy interval about 10 — 120 keV were generated by
7Li(p,n) reaction by the Van de Graaff accelerator at proton energy exceeding the reaction

threshold by AE, =60 keV.
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Fig. The draft of the experimental setup. The dimensions are in mm.

Che draft of the experimental setup is shown in Fig. This compact geometry provided the
optimum for efficiency of the y-quanta registration and for irradiation of the sample by
neutrons. According to the background measurements (without sample or with scatterer of
pure graphite) the main components of background are due to the Compton effect in Ge-
detector from Fe(n,y) reaction on constructive materials (including on the turning magnet of
the proton beam)

At first step of this method, development we used the samples of Fe [2] and Ni [3], where
the partial y-transitions for several most intensive resonances was investigated by another
methods [4,5]. It gives us possibility to standardize our relative cross sections data and check
the new method.

For illustration of the method the part of experimental y-quanta spectrum for Ni sample is
presented on fig.2. One can see the structure in the spectrum due to 58Ni(n,y())59Ni reaction

with population of ground state of 'Ni nucleus. Left peak belongs to the thermal neutron

164



capture and indicates the zero position of the neutron energy scale. The other peaks are due to

the resonance neutron capture.
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Fig.2. The experimental spectrum of 58Ni(n, o) *Ni
reaction with resonance neutrons produced by

7Li(p,n) reaction with AE;=60 keV over the reaction

threshold (a), the background spectrum (b).
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The experimental 7Y-quanta
spectrum for the Fe sample is
presented on the fig.3. The first two
peaks are due to the thermal neutron
capture by Fe nucleus  with
population of ground and first excited
state of ’Fe. The counts to the right of
the doublet are due to the y-transitions
populating these two states for the
resonanse neutron capture. 16 Y-

transitions (2 y-transitions for 1 s-

wave neutron resonance (27.7 keV) and 14 y-transitions for 7 known p-wave resonances) may

give the contribution to the resonance bump. For s-wave resonance these y-transitions have E1l

multipolarity, for p-wave they have M1 multipolarity. The fitting procedure (see Fig.3) and the

data analysis method are described in [2]
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Fig.3 Graphical results of y-spectrum fitting.
For absolute nornalization we used the known partial resonance parameters from [4,5]. Since
the individual y-transitions could overlap, we have determined only the partial radiative widths

of the M1 multipolarity averaged over 7 p-wave resonances: <I";>=69 meV.

5"Ni(n,‘{ﬂ)WNi

] %8Ni(n,y,)*Ni

Cross section (mb)

20 40 60 80 100 120 20 40 60 80 100 120
Neutron energy (keV)

Fig.4. The partial cross sections of 58Ni(n.y(,)”Ni (left) and 58Ni(n.yZ)”Ni
(right) reaction. The points are represented the experimental data and does not
take into accounts the correction coefficients conjuncted with self-absorption

and multiple scattering of neutrons in the sample. Full line are shown the

corrected cross section.
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The one of the first results obtained for >®Ni isotope is shown in the Fig.4 where the partial
cross section of *®Ni(n,y)*’Ni reaction for population of both the ground and second excited
states of >’Ni is presented. Each peak in the structure of the partial cross section is due to the
contribution of a single resonance or group of the resonances. It allowed us with help of the
fitting procedure to derive the partial parameters of neutron resonances and by using the partial
values of radiative widths [4] make absolute normalization of our partial cross section data. It
should be underlined that this result is obtained for the first time because of the high efficiency
of this method in comparison with others.

New method developed in FLNP for measurements of the partial capture cross sections
in the keV neutron energy region possess the record efficiency. It gave the possibility to
receive the results unattainable now for the time-of-flight method not only for van de Graaff
neutron sources but for the modern powerful neutron sources on the base of electron and
proton accelerators. The energy dependence of the partial neutron capture Cross sections was

measured for the first time.
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DETERMINATION OF THE FORWARDBACKWARD ASYMMETRY COEFFICIENT
IN ¥Cl(n,p)**S REACTION

Yu.M.Gledenov, R.Machrafi, A 1.Oprea, P.V.Sedyshev, V.1.Salatski, P.J.Szalanski
Joint Institute for Nuclear Research, 141980 Dubna, Russia

In the frame of mixing states with different parities model, the forward-backward ogs,
left-right o r and parity non-conservation opy asymmetry coefficients in the (n,p) reaction play
an important role, because as is indicated in [1] the weak matrix element can be written like an
expression of these three coefficients. So, in principle, if it is realized one experiment (or more)
for measuring these coefficients it will be possible to obtain the weak matrix element. Recently,
with resonance neutrons (up to 1keV) of the pulsed reactor IBR-30, Frank Laboratory of Neutron
Physics, JINR, Dubna, it has been carried out an experiment for measuring the forward
backward coefficient asymmetry on the NaCl target. Theoretically, the maximum of this
coefficient is expected around E,= 288 eV. The values of the arp have been obtained in
different neutron energy intervals: 0.5-10, 150-260 and around the resonance (E,=398 eV).

The experiment has been carried out at the 31m path of the pulsed reactor IBR-30. The
neutron spectroscopy was performed by the time of flight method. It has been used a double
section ionization chamber [2]. In one of its section was fixed a NaCl target of 0.5 mg/cm and
200 mm in diameter onto 100 um aluminum backing. The chamber was filled up with Ar + 4%
CO, gas mixture at the pressure 0.35 ata. The pulse-height and time of flight spectra were
registered using a multiparameter data acquisition system. The chamber has been periodically
turned at 180° from its previous position, in one position we have measured the forward effect,
while in the second position it has measured the backward effect. To normalize the neutron flux,
we have used a boron counter monitor. The scheme of our experiment is shown in Fig.1.
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Fig.1. Experimental setup of the forward-backward asymmetry coefficient measurement
The forward-backward asymmetry coefficient was determined by the formula:

N.-N,
=k __# 2
arB N, TN, (2)

Where, N, —is the number of registered protons emitted in the forward direction, N, — the
number of registered protons emitted in the backward direction. The neutron energy dependence

168



of the ? 5Cl(n,p)3 3S reaction cross section is shown in Fig.2a. The theoretical evaluation of the
forward-backward coefficient up to 2 keV is given in Fig.2b [3].

In Fig.3a and Fig.3b are shown the pulse-height spectra obtained in the neutron energy
ranges 0.5-10 eV and 150-260 eV, while the Fig.3c illustrates a part of the time of flight spectra

in the resonance region.
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Fig.2a. The energy dependence of the 35Cl(n,p)3 3S cross section
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Fig.2b. Energy dependence of the forward backward asymmetry coefficients

The proton yields Nr and N have been obtained by the separation of the effect from the
background on the pulse-height spectrum (Fig.3a and Fig.3b) for the neutron energy intervals
0.5-10 eV and 150-260 eV. But in the resonance region the value of the g has been determined
from the time spectrum shown in Fig.3c. The table 1 shows the obtained results.
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2- background, n- is the channel number, N- is the count per channel
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Table 1.The experimental results of the forward-backward asymmetry coefficient

The neutron energy range .eV E €V
05 -10 5.2 0.030 £ 0.005
150 - 260 205 0.17+0.03
resonance region 398 0.002 + 0.006

Using the parity non-conservation coefficient apny =-1.5 1x10®, the left-right ayg=-2.4x10"
coefficients at the thermal point energy and the forward-backward asymmetry coefficient
org = 0.17 [4,5], we obtain for the weak matrix element Mpy=57+17 meV.
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ANGULAR ANISOTROPY OF FISSION FRAGMENTS FROM THE
RESONANCE NEUTRON INDUCED FISSION OF ALIGNED %V
TARGET AND THE ROLE OF J"K FISSION CHANNELS

Yu.N. Kopatch! A.B. Popov!, W.I.LFurman!, D.I. Tambovtsev?, L.K. Kozlovsky?,
N.N. Gonin?, and J. Kliman!?

1Joint Institute for Nuclear Research, 141980 Dubna, Russia
2)SSC Institute of Physics and Power Engineering Obninsk, Russia
3nstitute of Phvsics SAS Bratislava. Slovakia

Abstract

Energy dependence of the fission fragment angular anisotropy from 233U (n, f) reaction
has been measured by the FLNP-IPPE collaboration using the JINR pulsed neutron source
IBR-30. Our data are analyzed together with the total neutron, total fission and spin-
separated fission cross sections in energy range 0 — 30 eV in order to obtain a new set of
s-wave resonance parameters. Three fission channels (A = 0,1, 2) are taken into account
for both spin groups, J = 3~ and J = 4~. The obtained set of resonance parameters
is discussed. Integral distributions of partial and total fission widths are compared with
the Porter-Thomas distributions. Estimation of the degrees of openness of different J™K
fission channels is made. A problem of ambiguity of the resonance parameters is also briefly
discussed.

1. Fission induced by slow neutrons is one of the unique tools for studying the quantum-
mechanical aspects of the fission process. It gives a possibility to obtain information about the
fission amplitudes 'yf;K for a given resonance A. These parameters form a basis for a quantitative
description of the fission process induced by resonance neutrons. Here, J™K are the spin. parity
and the spin projection onto the symmetry axis of the fissioning nucleus. It is known [1. 2]
that such amplitudes cannot be extracted unambiguously using only data on integral fission
and neutron cross sections. Additional information can be obtained from experiments on the
interaction of polarized (or unpolarized) neutrons with a polarized (aligned) target.

We performed an experimental study of the energy dependence of the differential fission cross
section (fission fragment angular anisotropy) of 233U’ resonance neutron induced fission using an
aligned target and unpolarized neutrons.

2. The experiment has been performed at the booster IBR-30 + LEA-40 in Dubna and is
a development of the technique used by Pattenden and Postma.[3] The detailed description of
the experimental set-up and of the primary data analysis can be found in.[4, 5]

The energy dependence of the A; coefficient, which characterizes the angular anisotropy of
fission fragments, is shown in fig. 1.

For a combined analysis, we used the experimental cross sections for 23U available from the
National Nuclear Data Center (NNDC) at BNL.[6] The data sets selected for the analysis are
summarized in Table 1. )

3. The experimental data sets listed in Tab. 1 were fitted over the energy region 0 — 30 eV’
using the standard R-matrix formalism in the Reich-Moore approximation [13] with the inclusion
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Figure 1: The results of the fit (solid curve) for A3(FE), circles are experemental data. Dashed
line is calculated using the resonance parameters from.[13]

of formulae for A3(E) derived in ref. [14] (see also for details ref. [5]). In the fit, each resonance
) was described by six resonance parameters: E*, I‘:\,, 2, 'y}\, ¢, and 6*. Such parameterization
allows one to include up to 3 fission channels for each resonance A. The partial fission amplitudes

are expressed via the module of the total fission amplitude 7}\ = ,/P'} and two angles, ¢* and

6, in a spherical coordinate system:

7}\1 = 'y}\ - Cos ¢’\ -sin 0’\,

Yj2 =] -sin¢g

sin 6*

A A A
Yo =77 - cosé

Table 1: The experimental data sets selected for the evaluation.

Type of cross section

Authors

Energy range

N OAs W=

A2(E)

Fission (on¢)
Fission (o,f)
Spin-separated fission (a;{j,
Spin-separated fission (o
Total (antot)
Total (0ntot)

nf

)
)

Present work
R.Gwin et al.[7]
L.W.Weston et al.[8]
V.L.Sailor et al.[9]
M.S.Moore et al.[10]
F.D.Brooks et al.[11]
A Michaudon et al.[12]

0.06 — 30 eV
0.0016 — 9.7 eV
9.7-30eV
0.075—-1.14 eV
1.6 — 30 eV
0.035-1.3 eV
1.3-30eV

(1)

The radiative width F;} was fixed and equals 0.039 eV for all resonances. All other parameters
were varied. First we analyzed the data assuming that three channels are open for the spin group
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J =3 (K =0,1,2) and two for the spin group J =4 (K = 1,2). According to the commonly
used assumption [16], the J"K = 470 state is forbidden by parity conservation. We can expect
no or very small contribution from the higher K states (J"K = 373, 473, and 474) as the
geometrical factors defining the value of the anisotropy coefficient for these states have the
positive sign while the observed anisotropy coefficient A; is negative over the whole measured
energy range. The fission barriers for these states should be much higher [15, 16]. So these fission
channels are not taken into account. The integral distributions of the partial fission widths for
the spin group J = 4 obtained in such approximation turned out to be not consistent with the
Porter-Thomas distribution with one degree of freedom (see fig. 3, right column). An additional
fission channel seems to be open for this spin group. It is necessary to note that the conclusion
[16] about absolute forbidenness of the 470 channel was based on A.Bohr hypothesis [15] in its
simplest variant. However, more careful examination of the problem leads to a conclusion that
the 470 channel has higher first fission barrier and relatively low second one for asymmetric
fission modes. Thus, one would expect the J™K = 40 channel to be at least partially open for
our case. So we reanalyzed the data assuming that all three channels are open for both spin
groups.

!

0 5 10 15 20 25 0
Energy (eV)

Figure 2: Decomposition of the total and spin-separated fission cross sections into K components.
Energy dependence of the total fission cross section is shown in the lower plot.

The results of the final fit for A2(F) are shown in fig. 1 All other cross sections are also
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well reproduced. The dashed line is calculated using a set of resonance parameters from the
ENDF/B-VI library [13] which also describes all other cross sections quite well, but obviously
fails to reproduce the A; energy dependence. It is necessary to note that the latter set of
resonance parameters was obtained in the two channel approximation and without taking into
account the information on A3(F).

4. Figure 2 shows the relative contributions of different K-components to the total and spin
separated fission cross sections. As is expected, there are large fluctuations of weights of the
K-channels for different compound states A which result in the strong fluctuations of the relative
K-contributions. It can be noted that the contribution of the K = 0 component is significant
both in the spin-separated and the total fission cross sections.

Three channel approximation
=3 ) J=4

J=4
Two channel
approximation
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Figure 3: Integral distributions of partial and total fission widths (number of resonances with
Fag/{Tag) > X ). Solid lines are the y? distributions with v degrees of freedom.

The integral distributions of the partial and total fission widths of resonances in the energy
interval 0 — 30 eV are given in fig 3 (left and middle). The experimental distributions for each
separate J" K channel are in good agreement with the Porter-Thomas distribution with one
degree of freedom. The integral distributions of the total fission widths for both channels also
fluctuate according to the Porter-Thomas distribution with the number of degrees of freedom
being between 2 and 3.

The average partial ((F} #)) and total ((T' })) fission widths for each fission channel are listed
in Tab.2. The average contributions of different fission channels, defined as

Wi =2 Yy O 2
K = N,\ ~ F} ( )
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which can be regarded as a measure of the degree of openness of a given channel are shown in
Tab.3. One can see that these values are almost equal for both spin groups. The K =0 channel
seems to be somewhat suppressed, which is consistent with modern theoretical considerations.

Table 2: Average partial and total fission widths in meV
K=0 | K=1 | K=2 | Total
J=3 35.0 | 68.1 | 74.0 | 177.1
J=4 20.4 | 34.0 | 38.0 | 924
J=344 | 26.1 | 47.2 | 51.9 | 125.2

Table 3: Degrees of openness of different fission channels (%)
K=0 | K=1 | K=2
J=3 25 39 35
J=4 26 40 34
J=3+4 | 26 40 34

Finally, it should be noted that the obtained set of resonance parameters is not uniquely
determined. It depends on the choice of negative resonances as well as on inclusion of resonances
with small neutron and large total fission widths. However, since this parameter set includes
all possible K channels, it forms the most reliable basis for quantitative analysis of s— and
p—resonance interference.[17] A combined study of neutron energy dependence of fragment mass-
TKE distributions [18] together with an angular anisotropy coefficient can give new information
about the interconnection [19] of the Bohr fission channels and fission modes.
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RELIABILITY OF MOSSES (HYLOCOMIUM SPLENDENS,
PLEUROZIUM SCHREBERI AND CALLIERGON
GEGANTEUM) AS BIOMONITORS OF HEAVY METAL
ATMOSPHERIC DEPOSITION IN CENTRAL RUSSIA

M.V .Frontasyeva, Ye.V. Yermakova*, E. Steinnes**

FLNP, JINR, Dubna, Moscow Region, Russia
*I.N. Tolstoy Tula State Pedagogical University
**Department of Chemistry, Norwegian University of Science and Technology,
N-7491 Trondheim, Norway

The moss biomonitoring technique was applied to study heavy metal
atmospheric deposition in the area of Yasnaya Polyana, the memorial estate of
L.N.Tolstoy, which is surrounded by numerous metallurgy, chemical, power,
and machine-building plants in cities to the south of Moscow (Tula,
Novomoskovsk, Schekino). This is the first time that a wide spectrum of heavy
metals and other toxic elements was studied in the Tula Region.

Moss samples were collected in accordance with the sampling strategy
adopted in the European Moss Survey on biomonitoring heavy metal
atmospheric deposition [1]. In addition to standard epigeic moss species such as
Hylocomium splendens (Hs) and Pleurozium schreberi (Ps), the epiphytic moss
Calliergon geganteum (Cg), which is widely distributed at the given climatic
conditions, was also studied.

Epithermal neutron activation analysis at the IBR-2 rector of FLNP
made it possible to identify 38 elements in the moss samples including rare-
earth elements, uranium, and thorium. Interspecies ratios of elements were
calculated and compared to those observed by other investigators [2] in the
Northern part of Europe at different environmental conditions. The interspecies
ratio (Ps: Hs) varies between 1.10 and 1.50 for Mg, Ti, and Mn, whereas for Ca,
Sc, Ni, Rb, Sr, In, La, Ce, Sm, Gd, Tb, Dy, Ta and Th it is less than 0.80.

Because of living conditions in the relatively dry climate of the Tula Region,
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Hylocomium splendens shows signs of degeneration in comparison with
Pleurozium schreberi which is probably more resistent to dry climate.
Pronounced differences in interspecies ratios were observed within the area
under investigation for elements characteristic of air pollution, especially for V
(Ps:Hs 1.39; Ps:Cg 1.35) and Sb (Ps:Hs 1.28; Ps:Cg 1.57). This suggests that
interspecies variations depend mostly on deposition level. The interspecies
ratios (Ps:Cg) varies from 0.80 to 1.20 for elements Mg, K, Ca, Cr, Mn, Fe, Co,
Zn, As, Se, Br, Rb, Sr, Zr, Cd, In, Ba, Eu, W.
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Fig 1. Concentration (ppm) of arsenic in Pleurozium schrebery versus
Calliergon geganteum.

Based on this fairly extensive set of data where interspecies ratios vary
within a relatively narrow range we conclude that the species Calliergon
geganteum may replace the coventionally employed moss biomonitor species at
sites where they are not found
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SELECTION OF APPROPRIATE MOSS BIOMONITORS
FOR STUDYING ATMOSPHERIC ELEMENTAL

DEPOSITION IN CHINA
O. A. Stan, Zh. H. Zhang*, M.V. Frontasyeva, E. Steinnes**
FLNP, JINR, Dubna, Moscow Region, Russia
' MHEP, CAS, Beijing, China |
"Norwegian University of Science and Technology, Trondheim, Norway
The moss biomonitoring is a well established technique widely used to study
atmospheric deposition in Nordic countries [1] and in the Western Europe [2].
The present work is the first attempt to apply this technique to some areas of
China. Twelve different moss species were collected during the autumn of
1998. Most of the samples were taken from hlghly polluted areas within the
Beijing Region. The remalnmg ones were collected from the national park in
Tianmu Mountain, Zhejleng Province, South-East Chma. The purpose of the
present study is to find appropﬁate moss biomonitors growihg in China, as
alternatives to the spe01es Hyloconium splendens (HS) and Pleurozzum
schreberi (PS) adopted in the European Moss Survey [3] which unfortunately
are not found in the Beiji mg Region (see Table 1).
Table 1 Name and location of the Mosses in China

Name Site Name ' Site
Myuroclada maximoviczii BR | Taxiphyllum taxirameum BR
Oxystegus cylindricus BR | Brachythecium plumosum BR
Brachythecium plumosum BR | Grimmia pilifera BR
” BR | Bryhnia sublaevifolia NP
Platyhypnidium riparioides BR | Entodon cf. seductrix NP

BR = Beijing Region; NP = National Park

A total of 49 elemental concentrations were determined by nuclear and
related analytical techniques: epithermal neutron activation analysis (ENAA) at
the IBR-2 reactor of 'J.INR; hydride-generation atomic ﬂuorescence
spectrometry (HGAFS) and flame and/or graphite furnace atomic absorption
spectrometry at IHEP.
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A comparison of the results obtained by ENAA and HGAFS for arsenic is
shown in Fig. 1. Quality assurance for element determination was provided by
using IAEA standard reference material Lichen IAEA-336 in both laboratories.

In spite of the fact that all 12 moss species reflect the general level of
pollution in entirely different regions of China (Fig.3), two moss species
Myuroclada maximoviczii and Entodon rubicundus demonstrated the best

ability to substitute each other by showing the highest correlation (Fig.2).
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Fig 3 Some elemental concentrations in mosses from the Beijing Region and
the National Park in South-East China

Practically for all elements the concentrations are about 10 times lower in the
National Park than at other sampling sites

The results obtained encourage us to plan an extended moss survey for
assessment of air pollution in urban and rural areas of China.
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6. PRIZES

JINR Prizes:

In Experimental Physics:

Second Prize:

A.A.Bogdzel, J Kliman, Yu.N.Kopach, A.B.Popov, W.I.Furman, N.N.Gorin, L.K Kozlovsky,
D.I. Tambovtsev, A.L.Barabanov. «Investigations of the angular anisotropy of fission fragments from the
resonance neutron induced fission of *U aligned nuclei and the role of JK-channels»

In Scientific and Technical Applied Field:

Second Prize:

V.V.Golikov, L.B.Golovanov, S.M.Golubykh, E.N.Kulagin, V.V.Kukhtin, K Lerua,
V.I. Luschikov, V.F.Minashkin, H.Oberlak, A.P.Cheplakov. «An installation for radiation research at the
IBR-2 reactor»

FLNP Prizes:

In Nuclear Physics:

First Prize:

D.G.Kartashov, E.V.Lychagin, A.Yu.Muzychka, G.V.Nekhaev, A.V.Strelkov, V.N.Shvetsov.
«Discovery and investigation of supersmall UCN energy transfers from the walls of the vessel»

Second Prize:
E.V.Vasilieva, A.M.Sukhovoj, V.A.Khitrov. «Direct experimental estimate of the parameters
determining the gamma-decay of the compound states of heavy nuclei»

Third Prize:

A.V.Voinov, N.A.Gundorin, A.P.Kobzev, S.S.Parzhitskii, Yu.P.Popov, P.V.Sedyshev,
M.V.Sedysheva, D.G.Serov. «Pdevelopment of a new method of neutron spectroscopy and the first
measurements of partial cross sections of radiative neutron capture»

In Condensed Matter Physics:

First Prize:

V.L.Aksenov, A.M.Balagurov, V.Yu Pomyakushin, D.V.Sheptyakov. «Magnetic atomic
structure of CM R-magnetics»

Second Prize:
T.I.Ivankina, A.N.Nikitin, A.S.Telepnev, K.Ullemeier. « Texture neutronography and anisotropic
properties of rocks at high pressure»

Third Prize:
A.V.Belushkin, D.P.Kozlenko, B.N.Savenko. Investigations of the dynamics of ammonium ions in
ammonium halides»

In Applied Physics:

Third Prize:

Yu.G.Abov, V.P.Alfimenkov, E.M.Galinskii, L.Lason, Yu.D.Mareev, V.V.Novitskii,
L.B.Pikelner, V.M. Tsulaya, M.I. Tsulaya, L.P.Chernenko. «Spectrometer of polarized neutrons»;

V.B.Zlokazov. «Programs of automated processing of physical information»

The JINR young scientists contest in condensed matter and nuclear physics with neutrons:
Scientific Research:
First Prize;

D.E.Burilichev. «Investigations of olivine-containing xenolites by meams of neutron diffraction
and ultrsounding»
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7. SEMINARS

Date Authors Title

25.02.99 A.P.Khokhlov Nanostructures in ion-containing polymeric systems
(MSU, Moscow)

26.03.99 S.T.Belyaev Interaction of ultracold neutrons and matter (theory)
(RRC KI, Moscow)

15.04.99 B.V.Vasiliev Astrophysical effects related to electric polarization of

matter

12.05.99 V.P.Skulachev Some problems of the biology of the XXI century
(MSU, Moscow)

10.06.99 A.A.Vazina Use of synchrotoron radiation for the investigation of the
(Inst. of Theor. and structure of biological objects
Exper. Biology,
Pushchino)

19.10.99 Seminar on the occasion of the awarding of the Frank

Prize for 1998.

Prize winners:

Prof. Yu.Ya.Stavissky (INR RAS, Moscow, Russia)
Prof. J.Carpenter (ANL, USA)
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8.1. STRUCTURE OF LABORATORY AND SCIENTIFIC DEPARTMENTS

Directorate:
Director:
V.L.Aksenov
Deputy Directors:
A.V .Belushkin
W.I.Furman
Scientific Secretary:
V.V.Sikolenko

hni m
Chief engineer: V.D.Ananiev
IBR-2 reactor
Chief engineer: A.V.Vinogradov
IBR-30 booster + LUE-40
Head: S.A.Kvasnikov
Mechanical maintenance division
Head: A.A.Belyakov
Electrical engineering department
Head: V.P.Popov
Design bureau
Head: V.I.Konstantinov
Experimental workshops
Head: A.N.Kuznetsov

Scientific Departments and Sectors
Condensed matter department
Head: V.L.Aksenov
Nuclear physics department
Head: V.N.Shvetsov
Department of IBR-2 spectrometers complex
Head: A.V.Belushkin
Department of IREN
Head: A.P.Sumbaev
Nuclear Safety and applied research
Head: V.I.Luschikov

Admini ive Servi
Deputy Director: S.V.Kozenkov

Secretariat
Finances
Personnel

ientifi r
Translation
Graphics
Photography
Artwork

213



CONDENSED MATTER DEPARTMENT

Sub-Division

] Title

Head

Diffraction sector. Head: A.M.Balagurov

Group No.l HRFD V.Yu.Pomjakushin
Group No.2 DN-2 A.l.Beskrovnyi
Group No.3 DN-12 B.N.Savenko
Group No.4 NSVR K.Ullemeyer
Small-angle neutron scattering group. Head: V.I.Gordeliy

Neutron optics sector.

Group No.l SPN-1 Yu.V.Nikitenko
Group No.2 REFLEX D.A.Korneev

Inelastic scattering group. Head: I.Natkaniec

NUCLEAR PHYSICS DEPARTMENT

Group No.1

Neutron spectroscopy A.B.Popov
Group No.3 Nuclear fission Sh.S.Zeinalov
Group No.4 Thermal polarized neutrons M.1.Tsulaya
Group No.5 Proton and o-decay Yu.M.Gledenov
Group No.6 Properties of y-quanta A.M.Sukhovoy
Group No.7 Neutron structure G.S.Samosvat
Group No.8 Ultra-cold neutrons V.N.Shvetsov
Group No.9 Neutron optics A.I.Frank
Group No.10 Neutron activation analysis M.V .Frontasyeva
Group No.l11 Theory Yu.A.Alexandrov

DEPARTMENT OF IBR-2 SPECTROMETERS COMPLEX

Sub-Division Title Head
Sector No.1 Electronics V.I.Prikhodko
Group No.1 | Analogous electronics A.A.Bogdzel
Group No.2 | Digital electronics V.F.Levchanovsky
Group No.3 | Software A.S Kirilov
Group No.4 | Local networks G.A.Sukhomlinov
Group No.5 Technology A.B.Melnichuk
Sector No.2 Spectrometers V.V.Zhuravlev
Group No.1 | Development G.A.Varenik
Group No.2 | Samples environment A.P.Sirotin
Group No.3 | Detectors J.Sokolovsky
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8.2. USER POLICY

The IBR-2 reactor usually operates 10 cycles a year (2500 hrs.) to serve the experimental
programme. A cycle is established as of 2 weeks of operation for users, followed by a one week
period for maintenance and machine development. There is a long shut-down period between the
end of June and the middle of October.

All experimental facilities of IBR-2 are open to the general scientific community. The
User Guide for neutron experimental facilities at FLNP is available by request from the
Laboratory’s Scientific Secretary.

Condensed matter studies at IBR-2 have undergone some changes in accordance with the
experience gained during the last several years. It was found to be necessary to establish
specialized selection committees formed of independent experts in their corresponding fields of
scientific activities. The following four committees were organized:

1. Diffraction 3. Neutron optics

Chairman - V.A.Somenkov - Russia Chairman - A.1.Okorokov - Russia
2. Inelastic scattering 4. Small angle scattering

Chairman - J.Janik - Poland Chairman - L.Cser - Hungary

Dr. Vadim V. Sikolenko, Scientific Secretary of FLNP, is responsible for the user policy.
Two deadlines for proposal submission are: May 16 - for the experimental period from October
through February; and October 16 - for the period from March through June.

Scientific Secretary is responsible for:

- distribution of “Application for Beam Time” forms to potential users;

- registration of submitted proposals;

- reviewing of the proposals by instrument scientists to estimate the technical feasibility
of the proposed experiment;

- sending of the approved proposals to Members of Selection Committees and registration
of their comments and recommendations.

The IBR-2 beam schedules are drawn up by the head of the Condensed Matter
Department together with instruments responsibles on the basis of experts recommendations and
are approved by the FLNP Director or Deputy Director for condensed matter physics. The
schedules are sent to Chairmen of Selection Committees.

After the completion of experiments, “Experimental Report” forms are filled out by
experimenter(s) and submitted to the Scientific Secretary.

The Application Form and other information about FLNP are available by WWW:
http://nfdfn.jinr.ru/~sikolen/usepol.html

Contact address:
Dr. V.Sikolenko, Frank Laboratory of Neutron Physics
Joint Institute for Nuclear Research
141980 Dubna, Moscow region, Russia
Tel.: (+7)-095-926-22-53, (+7)-09621-65096, Fax: (+7)-09621-65085; (+7)-09621-65484;
E-mail: sikolen@nf jinr.ru

215



8.3. MEETINGS AND CONFERENCES

In 1999, FLNP organized the following meetings:

1. | VII International Seminar on Interaction of Neutrons May 25-28 Dubna
with Nuclei (ISINN-7)
2. |II International Seminar on Neutron Scattering at High | September 29- Dubna
Pressure (NSHP-II) October 2
In 2000, FLNP will organize the following meetings:
1. | VIII International Seminar on Interaction of Neutrons May 16-19 Dubna
with Nuclei
2. |II International Workshop on Data Taking Systems in June 5-7 Dubna
Neutron Source Experiments (DANEF’2000)
3. |III International Seminar on Relaxor Ferroelectrics June 14-17 Dubna
8.4. COOPERATION
List of Visitors from Non-Member States of JINR in 1999
Name Organization Country Dates
Magdy Ibrahim Khalil | NRC, AEA, Cairo Egypt 01.01-01.04
El-Shareqawy
= : —
' | 115.01-05.02.
— - - i |
M.Janich Univ. Halle-Saale Germany 20.01-28.01
J.Lange Univ. Halle-Saale Germany 20.01-28.01
M.Jung Univ. Darmstadt Germany 23.01-30.01
K.Walther GeoFRZ, Potsdam Germany 08.03-19.03
M.Rudalics Johannes Kepler University, | Austria 19.03-30.04
E Linz B
F.Haeussler Univ. Leipzig Germany 11.04-17.04
X Univ. Leipzig Germany 16.04-27.04
L > 4 +
B.Gross Firme TUMTECH, Germany 27.04-30.04
Muenchen
T.Hecks Firme TUMTECH, Germany 27.04-30.04
Muenchen
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I P.Joerchel | Univ. Leinzig | Germany 16.05-23.05
[ IR —— } o 1 i
M.Stalder 1zfP, Dresden Germany 17.05-30.05
T.Wieder TU Darmstadt Germany 22.05-28.05
o Peking University, Beijing | China 124.05-31.05
T.Decker Univ. Muenchen Germany
F.Reinold Univ. Muenchen Germany 26.05-30.05
i 1 2
. , 5 12.06-18.06
Shanker Saxena University of G"r;)ningen The Netherlands 30.06-03.07
Siddharth
D.N.Argyriou Argonne National USA 30.06-03.07
Laboratory
I.Soloviev JRC for Atom. Technology, |Japan 30.06-04.07
Tsukuba
B.Guettler | Univ. Braunschweig Germany 30.06-07.07
H.Yasuda JAERI Japan 29.09-
- 29.01.2000
Jichen Li UMIST, Manchester . ;
' ' Argonne National Lab. | USA 16.10-20.10
O.S;einsvoll Inst. for Energy Norway 17.10-01.11
Technology, Kjeller
L.Steinsvoll Inst. for Energy Norway 17.10-01.11
Technology, Kjeller
Kim Guinyun Pohang Accelerator Korea 24.10-30.10
Laaboratory
o Lo China 29.10-20.12
E.Steinnes Univ. of Sc. & Technology, |Norway 01.11-07.11
Trondheim
V.Lauter ILL. Gronoble France 10.11-18.11
A .Frischbutter GeoFRZ, Potsdam Germany 10.11-18.11
K.Walther GeoFRZ, Potsdam Germany 12.11-18.11
K.G.Bramnik TU Darmstadt Germany 21.11-27.11
P.Jorchel Univ. Leipzig Germany 05.12-17.12
F.Haeussler Univ. Leipzig Germany 07.12-13.12
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8.5. EDUCATION

The education programme of FLNP is based on the chairs of Lomonosov Moscow State
University and Moscow Engineering Physics Institute and admits students of the last two years
in higher education institutions who have attended introductory specialized courses or lectures in
nuclear physics and investigation of condensed matter at nuclear reactors and accelerators. These
specializations are in line with research performed in FLNP which has at its disposal a good
experimental base for both sectors comprising the IBR-2 reactor and the IBR-30 booster pulsed
neutron sources.

The education and training courses for students affiliated with FLNP have been
organized, to a large extent, to prepare specialists in neutron physics for the Laboratory and
other Russian neutron centres.

For illustration we present the list of courses taught by lecturers of the Interfaculties
Center of Lomonosov Moscow State University «Structure of Matter and New Materials» (Head:
Prof. V.L.Aksenov):

- theoretical methods in condensed matter physics

- methods of investigation of condensed matter at nuclear reactors and accelerators
- fundamentals of neutron physics and neutron sources

- methods for structure analysis of ideal and real crystals

- synchrotron radiation spectroscopy of solid matter

- methods of experimental data processing.

A number of leading FLNP scientists take part in delivering these courses. Each student
has access to the Laboratory computer network. An obligatory condition for successful
completion of the 4th year is skillful to use of modern personal computers. Students are included
in research groups led by their instructors. This makes it possible for undergraduate students
working on their theses to take part in preparing or performing experiments.

In 1999, the training proceeded successfully. Six students who had their training course
at FLNP were employed by JINR and other scientific centers in Russia.

The Interfaculties Center gave graduation certificates to its seventh group of students in
the reported year. The group had 2 students making the total number of students who graduated
from the Center equal 47. One of them has been employed by FLNP and joined the young
scientists who have renewed the staff of the FLNP Scientific Department of Condensed Matter
Physics to a noticeable degree.
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8.6. PERSONNEL

Distribution of the Personnel per Department as of 01.01.2000

Theme Departments Main staff
-0974- Nuclear Physics Department 58
-1031- Condensed Matter Physics Department 54
-1012- IBR-2 Spectrometers Complex Department 50.5
-0993- IREN Department 33
-1007- Nuclear Safety Sector 15
-0851- IBR-2 Department 51

Mechanical and Technical Department 61
Electric and Technical Department 34
Central Experimental Workshops 39
Design Bureau 8
FLNP infrastructure:
Directorate 5
Services and Management Department 18
Scientific Secretary Group 7
Staff Management Group 55
Supplies Group 3
Total 442

Personnel of the Directorate as of 01.01.2000

Country People

Azerbaijan 1

Armenia

Bulgaria

Egypt

Germany

Georgia

Kazakhstan

Mongolia

Poland

Romania

)
o0

Russia

Ukraine

[e—

TOTAL

W
[~
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8.7. FINANCE

Financing of the FLNP Scientific Research Plan in 1999 (th. USD)

No. Theme Financing plan, Expenditures In % of FLNP
$ th. for 12 months, $ th. budget
I | Condensed matter physics 4059.1 1376.3 33.9
-1031- 2357.4 808.0 34.3
-0851- 1182.8 333.8 28.2
-1012- 518.9 234.5 45.2
II |Neutron nuclear physics 1119.1 1180.0 1054
-0974- 619.1 377.4 60.9
-0993- 500.0 802.6 160.5
IIT | Elementary particle physics
-1007- 6.1 223 365.6
IV |Relativistic nuclear physics
-1008- 41.6 7.0 16.8
V_|TOTAL: 5225.9 2585.6 49.5
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