
P R E F A C E

I would like to off er the reader the following report on the scientific activity of

the Frank Laboratory of Neutron Physics (FLNP) of the Joint Institute for Nuclear

Research (JIN R) in 1999. The report consists of two parts. The first is à brief review of

the results of experimental and theoretical investigations in condensed matter physics,

nuclear physics and applied research. The second contains experimental reports with

ò î ãå information about particular studies. The list of the 1999 publications closes the

book .

I n 19 9 9 t h e I B R - 2 r eac t o r o p er a t ed ac c o r d i n g t o t h e a p p r o v ed w o r k i n g sc h ed u l e,

a l l o f t h e 8 p l a n n ed I B R - 2 c y c l es w er e c o n d u c t ed . I n t h e a u t u m n c y c l es o f t h e I B R

r eac t o r à p h y si c a l st a r t u p o f à so l i d m et h an e- b a sed c r y o g en i c m o d er a t o r w a s

accom pl i shed and al l i t s rated regim es tested . T hi s com p leted successful ly m any-year

w ork of the t echn ical depar tm ents of the laborat ory .

I n 19 9 9 w e su cceed ed i n c a r r y i n g o u t t h e I B R - 2 m o d er n i z a t i o n p r oj ec t t o à l a r g e

ex t en t . À J I N R - M I N A T O M ( M i n i st r y o f A t o m i c E n er g y o f R u ssi a ) a g r eem en t w a s

si g n ed . F o l l o w i n g i t s t er m s M I N A T O M w i l l t a k e p a r t i n t h e r eac t o r m o d er n i z a t i o n

p r oj ec t . À n ew w o r k i n g sch ed u l e o f t h e p r oj ec t i s el a b o r a t ed .

À posi t ive tendency in the financing of the I R EN proj ect 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. As in 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. Several 
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 (Dl/l=0.04/l). Experiments to investigate a Ni/Ti thin film 
and a FeCo/TiZr supermirror showed that this direction of the physics of thin films is 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 К 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, Т=300 
К. 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 (l=3.96, 3.58, and 3.46 Е) 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 Е where the score is 1 to 3. In the cold state CM gives a considerable gain 
in comparison with GM: at Т=70 K starting from l=2 Е and at Т=30 K starting from l=3 Е (fig. 2).  



 
 
Fig.1. The spectra registered with HRFD using the detector D1 for three different states of the 
moderator: Т=60 K, 30 K, and 300 К (empty chamber, water premoderator). 
 
 

 
 
Fig.2. The coefficient of gain (loss) at transition from a grooved moderator (300 К) to CM (30 К or 
70 К) as determined from scattering on Al2O3 or V.  



 
The most detail data on CNS parameters were obtained with HRFD. Their analysis 

prompted the following conclusions. 
 

• Problems solved with the diffractometer HRFD or DN-2 can be optimally divided between 
experiments with the moderator in the warm or cold mode.  

• The cold moderator makes it possible to study effectively low-symmetry structures with a 
unit cell volume of ~500 Е as well as magnetic and long-period structures using HRFD.  

• The moderator temperature 70 К 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 Laboratoryг. In 
the past three years a program of investigations of a HgBa2CuO4+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, HgBa2Ca2Cu3O8+d (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 (CuO2) 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,  
(La1-yPry)0.7Ca0.3MnO3, 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 (16

О by 18
О). 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 a linear 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 16

О and 18
О isotopes. A 

HRFD precision experiment made it possible to demonstrate that over the interval from room 
temperature to the transition temperature of samples with 16

О to the metallic ferromagnetic phase, 
TFM, O-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 Т < TFM, 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).  

 



 
Fig. 3. The dependence of the 
temperature of the establishment 
of the far-range order FM on the 
mean value of the valence angle 
Mn-O-Mn.  
 

 
 
 
 
 
 
 
 
 

 
 
As soon as materials with a colossal magnetic resistance effect are interesting from the 

viewpoint of both fundamental and applied research, seeking new manganese oxide-based 
compounds is topical. In 1999 in E.V.Antipov's laboratory (Chemistry Chair, MSU) a 
Ca2GaMnO5+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 К (Fig. 5) and the direction 
and value of the magnetic moments of Mn atoms were determined.  

Helicoidal magnetic ordering in a Tb 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 Tb exists just in a narrow interval of temperatures, 
between 225 К and 231 К. Further measurements of the dependence of magnetic ordering on 
external axial stretching showed that the spiral 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 ND4I, and search a possible structural 
transition at high pressure in SmB6 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 ISIS source. In the experiment to investigate the «electron» 
high temperature superconductor Nd2CuO4 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 Nd2CuO4 with the contraction in «hole» 
superconductors revealed noticeable diffferences (See Experimental Reports). 

 
 
 

 



 
 
 
 

Fig.4. A comparison of the 
temperature dependence of the 
mean length of the bond <Mn-O> 
(bottom) and of the mean valence 
angle <Mn-O-Mn> (top) for the 
samples (La0.25Pr0.75)0.7Ca0.3MnO3 
with 16

О or 18
О isotopes. The 

arrow marks the transition 
temperature of the sample with 16

О 
to the FM-state. 
 
 

 
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 colloidal 
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 micelles in TMDMAO molecules was studied at different pressures and temperatures. 
Pressure-induced phase transitions at 280 К and 249.9 К 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 (MSG/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 MSG/water. Topological and phase transitions were 
discovered in a wide temperature range of 10°С to 90°С 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.  
 



 
Fig. 5. The diffraction 
spectrum of a 
Ca2GaMnO5.04 powder 
measured at T=12 K. 
Processing by the 
Rietveldt method is 
carried out taking into 
account the AFM-phase 
(the lower row of lines). 
 
 
 
 
 
 

 
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 a research 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 
quantum 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 is involved 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 a result, in the 
system Fe(1000 Е)/Gd(50 Е) 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(l) from a thin film of Cu (~1800 Е) 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.  

 



 
Fig.6. Temperature dependence of helicoid magnetic structure in Tb. Helicoid arrangement exists 
only in narrow temperature diapason from 225 to 231 K. A typical part of diffraction spectra are 
shown in the inset.  
 
 



 
Fig. 7. The dependence of the 
neutron reflection coefficient R on 
the external magnetic field H for «+-
« and «-+» spin transitions, «+-L» 
and «-+L» spin transitions in a local 
surface magnetic field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
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 Rb1-

x(NH4)xI, K2-x(NH4)xSeO4, LiRb1-x(NH4)xSO4, and Rb1-x(NH4)xMnF3. 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, CH3OD, and CD3OH, 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 
PbF2 at Т=293 or 823К 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 PbF2 the nature of 
collective excitations of which is different from classical liquids. At the same time, investigations of 
hydrates, including the system Zr-Hx (x=0.38-0.80) in particular, continued. In samples with a low 
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 
atoms in a-Zr. 
 



Fig. 8. The experimental
(points) and calculated
(line) RBS spectra f or à
10-1àóåò Si/Gå structure.
The layer thickness: Si -
23nm, Ge-13nm. The
presence of oxygen in the
layers is also detected (13
atomi c %) .
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1 .2 . N U C L E A R P H Y S I C S W I T H N E U T R O N S

1. I ntroduction
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 dif ferent 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.

A lso, experimental approaches in such à fundamental field as time-noninvariance effects in the

interaction of resonance neutrons with nuclei are under investigation. A t 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 f ield of neutron activation analysis (NAA ) and also, à methodological
development of neutron and gamma detectors of dif ferent types were conducted.

The main part of these investigations was carried out on seven neutron beams of the IBR-30
booster, the f irst and eleventh beam of the IBR-2 reactor, and the experimental faci l ity " Regata" for

neutron activation analysis at IBR-2. A t the âàò å time, à ï ø ï Üåã of works were conducted in

collaboration with the nuclear centers of Russia (RRC KI , ITEP, M EPI, PNPI, PEI , RSRIEP),
Ukraine (INR NU , K iev), Bulgaria (INRNE, Sof ia), Poland (UL, Lodz; INP, Kr akow), Germany
(FZK , K arlsruhe; Tubingen Univ .; THD, Darmstadt; FRM , Garching), Republic of K orea (PA L ,
Pohang; KA ERI, Taej on), France (ILL , Grenoble; ÑÅÑ ÑÅÀ , Cadarache), Belgium (IRM M , Geel),
USA (LANL, Los A lamos), China (Peking University) and Japan (K yoto University; K EK ,
Tsukuba) at their neutron sources. It is necessary to note that the new opportunities which opened
after Russia had j ointed ILL, Grenoble have been effectively used: some measurements with cold
and ultracold neutrons were successful ly performed.

V ery interesting possibil ities for investigations are opening now in the framework of à wide
international col laboration PS-213 based on à new n-TOF faci l ity which starts operation in late M ay

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 proj ect. In accordance with the recently revised schedule approved in M arch 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. À very important reason why the
IBR-30 scientific program has continued to present and wil l continue in nearest future is to preserve
the research team able to can y out investigations on the basis of the IREN source and prepare new
experimental techniques for such investigations.

2 . E x p er i m en t a l R esea r ch es

2. 1. P ari ty Vi olati on i n the I nteracti on î~ Ê åèî ëàèñå N eatr ons wi th N èclåü

2.1.1. TRIPLE collaboration results

The Frank Laboratory of Neutron Physics participates in the Tnne Reversal Invariance and
Parity at Low Energy (TRIPLE) collaboration studying Parity NonConservation (PNC) in
compound-nuclear states. The experiments are conducted at the Los A lamos pulsed neutron source
LANSCE by the transmission of longitudinal ly 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 = o' (1+ ð ) , where o' is the resonance cross section for positive and

~



negative neutron helicities, o , is the resonance part of the p-wave cross section. In the statistical

approach, à 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.
2 /Dividing the level spacing by D one obtains the weak spreading width Ã„ = 2ê ~ / which is àr a

global measure of the strength of the effective parity violation interaction in nuclei ; i t has à typical
value of - 10 ~ å× . In 1999 the Ä results were published for ~~Ì ~, '~~ÊÜ, '~~' ~À ä '~ ' ~~Ðä and

'~~Cs. They are shown in Table 1.

N u c l e i è ~~~, ' î 3~ ~ 1î üð ~ 1~~ä ä 1""ð ä

' ~ A y T a b l e 1

133 @

1.4" '
- 0.6

3 4 Î +47 ~
- ã8.0

1 ~ +2.6
— 1.2

+ ã .ç ~ ~® þ ëèÿÃ ( 10 ~ eV )
< 0 .11 < 12 .0

The data indicate possible existence of local fl uctuations in the mass dependence of the
weak interaction in compound nuclei contrary to an earl ier conclusion about the mass independence
of the weak interaction spreading width [FLNP A nnual Report 1998, ð.17] .

2 . 2 .
R esonance N eutr ons ~i th N èc åã'

2.2.1. Comparative analysis of experimental proposals on Ò-, P-invariance tests in nuclear

reactions with neutrons.
An analysis of dif ferent 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 èçåé 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 whi le the total
enhancement reaches 6 orders of magnitude. In this ñàçå, 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 à complicated (chaotic) structure of compound resonances. A n
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.

Òî avoid some problems mentioned above, one can use à two-stage scheme with j ust one
neutron polarization device proposed in FLNP.

Nowadays, there are two possible target designs for the proposed experiment. The f irst is the
Dynamical Nuclear Polarization technique for the polarization of Üà nuclei in à ÜàÀ 10 ~
compound. It requires extra-low temperatures and à high magnetic field. The second is the optical
polarization of X e in exactly the same manner as Í å. The latter is precisely the experimental 1 1

approach that is now under investigation within the KaTRIn proj ect.

2 .2 .2 . R ecent resu l t s o f th e K aT R I n p roj ect

The ability to create à long-lived high nuclear spin polarization in dense noble gases ( Í å,
'~~Õå, '3'Õå) opens wide perspectives in new fundamental and applied research and medicine

applications. We propose to use à spin-polarized Í å nuclear target as à neutron
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polarizer and analyzer of neutron polarization in the KaTRIn proj ect for an experimental test of
time-reversal i n vari ance in nuclear
reactions. À high polarization in the
neutron beam can be reached by the use
of the dense (3 10~ ~ highly polarized
(- 50%) prolonged È Çõ30 cm~ Í å

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, Ê, 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, à powerful circularly
polarized laser beam tuned to the
atomic resonance line is 'required. In

1999, an experimental setup for
creating à Í å neutron target (Figure 1)
was built. To have high polarization
values, Ðö„ the laser should provide ï î
less than 0.2 W per every cm~ of Rb
vàðî r at density n~~ = 10'~ cm ~. In

recent years, powerful diode laser
arrays with the power up to 30 W
became available. We used 15 W 23, àFig 1. ÈÌ ß Áóçÿò: 1- í å1ò ü012Ñ0113. 2- RF-coi ls, Ä1î äå 1ì åã array uï åd ,î the D1 Rb

3- Pick-èð, 4- Í å CeII, 5- Laser ~earn, á- P~otodiode resonance line (795 nm) The laser

spectrum was thoroughly investigated
using à spectrograph.

We investigated three spherical cells with the diameters 2 cm (À), 4 cm (Â), and 3 cm (Ñ)
filled with at 2, 8.5, and 13 atm, respectively. The cells were heated up to 200 Ñ' 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 Í å nuclear polarization, P>Ä was determined by à standard technique of NMR
adiabatic fast passage. Helmolz È 1400 mm coils produced an axial stabilizing magnetic field of
22.4 Gauss along the laser beam direction with à homogeneity not worse than ø the middle and
variations in time being at the same level . À pair of radio frequency (RF) coils 700 mm ø diameter
produced à 78 kHz transverse field.

À saw-like pulse of 3 á àçû was applied to the
stabilizing field to create resonance conditions for Í å nuclei .
NMR pick-up coils were incorporated into à cell holding
platform. Their axis was orthogonal to the stabilizing and È -
field. The induced NMR signal was guided to lock-in the
amplifier and then to the digital oscilloscope. The sensitivity
of the system was about

Fig. 2. Í å nuclear p olari zati on decay cur ves
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5 10 V/Gauss. The RF - interference and vibrations, set the noise level at about 100 mV . The value
of P>, was indirectly determined by the calculation of the fi l l ing factor and is shown in Figure 2.
Rather low decay constants, t , can be attributed to cel l wa11 relaxation and paramagnetic impurities
in Í å. Nevertheless, the eff iciency of polarization transfer happened to be rather high, about 10
of Í å atoms/s for à Â cell . Generally, Helmholz coils and the related equipment are necessary for
the NM R measurement of the Í å polarization. On the î ë åã side, it can be extracted from
measurements in the neutron beam. The p; metal magnetic shields can provide à homogeneous
magnetic environment for the Í å target. Now, this activity is underway and the first experimental
tests on an IBR-30 neutron beam will be conducted in 2000.

2.3. T heor eti ca l an d exp eri m en t a l app r oach es t o st udi es

M ethodological experiments and Ì Ñ calculations hav e been carr ied out at IB R-2 to optim ize

the scheme of the exper iment to study the neutron elastic cross section on noble gases w ith the aim
of ex tracting the neutron-electron scatter ing length . It w as observed that the neutron beam from the
IBR-2 reactor passing through à m irror neutron guide becomes inhomogeneous in energy . This f act

causes ser ious experimental di f f i cult ies in the measuring of the angu lar ani sotropy of the scattered
neutrons on à X e target . How ever , computations show the possibi l i ty of the ex traction of the (n, å)
scatter ing length f rom measurements of the elastical l y scattered neutron intensity in the 4ê-

geometry i f one uses à gaseous A r target . The adv antage of A r i s i ts relatively sm al l nuclear
scatter ing cross sect ion result ing in à relative contr ibution of the (n, å) scatter ing equal to Õå' s.

In the year 2000 à high-pressure A r-f i l led gaseous chamber w ith Í å proportional counters

around i t w i l l be constructed and the f irst measurements of the A r scatter ing cross section w i l l be

carr ied out .
À new method to study the neutron polar izabi l i ty and neutron — electron scatter ing w as proposed.

I t i s based on the fact that the real part of the s-w av e scatter ing ampl itude changes its sign near the

Ã„s-w ave neutron resonance at Å = Å ' = E, — " , (here Å is the neutron energy , Eo is the energy of

ãà~
the resonance, k and Ã„ àãå the resonant values of the neutron w ave number and w idth, ß , i s the s-

w ave scatter ing radius) . The method consists of the observation of the energy behav ior of the
î (ä,) — ~ (ä, ) Ôforward — backw ard scatter ing asymm etry â , = ' ' that exper iences à j ump at Å =Å , here
o(ä,)+î (ä,)

î (ä ) is the di f ferential scatter ing cross section. A pprox imate expressions for the di ff erential cross
section are presented by the equat ion o '(ä ) = ( / , + Ä ñî çä + à„, Zf (q )) , w here Ä is the s- w ave

scatter ing ampl itude, f j = ä ~ + f j is the sum of nuclear and polar izabi l ity contr ibutions to the p-

w ave amplitude, à„„ = (1.3 — 1.6) 10 f m , f (q) i s the atom ic formfactor, q = 2k sin — is the - ç ä

transferred momentum . Thus, in the expression for î (ä ) w e hav e the interference terms
2Ä ä- ñî âä and 2Ä aÄ, Zf (q) . The calculat ions show that the latter term for Z > 70 and l eV < Å <

10eV exceeds 2Ä f j - 100 times. I t makes â ~ be alw ays negat ive at energies below Å and posit iv e

at energies higher than Å . I t is supposed that this phenomenon w i l l serve as à new method for the
observation of à„ , . M ore detai led calculations of possible exper im ents to invest igate è„, w i l l be
done.
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N eut ron Yi elds at Thermal Energy
2.4.

2.4.1. ~ ~ 1àã 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 à 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 z of the system, i ts spin Ó
and the proj ection on the fission axis Õ. Resonance s- or p-neutron induced f ission only permits
one to obtain information on J~Õ f ission amplitudes because in the total cross section of the (n, f)

reaction and in the energy dependence of the angular distribution of f ission fragments there appears
the interference of J' Õ amplitudes of dif ferent compound states. The possibi l ity of the extraction of
fission amplitudes from the experiment with an al igned ~~~Y target is determined by the existence of

à complete set of experimental data on di fferential and total cross sections for this nucleus.
In 1999, data taking in the experiment to measure the fission fragment angular anisotropy of

the ~~~13 resonance neutron induced fission with an aligned ~~~Ñ target in the energy region 0.5 — 30

å× finished. The value of the anisotropy coeff icient À~ (Å) was extracted. The energy dependence
of the Àã coeff icient, which characterizes the angular anisotropy of fission fragments, is shown in

Fig.Ç. For à combined analysis, the experimental cross sections for ~~~13 avai lable from the

National Nuclear Data Center (NNDC) at BNL were used. A ll î ë åã cross sections are also well
reproduced. The dashed l ine is calculated using à set of resonance parameters from the ENDF/Â-V I

l ibrary, which also describes all other cross sections quite well , but obviously

-À ~

2

ß ó. 3. ÒÜå òåêèëîþ î~ é åß (çî 1Û ñèï å)~î òÀ~ (Å), ñã ñ1åÿ àòå é å åõðåï ò åï 1à1 éà1à. ÒÜå äàþùåé
line is calculated usi ng the resonance parameters f rom ENDF/Â-VI .
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fai l s to reproduce the À ã energy dependence. I t i s necessary to note that the latter set of resonance

The data were analyzed assuming that three channels are open for the spin group Ó=Ç
(Õ=0,1,2) and two for the spin group J=4 (Õ=1,2). According to à commonly used assumption the
J Õ=4 Î state is forbidden by parity conservation. We can expect ï î or à very small contribution
from higher Õ states (J Õ=ÇÇ, 4 3, and 4 4) as the geometrical factors defining the value of the
anisotropy coefficient for these fission channels have à 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 hi@er. So these fission channels are not taken into account. The integral
distributions of the partial fission widths for the spin group J=4 obtained ø âèñÜ approximation
turned out to be not consistent with the Porter-Thomas distribution with one degree of &eedom (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 4 0 channel was based
on À.Bohr's hypothesis in its simplest variant. However, à more careful examination of the

problem leads to à conclusion that the 4 0 channel has à higher first fission barrier and à relatively
low second one for asymmetric fission modes. Thus, one would expect the J~Õ=4 0 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 app roxi muti nn
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parameters was obtained in the two-channel approximation without taking into account the
information on À~ (Å).
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For ò î ãå detai ls see the section of scienti fic publications: "Àï ~ 1àã Anisotropy of Fission

Fragments from the Resonance Neutron Induced Fission of an A ligned U Target and the Role of
5"Ê Fission Channels" .

In 2000, experiments to study the angular anisotropy of fission fragments for dif ferent mass
groups will continue. A lso, experiments to determine the temperature dependence of the anisotropy
coeff icient wi l l be done aiming at an increase of the accuracy of the absolute value of the anisotropy

ñî å%ñ|åï 1.

2.4.2. Parity violation and î ë åã eff ects caused by the interference of s- and p - wave neutron

induced fission
Òî explain PNC effects in nuclear fission, theoreticians used an assumption about

neighboring compound-states with opposite parities mixed by the weak nucleon-nucleon
interaction. A s it is well known, an analogous assumption was used earlier to explain the PNC-

eff ect arising in the (n, ó) - reactions.
A s à result of âèñÜ à 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 l ight
(heavy) &agment emission relative to the spin direction of the polarized neutrons initiating the

nuclear fission.
Recently on the basis of à consistent theory of neutron-induced f ission it was shown that

parity conserving (PC interference effects âèñÜ as the left-right (LR) and forward-backward (FB)
asymmetry of fission products emission could be expressed through the âàò å f ission amplitudes as
the PNC eff ect . A s à result, complementary investigations of PNC and PC interference effects can
essential ly extend the capabil ities of the theoretical analysis of the experimental data.

The angular distributions of l ight (or heavy) fission fragments are described by the
expression: Ã (ð ) = 1+ à (ä „ ð )+ à „ (ð p Ä)+ a Ä' (ð [ä „ õ ð „ ]) , where pr and p Ä are the

unit vectors of the l inear momentum for l ight fragments and neutrons, ä „ is the unit pseudovector
of the neutron polarization, and à „~, à ~~ and à „' are the PNC, FB and LR asymmetry coefficients,

respectively, for the light f ission fragment group. The aim of the investigation was to determine è
coeff icients which are the functions of the neutron energy and the parameters of s- and p-wave

resonances. Simultaneous f itting of al l experimental data can give information about the parameters
of the p-resonances of f issile nuclei and matrix elements of the weak interaction. Up to now, such
information is entirely absent.

A ll measurements of the PNC and PC asymmetry coeff icients as functions of the resonance
neutron energy in ~ç ' ~Á and Pu fission were carried out in collaboration with PNPI (Gatchina)
on the beams of the IBR-30 pulsed reactor operating as à booster with à LUE-40 electron l inear

accelerator. To register fission fragments, à multisection fast ionization chamber was constructed.
In 1999, the left-right asymmetry was measured for Pu in the energy region from thermal

neutron to 70 eV . The obtained data are under analysis now .
For ~~~~~~Ó, the data on the left-right and PNC effects were analyzed. Simultaneous

processing of the obtained data gives à sufficiently ~ood description of the observed effects. In
doing so, tentative parameters î Ã29 ð-resonances for ~13 and 18 ones for 3 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 10 — 10 ~ å× .

2 .4 .3 . D elay ed n eutron y i el ds

I t i s w e l l k n o w n t h a t t h e e x i s t e n c e o f d e l a y e d n e u t r o n s ( D N ) h a s à f u n d a m e n t a l s i g n i f i c a n c e

f o r t h e r e a l i z a t i o n o f à c o n t r o l l a b l e c h a i n f i s s i o n r e a c t i o n . T h e y i e l d s a n d t i m e c h a r a c t e r i s t i c s o f D N

& î ò t h e m a i n r e a c t o r i s o t o p e s , U , P u a n d U , a r e s o m e o f t h e m o s t i m p o r t a n t n u c l e a r r e a c t o r 2 3 ~ 2 3 ~ ã ç ç

c o n s t a n t s u s e d i n k i n e t i c c a l c u l a t i o n s . A n a c c u r a c y o f 3 % f o r ~ ~ ' U , 4 % f o r ~ ~ Ð è a n d 6 % f o r ~ ~ Ú
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has now been achieved for DN yields. Nevertheless, the requirements for the àññø àñó of the
parameters have continued to increase.

V ~
The measurem ents of the p Ä = values for the thermal neutron induced f i ssion of

V ~ + V

ÇÇÖ ~~~Ñ, Pu and ~~ Np isotopes were performed with an ISOM ER faci l ity at IBR-2. Í åãå, vq is

the ï ø ï Üåã of DN, and ~p is the number of prompt neutrons. The IBR-2 operation mode, the pulse
rate 5 Hz, permits one to register neutrons in à 200 ms time ðåï î é. The system of à chopper
synchronized with the reactor pulses al lows one to extend the time interval to 800 ms by rej ecting
one or two reactor pulses and irradiatinp the samg le with neutrons from à selected energy region.

The DN yields from U, U , were measured àï åã 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 pz for 3 meV and 23 meV
energies are presented in Table 2.

Table 2
po values (in %) and ratios to standard DN yields

(from U thermal neutron induced f ission)

E n = 0 .003 eVI soton e Åï =0.023 eV

2 3 5 ~ ò 0.683 1 0.02 1 ( 1.004 +0.009) 0 .6 80 + 0 .02 1 ( 1.000)

ãì ~ 0.274 + 0.009 (0.403 + 0.006) 0.267 + 0.009 (0.393 + 0.006)

239ð
0 .2 27 + 0 .0 1 1 (0 .334 + 0 .0 16) 0.234 + 344 + 0 .0041

There is ï î energy dependence of p -values in the energy range between cold and thermal
neutrons.

One can see that the àññø àñó of relative measurements is on the level of 1%. The errors of
absolute values are determined by uncertainty in the DN yield from U which serves as à standard.
The çàò å experimental setup al lows one to obtain the time dependence of the DN yield in short
periods î 1 time (up to 800 ms).

C o unts

32 000 0

çî î î î î

2 8000 0

~

5 0 ~î î 150 200
Òèï å, ò ç.

2 50 çî î 3 50

Fi g. 5. D Ns f rom the ~~~È exp eri mental poi nts and calculati ons i n the 6-group app roach.
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Figure 5 represents the experimental results for the ~~~13 DN yield time dependence. The

statistical accuracy is 0.2 - 0.3% in à 1 ms time interval . The experimental data are compared with
the calculation using the 6-group approach with group constants from different authors.

For ~~~ß ð, two different methods of pg determination were used. The results for vq are
1.25+0.11 and 1.14+0.09. One should mention that measurements of the ÷ä value for ~~~X p in the

thermal energy region were performed for the first time thanks to using à unique combination of à
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

À method of precise measurements of the kinetic energies of f ission fragments was
developed and realized for actinide isotopes. The method is based on à double ionization chamber
with Frish grids. Using the method TK E were measured for low lying ~~~Y resonances with à

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 . A n
analysis of the experimental results could give information on variations of fission mode weights as
à function of excitation energy of the f issioning system.

H ighly Ex ci ted States of N èc1åü'
2 . 5 .

2.5.1. Studying of the (n, 2ó) reaction
The acquisition, analysis and systematization of the experimental data on the propert ies of

heavy enough (f irst of al l , deformed) nuclei at the excitation energy Å„ < Â, continued. Detai led
and rel iable information is necessary for à better understanding of the process of nuclear transition
in this energy region from simple, we11-studied structures to extremely complicated compound
states. An analog of this process for à macroscopic system is à transition from order" to chaos". A t

present, maximum possible information on this process in any nucleus is only provided by the study
of two-step 'ó-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 E l and Ì 1 transitions and the density p
of the states excited by them in the energy interval < Â„ . À detai led study of nuclear parameters
requires the measurement of these parameters with à high enough accuracy. This has stimulated the
development of à new technique for the extraction of such data because àl l the algorithms of
analysis used for this aim earl ier have irremovable systematical uncertainties of an unknown

magnitude.
À detailed enough shape of the energy dependence of the cascade intensity observed for

nuclei from the mass region 114 < À «< 200, known values of the total radiative widths of compound
states together with the physical ly determined conditions ð > 0 àï ä / '- 0 for any of excitation or y-

transition energies allowed us to realize the new method for à simultaneous estimation of the
parameters p and ~ This method al lows one to obtain narrow enough intervals of variations of the p
and ( values and provides à precise reproduction of the observable functionals of cascade y-decay.
À comparison of p and ( obtained from this analysis with their model-predicted values al lows us to

make quite certain conclusions about their main peculiarities, which provides à precise reproduction
of the experiment (Figs.6,7). There are:

1. À considerable deviation of ð (Å) from the exponential law (which is characteristic for
pure fermion systems) at the excitation energy of about 2 Ì å× . It is not excluded that ð (Å) at this
energy can have à constant value or even decrease with increasing excitation energy. The
corresponding energy regions of this effect in nuclei of di fferent types shift by approximately à
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 à 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 à given excitation energy interval around the detection
threshold L, of individual cascades with à further extrapolation of the result to the value L , = Î . 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.á, as well.

2. The sums of the strength functions f (E1) +f (M l ) which allow the description of all the
measured functionals of the cascade y-decay process deviate noticeably &om the model predictions.
The least discrepancy between theory and experiment is observed for low-energy transitions in
near-magic nuclei provided à modified giant electric dipole resonance model in which the width of
the resonance depends on the nuclear temperature and quantum energy is èçåé. The maj ority of
deformed nuclei demonstrate à 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 = 82).

~

ß ó. á. ÒÜå ï èò Üåì î~ 1å~å1ç î~ Áî é ðàï éåê åõñü|åé Üó ð ï ò àãó â ð î Äå ~òàò Ì î ò ò 100 ÈåÓ åï åòäó

ï àâ àãå É å ò î é ð ãî ÜàÛ å ð ~à1èåç òåð ãî éèñò ö Áî é ñàçñàéå ò 1åò Ì åè àï É 1î ~à1 òàë àÍò å

çèðåô èÛ èèñ1åèè, ãåçðåñéèå1ó. Òëå ò î éå1 ð àãàò å1åòç àòå ñÜî çåï 1î ãåð ãî éèñå é å ãåþ èàï ñå

spaci ng

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 Ì å×
corresponds to the theoretical approach of the generalized model of the superfl uid nucleus in its
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early variant . This ï åans é à1 the structure of states in the excitation energy interval 1-2 to 3-4 M eV
(and, probably, higher) must be mainly determined by vibrational (boson) components. The
structures of levels at higher energies must be under dominant infl uence 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 çî ë å hundred keV ).

Î

Ë
'å

+
I
Ø

Â

uncertainties) in ï èñ1åã the same as è Figure á as à f unction of the primary transi ti on energy Ej.

GEDR andf (Ml ) = 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
ROMA SHKA and PARUS multidetector facil ities. On the ROMA SHKA faci l ity 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 multip l icity after
resonance capture |ï Sm, Sn, Re, Th, Ti and after the fission of U and Pu isotopes ! 49 117 187 232 48 • 235 23

over the energy interval from 20 to 300 å× were conducted. On the PA RUS spectrometer simi lar
measurements of the âàò å isotopes plus U and Pb were done in the energy region from 4 to 160 238

eV .
Incomplete data on spins and radiative widths and à 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 çàò å time, these investigations have à certain applied
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importance. Some of the above mentioned isotopes are used in reactor construction where new,
more exact and rel iable 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

Î „à = " for ~~Á target nuclei in the 20-2000 å× energy region were performed. Multipl icity
0 '

spectra were also measured for the ~~~Ðè target to ref ine the è- value for ~~~Ðè in the 0.007-20 keV

energy region. A s à result, è - values were obtained for 80 resonances and several energy groups.

In collaboration with Pohang A ccelerator Laboratory (PA L , Pohang, Republic of Korea)
group total cross sections were obtained. Transmission experiments were performed on the PARUS
spectrometer with samples-f i lters of di f ferent thickness made from ~~~Tn and ~3 Np.

~

î , i þ

~
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~
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samp le.

Figure 8 represents experimental ly observed total group cross sections for ~~~ÒÜ and ~~~X p.

Figure 9 show à comparison between the experimental total cross section for the thickest samples
and the calculated with the GRUKON code using the ENDF/Â-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 nm = 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 î Ãthe fi lter-sample reduces the effects of resonance self-shielding.
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The total cross sections calculated for thick samples are in good agreement with the
experimental î ï åê as it ñî ëÈ be seen from Fig. 9. For thin f i lter-samples the observed cross
sections are signif icantly larger than for thick samples and are systematical ly 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 ~~~Tn and ~~ Np and the corresponding resonance

sel f-shielding have not been adequately investigated. This leads to the underestimation of the
calculated cross sections in the unresolved resonance region.

Õåè~ãî ë I nduced Reacti ons wi th Emi ssi on of Ñhargåd P ar ti cles2.6.

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

Investigations î Ãthe (n,à ) and (n, ð) reactions on slow neutrons continued. Processing î Ã the
data on the " N(n, ð) ' reaction completed and the results are published. The cross section

measurements of the Cl(n, ð) S, Cl(n, ð) S, Cl(n,e) P reactions induced by thermal neutrons
were performed using gaseous and solid targets. The processing of the angular distributions and
cross sections of the ~~% (ï ,à)" Ðå reaction at 5.1 Ì å× were accomplished in col laboration with
Beij ing and Tsinghua Universities (Beij ing). The Zn(n,u)~'Ni reaction was measured for the

neutron energies 5 and 6.5 M eV .
Systemizing of the (n, à ) and (n, ð) reaction cross-sections in the neutron energy interval

from 2 to 16 Ì å× for the wide range of atomic weights A=19- 197 was carried out. The dependence
of cross sections on the (N-Z)/À parameter was obtained.

À strop hy si cal À sp ects of N åèt roë Phy si cs2 . 7.

F o r à l o n g t i m e i t h a s b e e n k n o w n t h a t ab u n d a n c e o f e l e m e n t s h e a v i e r t h a n i r o n i n t h e s o l a r -

s y s t e m h a s b e e n p r o d u c e d b y n e u t r o n - c a p t u r e r e a c t i o n s . H o w e v e r , n e u t r o n c a p t u r e i s a l s o o f t h e

r e l e v a n c e t o ab u n d a n c e o f i s o t o p e s l i g h t e r t h a n i r o n e sp e c i a l l y t o n e u t r o n - r i c h i s o t o p e s , e v e n t h o u g h

t h e b u l k o f t h e s e e l e m e n t s h a s b e e n s y n t h e s i z e d i n c h a r g e d - p a r t i c l e - i n d u c e d r e a c t i o n s . E x a m p l e s o f

su c h n e u t r o n - r i c h i s o t o p e s t h a t a r e b yp a s s e d b y c h a r g e d - p a r t i c l e r e a c t i o n s a n d a r e p r o d u c e d b y

n e u t r o n - i n d u c e d n u c l e o s y n t h e s i s a r e S i , S , A r , a n d t h e c a l c i u m i s o t o p e s C a a n d C a . 36 40 46 48

A t t e m p t s t o u n d e r s t a n d n e u t r o n - i n d u c e d n u c l e o s y n t h e s i s a r e n e c e s s a r y t o b e m a d e t o o b t a i n

i m p o r t a n t i n g r e d i e n t s o f t h e k n o w l e d g e o f n e u t r o n - c a p t u r e r a t e s . T h e i n fl u e n c e o f s h e l l e f f e c t s o n

n e u t r o n c a p t u r e i s o n e o f t h e m o st i n t e r e s t i n g a sp e c t s o f n e u t r o n c a p t u r e , e sp e c i a l l y b e c a u s e n e u t r o n

c ap t u r e i n t h e v i c i n i t y o f ò à ó ñ n u m b e r s i s o f t e n à b o t t l e n e c k i n n e u t r o n - i n d u c e d n u c l e o s y n t h e s i s .

T h i s i s a l s o t h e ñ à ç å i n t h e n e u t r o n c a p t u r e o n n e u t r o n - r i c h i s o t o p e s c l o s e t o t h e m a g i c p r o t o n a n d
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neutron numbers Z=20 and N=28, i .å., in the vicinity of the double-ì àð ñ nucleus Ca. In 48

particular, the reaction rate of neutron capture for Ti isotopes is of relevance to isotopic abundance
anomalies in sil icon carbide (SiC) grains occurring in carbonaceous meteorites. Contrary to most
î áæåã solar system solids this type of grain has not been reprocessed and/oã homogenized.
Therefore, they can be potential ly associated with their stel lar origin. The main part of presolar SiC
grains has an isotopic composition implying that they are most l ikely condensed in the winds of à
variety of asymptotic giant branch (A GB) stars.

2 .7 .1. N eu tr on cap tu re o f ~~Ñ a at therm onu cl ear en er g i es

The nucleus ~~Ca is produced and destroyed as à result of neutron-induced nucleosynthesis
in hydrostatic helium, carbon, and neon burning through the reaction chain ~~Ñà(ï , ó)~~Ñà(ï , ó ~~Ñà.

At the K arlsruhe and Tubtngen 3.75 Ì å× × àï de Graaff accelerators the thermo-ï èñ1åàã Ca(n,
~~~Ñà cross section was measured by the activation technique via the 1297.09 keV T-ray line of
Ñà decay. Samples of CaCO~ enriched in ~~Ca to 5% were irradiated between two gold foils

serving as capture standards using the L i(p, n) and Ò (p, n) reactions. The capture cross section was
measured at the mean neutron energies 30, 104, 149, 180, and 215 keV . The M axwell ian averaged
capture cross sections were measured at the quasithermal neutron energies kT=25 and 52 keV . I t
was found that the ~~Ñà(ï , 'ó) ~Ñà 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 Ã„ = ( 17.4",', )

keV and the radiation width Ã~ = (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. N eutron capture in Ca at thermal and thermonuclear energies

The neutron capture cross section of ~~Ña was measured relative to the known gold cross

section at kT=52 keV using the fast cycl ic activation technique. The experiment was performed at
the V an de Graaff accelerator of Tubingen University. The new results are in good agreement with
the calculation based on à 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 . M easu rem ent o f n eut ron captur e on ~~T ~ at th er m onuc l ear en erg i es

At the K arlsruhe and Tubingen 3.75 Ì å× V an de Graaff accelerators the thermonuclear
' ~Ò1(ï , ó)" Ò1 cross section was measured by the fast cyclic activation technique via the 320.852 and
928.65 keV y-ray lines of 'Ti decay. M etal l ic Ti samples of natural isotopic composition and
samples of TiOq enriched in ' ~Ò1 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 à bound state s-wave resonance with an estimated radiative width of 0.34 å× that
destructively interferes with à direct capture. The strength of the suggested s-wave resonance at
146.8 keV was determined. In addition to directly measured M axwellian averaged capture cross
sections at 25 and 52 keV , the present data served to calculate an improved stellar Ti(n, ó)~'Ti rate

in the thermonuclear energy region from 1 to 250 keV . At low temperatures the new stel lar rate
leads to much higher values than the previously recommended rate; å.g., at kT 58 keV the increase
amounts to about 50%. The new reaction rate, therefore, reduces the abundance of ~~Ò1 due to s

processing in asymptotic giant branch stars.
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ã.ã. I nvesti gati ons wi th Ul t raeold N eutr ons

2.8 Pr eci se ex p er im ental test o f the U CN di sp er si on l aw

In the &ame of an FLNP-Kurchatov Institute-ILL-M elbourne University col laboration, à

precise experiment to verify the neutron wave dispersion law was performed using an original
method. It is based on à search for the resonance l ine shift in an interference fi lter, the Fabri-Perrot

interferometer, accompanied with à change in the neutron velocity component parallel to the fi lter
surface. The parameters of the spectrometer permit one to measure the shift of the resonance line
(6.5 10 9 eV width) with the accuracy 10 " eV .

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

2.8.2. Observat ion of the new m echani sm î Æ ÑÌ losses

UCN can be conf ined in material traps for à 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 p-decay, upscattering and capture on the trap wal ls. In the

reported study an additional mechanism of UCN escape from traps was observed. It is associated
with an approximately Ü÷î 4 î 14 increase of UCN energy with à probabil ity of about 10 ~ per

coll ision for the stainless steel surface and it is lower for î ë åã studied materials (Cu, Âå). The
observed eff ect does not reduce to known UCN upscattering that leads to an increase in the neutron
energy to approximately thermal energy.

3 . T h eo r et i c a l R esea r ch es

3. 1. N u cl ear Fi ssi on

À theory of nuclear f ission induced by resonance neutrons was developed. The new and
sufficiently natural interpretation of À . Bohr 's f ission channels follows from this theory. À unif ied

description of P-even and P-odd angular correlations î Í çâþ ï fragments has been made. Part of the
predicted new effects found conf irmation in the experimental works performed in FLNP (see
sections 2.4.1, 2.4.2). This theoretical approach was èçåé for an analysis of the experimental data on
the resonance neutron induced fission of al igned ' U target nuclei .

3.2. N eut r on op ti cs

w ith bothf unction is represented as à tw o-dimensional vector, ó =

The refl ection of neutrons from multi layer magnetic systems was considered numerically and
analytically. The magnetization of adj acent layers was supposed to be noncoll inear. Two methods
were compared. The first one, analytical, uses infinitesimal spl itting of layers and multiple
refl ections in the infinitesimal gaps. It is analytical and is cal led the recursion method (RM ).

The second one uses matching of the wave function at the interfaces of layers. The wave
Ã Ó î 'r Æî

, o r y =
ðü|~ 0

components being spinors. Í åãå y p is the incident spinor wave, and ð, ò are the refl ection and
transmission amplitudes, respectively. The upper component is related to the wave going right and
the lower one is the wave going left . M atching at the i-th interface is described with à generalized
2x2 matrix (GM ) Ì ;: ó , = Ì ó ,. Ä with the matrix elements of Ì ; being 2õ2 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 refl ection spinorian amplitude can be evaluated.
This method, cal led the generalized matrix method (GMM ), is appropriate for numerical
calculations.
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À comparison of two methods in numerical calculations has shown that GM M is less time
consuming. It is nearly 10 times faster than RM . However, RM has an advantage i f we only need to
find the positions and width of resonances in à multi layer system.

N eu t r on -el ec t r on i n t er acti on3.3.

The neutron-electron scattering amplitude à„, is usually extracted from transmission
experiments where the transmission exponent exp (-No;L) of the sample is measured. Í åãå, N is the
atomic density, L is the thickness of the sample, and î , is the total transmission cross section which
contains the coherent elastic scattering cross section î ",, . It is the latter which is most important for

oÄÄ because à ,', = JdQ~n, — ZrtÄf (q)~ , where à, is the coherent neutron-nucleus scattering

amplitude, Z is the atomic number, f (q) is the atomic form factor which depends on the momentum
transfer q, and the integration should be performed over all scattering angles Q. Since the amplitude
à „ , i s sm a l l , t h e l a s t e x p r e s s i o n c a n b e a p p r o x i m a t e d a s Cr = î ,' 1 — 2 " ' ) "( é ) , w h e r e

à ,

à , = 4æ~Ü, | , k is the wave ï èò Üåì of the incident neutrons, àï 4 f (k) = [ ,Æ ~ ~ ~4 is the form-

factor averaged over all angles. Thus, to find aÄÄ we need to measure o ,', , the dependence o ,', (k)

on k and also, know ( / (k)) .
However, it is shown that at small k the coherent cross section cr,', does not enter into ñò, at all,

and in the case of polycrystalline media, at large k this cross section enters into the Placek
correction, i .å. cr, contains o",, j — . . . where Ñ is the constant calculated by Placek and à is theáà'k

interatomic distance. It is seen that the Placek correction ã , , increases as k decreases, but it is/ à ~'
not clear how it completely eliminates cr,', at small k.

It was shown that :
1. the contribution of a",, taking into account the Placek correction can be represented in the

, w h ich i s accep tab l e f or al l k .f orm o ",,
(~+ à k / ,

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 à„, magnitude of the order of
| ô % .

~

average dimension of crystal l ites.
Some corrections which can modify the amplitude related to the neutron polarizabil ity were also

considered.

3.4. U l t r acol d neu t r ons

Attempts were made to explain the anomaly of ultracold neutrons fom the fundamental
viewpoint. An assumption was made that à non-spreading wave packet can describe the neutron and
à reduction of the êà÷å function takes place both in the coordinate and momentum space. It has also
been noticed that à particle and its wave function are à non-local obj ect whose coordinates and
momentum demand an exact mathematical determination and can be determined unambiguously
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4 . M et h o d o l o g i ca l R esea r ch es

Pioneer investigations to observe the neutron standing waves using the TOF technique with
à high precision gamma-spectroscopy were performed on channel 8 of the IBR-2 reactor.

þ ï î ia þ an ãþ zn m
I ' ! ' I ' I ' I ' I ' I

È Ø È Ì À ~ÈÈ ßßÛ ä

~~

oooo !

~

is a '

~~
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and simultaneously without coming in contradiction with the uncertainty principle which appears to
have ï î relation to quantum mechanics. In the frame of the ñàï î ø ñàl approach, one fai ls to describe
anomalous losses. In the frame of de Broglie representations, à singular wave packet can be
ascribed to the neutron. In this case, the anomaly can be explained by over-barrier leakage. A s à
result, the packet width is determined, the future of the neutron is predicted, and the possibi l ity of
experimental verification of this prediction is hoped for.

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

p ulsed n eu t r on sou r ces

~
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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 à several
angstrom thickness. This permits one to discover such elements in à multi layer structure and
determine their spatial position.

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

4.2. Const ructi on î~ é å K OL H I D A i nstrument

To can y 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 à polarized neutron spectrometer and à polarized nuclear target instal lation. 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 i s located on the first channel of IBR-2. The general
scheme of the spectrometer is shown in Fig. 11. The Ñî (92%)-Fe(8%) single crystals (1 and 2) are
used for neutron polarization and polarization analysis. .

~~

The thickness of the crystals is 3 mm and the surface areas are 34õ34 mm and 35õ53 mm~,,

respectively. The crystals are placed between the poles of the electromagnets which produce à
magnetic field of Í =0.4Ò.

The spectrometer is assembled on à massive arm. I t comprises guide field magnets (4), à fl ipper
(5) for polarization reversal , à polarized target holder (7), à polarization analyzer (2) with à magnet,
and à platform with à neutron detector (8). The arm on à circular rail can be rotated about the âàò å
axis as the neutron polarizer. The rotation axis of the detector platform coincides with the axis of
the neutron analyzer. The Í å counter is used as à neutron detector and the ~~~Y 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

T he p ar am eter s of the polar ized neu t r on beam
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The completed tests of the spectrometer showed that it could be used conveniently to carry
out investigations with polarized neutrons over à range from thermal energy to several eV .

5 . A P P L I E D R E S E A R C H

5.1. Neutron A cti vati on A nalysi s

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-A ES) and inductively coupled plasma mass spectrometry (ICP-M S). Each of these techniques
has their own merits and problems. À comparison of sensitivities and the quantity of elements to be
determined for various methods must be made with "ãåàÃ' samples because the analysis result

depends strongly on the element composition of the sample.
À combination of dif ferent 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 ,
j ust one of the above mentioned methods does not require the dissolution of the sample. This is à
great advantage î ÃNAA if the total concentration is the aim î Ãthe 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 î 1the "Regata" faci l ity 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 fl oor 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 Ch l 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 Ch1 and Ch2 with the greater fl uxes 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 à rule.

Table 4

I r r ad iat ion channel par am eter s

Ò' Ñ
C hann el C h annelI r r ad i at ion

N eut ron fl u x den si ty (ï / cm ' s) ><10 "

diam ., mm l ength , m mT herm al R eson ancesi te Fast

Ch l 0.23~0.03 1.4~ 0 .16 70 2 8 260Cd coat

0.64+0.04 60 2 8 260

~

0.54~0.06 0 .12~ 0 .0 1

~

7.0~0.5 30-40 30 400Ñ Ü Ç Cd coat

Ñ Ü4 1 3 . (H =O .5 0 .9~ 0 .10 7 .(8 =0 .5 30-40 30 400

150 400 180C h 0 ï . û Î 1. 25+0.1 16

< 0 . 1
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system i s located.

The irradiation channels Chl and Ch2 are the same, but Chl has à Cd coating. Each channel
consists of two concentric tubes made from stainless steel. Both are placed into an aluminum Üî õ
with à biological shield. One of the tubes is à fl ight tube 28 mm in diameter, and compressed air
fl ows through the second tube. In order to prevent à hard shock of à capsule with the irradiated
sample at the end î Ãthe 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 ø the
epithermal neutron region. The ratio of resonance activation integraVthermal neutron cross-section
(1,/î ,) 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
epitherma1 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 ï î 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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I n ò î ãå d et ai l , t h e N A A an d b i o m o n i t o r i n g t ech n i q u e ar e p r esen t ed i n t h e sec t i o n o f sc i en t i f i c
p u b l i c at i o n s : " SEL ECT I ON OF A PPROPRIA T E M O SS B I OM ON I T OR S FO R ST U D Y IN G A T M O SPH ERIC

E L E M E N T A L D E P O SI T I O N I N C H I N A " a n d " R E L I A B I L I T Y O F M O SSE S (H YL 0 C 0 M I U M SP L E N D E N S,

P L E U R 0 Z I U M SC H R E B E R I A N D CA L L I E R G 0 N G E G A N T E U M ) A S B I O M O N I T O R S O F H E A V Y M E T A L
A T M O SPH E R I C Ð Å Ð0 $ 1Ò 10 Õ $ I N C E N T R A L R U SSI A "

Cosmic ãàóç are known to produce à large number of high-energy neutrons in the M art ian
surface layer. These neutrons produce gamma-ray l ines from the nucleus either via inelastic
scattering (I-type lines), provided they keep the original high energy, or via capturing reactions (Ñ-

type lines), provided they were slowed down to epithermal or thermal energies. These l ines together
with the lines of the natural decay of Ê , Th and U (N-type l ines) wil l be measured by the Gamma-

Ray Spectrometer with à high purity Ge detector . The mapping of these lines wil l al low to
determine the distribution of the main minerals globally over the M ars surface, which is one of the
primary goals of the Ì àãç Surveyor Orbiter 2001 mission.

The main scientif ic obj ectives of the Russian High Energy Neutron Detector HEND created by
à collaboration of JINR and the Russian Space Science Institute are consistent with this goal .
HEND, as part of the GRS facil ity, wil l provide the map of high-energy neutrons albedo, which
wil l al low (together with à complementary map of low energy neutrons albedo from the Neutron
Spectrometer NS) the distinguishing of 1-type, Ñ-type and N-type l ines from à " forest of l ines" from

the GRS spectrometer.
Òî achieve these goals, HEND is integrated into GRS. The HEND detector scheme was

developed, modeled, and tested in FLNP. It has three Í å-based neutron counters with polyethylene
moderators and one stylben scinti l lator with an active anti-coincidence shielding around it. The He-
based detectors with thin and medium moderators wil l 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 N S. The Í å-based detector with à thick moderator and à stylben
scinti l lator wil l provide data for high energy neutrons at 1 keV — 10 Ì å× to build à map of the

elemental composition of the Martian surface and determine regions with an increased abundance
of hydrogen on à shallow subsurface.

A lso, the data of high-energy neutrons from HEND wi ll characterize the radiation environment
on the interplanetary cruise and on the M art ian orbit to provide information about radiation-related
risks to human explorers. Special data formats with time profi les will be used to measure, with à
fine time resolution, the fl uxes of high-energy neutrons and gamma rays during strong solar fl ares
and gamma ray bursts.

The numerical computation of the detectors sensitivity was performed in FLNP to optimize the
thickness of the moderators around the Í å-counters for the expected energy spectra of albedo
neutrons on the M artian orbit. The instrument wi ll be calibrated in the neutron beams of the × àï 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 . N E U T R O N S O U R C E S

2 .1 . T H E I B R - 2 P U L S E D R E A C T O R

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 à total of 8
cycles (1984 hr) at W= 1.5 MW, including 3 cycles with à cryogenic moderator (ÑÌ ).

As scheduled, the plan of reactor maintenance PMW-99 was executed from June to
September. In the period, radioactive elements of M R-1 (movable refl ector-1) were removed
from à working storage by explosive techniques.

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

In October 1999, à license for the operation of the IBR-2 reactor was obtained from the
State Atomic Inspection (SA I).

The main achievement of the year is the completion of work to build ÑÌ .
In the ðåï î é from October 18 to December 17, 1999 the physical startup of the solid

methane-based cryogenic moderator ÑÌ was carried out . The designing and manufacturing
of ÑÌ were executed by the Scientific Research and Design Institute of Power Engineering in
Moscow under the scientif ic guidence and with participation of FLNP JINR in Dubna.

The ÑÌ of IBR-2 is à 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 à small addition of ethylene reduces
considerably the rate of the formation of radiolytic hydrogen which causes maj or diff iculties in
the use of solid methane as à moderator . For ~2É and the methane temperature 30 Ê , the
neutron yield was 10-20 as much as from à usual water moderator (see Figs. 1, 2).

The fl ux from ÑÌ î Ã IBR-2 exceeds that of the recently best source of cold neutrons at
ISIS (England) having liquid methane as à moderating agent .

In 2000, ÑÌ IBR-2 will be operated ø à regular mode.
In 1999, the concept of the reactor modernization underwent considerable changes. As

à result, the improvement continues under the auspices of the program "Concept of the IBR-2

Modernization in the Ðåï î ä to the Year 2010".

In accordance with it work was carried out along the lines:
1) working drawings of M R-3;
2) preparations to start manufacturing of à new fuel loading. The technical and working

design of Ò× ÅÜ is completed and manufacturing of the new elements of TVEL started;
3) work on the technical proj ect 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).

2 .

3 ,

4 ,

The main 2000 obj ectives.
Provide the physical program of beam measurements with à beam time ø the volume of
2000 hr (8 cycles à year, including 3 cycles with ÑÌ ).
Start manufacturing of M R-Ç.
Continue work to prepare à new fuel loading.
Technical proj ect of the IBR-2 modernization, including CES of the reactor .
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Ta b le 2

C u r r en t I B R - 2 p a r a m et er s

Rated

44

85
18'

Parameter

1

2

3

4

O p er at ion f or p hysi cal exp er im ent (t h .hr )

December 1999

36. 984

68.2 16

11.676

G ener at ed ener gy (t h . M W hr)

O per at ion of M R -2P(t h .hr )

M axim um fl uen ce on t h e j ack et in t he cen t er o f t h e
act iv e zon e ( 10» n/ cm ~) :

Å , > 0.5 M eV

Å, > 0. 1 Ì å×

1.845

2.98

2.3

3.72

~

M aximum burn î Í èå1 (%)
Brick-like TVEL

rod-like TVEL
5.19

5.51

424

6.5

8.2

550

~

N um ber of em er gen cy shut dow ns

N ote:

r esour ce i s i ndi ca ted by analogy wi th M R -2.

Table 3

I B R - 2 ex p en d i t u r e s i n 19 9 9 ø k $ ( p a i d t o o u t si d e o r g a n i z a t i o n s)

B udget

67

N on-budget

O p er at ion and m aint enance 18

M oder n izat ion 156

T O T A L : 22 3 18

4 3
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2.2. T H E I R E N P R O J E CT

The proj ect of the new Intense REsonace Neutron source IREN for fundamental and
applied nuclear physics investigations with à total cost of 3.7M $ and the startup date in
December 1997 was approved by the JINR Directorate in June 1994. Âó analogy with the
existing booster IBR-30+LUE-40 the IREN source is composed of à powerful electron linac,
LUE-200, with the beam energy 200 M eV, pulse duration 250 ns, repetition rate 150Hz, and
the mean beam power 10 kW and à fast subcritical plutonium core with the neutron
multiplication coeff icient - 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
insuff icient and irregular financing work on the proj ect is progressing. For the linac: Ì -350,
the fi rst modulator on the basis of an OLIVIN station with à SLAC klystron 5045, is
successfully tested, an RF feeder and accelerating tubes are designed and partly produced,
designing of à focusing system and à vacuum system is completed with almost àll equipment
for the vacuum system being shipped to JINR, à full-scale testing rig for accelerating tubes
trials is, in the main, built in FLNP. For the multiplying target : the technical proj ect 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 à civil engineering proj ect 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 M arch 1996 when the
financing of the proj ect was on the level - 40% of the allocated amount. In the following three
years, however, the rate of the proj ect implementation fell down, the key contracts were
frozen or cancelled and the future of the proj ect had become questionable.

In this critical situation in M arch 1999 the JINR Directorate approved à modified
working schedule of the IREN project and found à possibility to allocate à special grant to
save the proj ect . This included à 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. À supplementary to previous
agreements is prepared which provides à 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. I t is necessary to emphasise that the implementation of the
new working schedule with à 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 à definite time and should be included in
the annual plans of partner-institutions.

4 6
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Òà Ú|å 5
T ime-t able of the I R KN pr oj ect implement at ion in 2000-2003

- 3 740 1C$

- 1302 IC$

- 2 438 È

Approved total cost of the IREN ðãî~åñ[
Invested in 1994-1999
Òî be invested in 2000-2003
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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:  

• accumulation 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 data in 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 
sliding 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 possiblities is 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 a linear PSD was manufactured.  

The two-axis position-sensitive detector is filled 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 developed.  

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,  

• a Fourier chopper was manufactured, assembled and tested in cooperation with PINP,  
• a prototype of one element of the 90o-detector was manufactured and tested,  
• a mirror oven (to 10000oC) was manufactured and tested in cooperation with LfZP 

(Rossendorf),  
• test measurements of a tensor neutron scanner were conducted,  
• 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 completed.  

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 TMS320C67XX 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 . E X P E R I M E N T A L R E P O R T S

4.1. C O N D E N SE D M A T T E R P H Y SI CS
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S t r u c t u r a l a n d m a g n e t i c p r o p e r t i es o f L a p ggC a p | ~Ì ï Î ä C M R p e r o v s k i t e

Ì .V . Lobanov ' , À .Ì . Balagurov , V .Yu. Pomj akushin~'~, Ð. Fischer~, , Ì . Gutmann~,,
À .Ì . A bakumov~' .~, , Î .G. D'yachenko' , Å.V . Antipov~, , 0 .1. ?.åÜåéå÷~, G. V an Tendeloo

Department of Ñhåò ètry, Moscow State Universi ty, Moscow 119899, Russia
2

Frank Laboratory of Nåutron Physi cs, JINR, 141980 Dubna, Russia
PSI, ÑÍ -5232, Vi lligen, Swi tzerland

The CMR perovskites exhibit à large variety of phase transformations and lattice
distortions determined by several structural factors including average size of À-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 Õ-ray synchrotron diffraction for the
particular composition Laii ggSrp.iqMnOq that à sequence of temperature-induced structural
transformations [2] occurs. Recently Cox et al . [3] showed that à phase separation into two
phases occurs below 350 Ê with splitting of some maj ority-phase refl ections indicative of
monoclinic (p=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 Lani gqCaii äÌ ï Î ç belonging to the crossover
region in order to clarify its structural and magnetic properties in neutron and electron
diffraction experiments.

Òî 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 Õ-ray powder diffraction. The cation composition inferred from EDX
corresponds to Üà:Ñà: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 Ì ï ~'

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 ø Villigen using neutron beam
with wavelength 1=2.562 À. À ferromagnetic contribution was clearly observed at low

temperature and ï î 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 ò -square for Mn-spins directed along the ñ-axis, 2

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 è~„ is non-parallel to à-axis. Low temperature value of
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the moment is p=2.9(2) öä, and agrees well with M n-moments measured for the same

compositions earl ier .
In order to determine the actual symmetry Selected Area Electron diffraction (SA ED)

and High-Resolution Electron M icroscopy (HREM) were performed using Phil ips ÑÌ 20 and
Jeol 4000 ÅÕ instrument operating at 200 kV and 400 kV , respectively . Image simulations
were made using M acTempas 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 Pmc2i or P2~/c
symmetry .

For choosing the correct model neutron powder diffraction (NPD) experiments were
performed with high resolution TOF Fourier dif fractometer HRFD (Fig.1). I t was found that
the dif fraction 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 <M n-0 > bond length and <Mn-0 -Mn> angle well before and below
phase transition temperature was found regular and typical : <M n-0 > goes down with
decreasing temperature and changes slope at TÄ <Mn-0 -Mn> also goes down ti l l Ò~, but then

î
î
Ôî
Ì

3
á Ý

î
Ì

ñ~

starts to increase (Fig.2). However in some interval of spectra, especial ly 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 dif fraction pattern including the doublet region is only slightly affected by
temperature variation (except for the appearance of ferromagnetic component below Ò,), so
the f it was performed for the data acquired with the best statistical accuracy at Ò=200 Ê .

The three possibi l it ies (two Pmc2i and P2~/c models) were checked by the Rietveld
ref inement of NPD data. The refinement of the Pmc2i model with two À-cation sites yielded
rel iabil ity factors (ó =1.58, Rp=0.116, RÄ=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 À -sites by Üà and Ca in spite of signif icant difference in their
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atomic scattering factors (0.824 and 0.490 for Üà and Ñà, respectively); the variation of
occupation factors does not provide better profile description or z~ value lowering. On the

î ë åã hand, Pmc2i model with two Mn-sites gives satisfactory description of the doublet, but
the general fit is much worse compared with Pnma model (ó~=3.21, Rp=0.139, RÄ=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 (g~=1.43, Ri,=0.107,

RÄ=0.074); the main ñÈÒåãåï ñå 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 rej ected on the basis of neutron diffraction data only.
The refinement in this model was performed with the positional parameters for two y hases
forced to coincide and yielded reliability factors comparable with the P2~/c model (ó =1.47,
Rp=0.110, R 0.075). Refined lattice parameters for the two phases are à=5.4764(1),
b=7.7488(2), c=5.5036(2) and à=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
LaogqCao ~5MnOq composition by à 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 P2i/ñ. The different oxygen
environment for two nonequivalent Mn-atoms suggests the possibility of the treatment of
observed structural distortion as à consequence of charge ordering. The ordered placement of
Mn atoms can lead to à 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-0 -Mn angles may lead to the complicated pattern of exchange
interactions, different from those expected from Ðè ï à model.

P. Schi f fer, À .P. Ramirez, W. Âàî , and S.-W. Cheong, Phys. Rev. Lett . 75, 3336 (1995).
Í . Kawano, R. Kaj imoto, Ì . Kubota, and Í . Yoshizawa, Phys. Rev. Â53, R14709 ( 1996)
D .Å.Ñî õ, ÒËä1åÿ àÿ, G.Shirane, Ê .Hirota, and Y .Endoh, Powder Dif fraction, 14, 147
(1999)
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Ê.À. Lokshin,' D.À. Pavlov,' S.Ì Putilin, Å.V. Antipov,
D.V. Sheptyakov,~ and À.Ì . Balagurov .

Department of ÑÜåò èéó, Moscow State Universi ty, 119899, Moscow, Russia.
Frank Laboratory of Nåutroï Physics, JINR, 14198Î , Dubna, Russia.

The third member of the superconducting Í äÂà~Ñà„ ~Ñè„Î ã„,~,~ homologous series
exhibits à record Ò,=135 Ê at ambient conditions. M oreover, an application of external pressure
promotes its increase up to 160 Ê . This result shows à principal possibi l i ty to achieve in Hg-

1223 similar values of Ò, at ambient pressure by proper modifying of i ts composition and,
subsequently, crystal structure. Pressure effect can be simulated by an anion exchange. Fluorine
has à lower formal valence than oxygen therefore the larger amount of fl uorine should be
incorporated into the structure to achieve the same carrier concentration. M oreover, it has
slightly smaller radius than oxygen. Both factors can promote à variation of characteristic bond
lengths. It was shown that fl uorination of Hg-120 1 resulted in à signif icant compression of the
apical Cu- 0 distance, while the in-plane one did not vary in comparison with those in the
oxygenated Hg-1201 samples exhibiting the same Ò, values [ 1] . For this superconductor an
anion exchange does not al low to enhance Ò, and its optimal values for both series were 97 Ê .
This fact al lowed to conclude that compression of apical Cu-0 bond could not be the main factor
of Ò, enhancement under high pressure. It was shown that the achievement of the same carrier
concentration and Ò, ' s requires à double amount of fl uorine in comparison with oxygen.

The larger anion concentration can be also incorporated into the fl uorinated
Hg-1223 structure compared to the oxygenated one resulting in the Cu — 0 distances variation.
The effect of oxygen — fl uorine anion exchange may be di fferent for Hg- 1201 and Hg- 1223

phases due to dif ferent coordination polyhedra for Cu cations. Therefore we suggested that it
would be interesting to study an infl uence of such anion substitution on structural and
superconducting properties of Hg-1223 phase.

Syntheses of Hg-1223 samples were carried out in à sealed sil ica 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 subj ected by
fl uorination or treatment in oxygen fl ow during 20 h at 300' Ñ. Fluorination was performed with

the use of Õåéã
The most important observation is that some samples after fl uorination exhibit

Ò, = 138 Ê which was not reached on samples annealed in oxygen fl ow . This fact was careful ly
investigated. The Hg- 1223 sample prel iminary reduced to Ò, = 100 Ê was divided on two parts.
One of them was fl uorinated while the î ë åã part was treated in oxygen fl ow . Fluorinated sample
(à=3.8501(2) À and ñ= 15.773(3) À ) shows onset of the transition at 138 Ê , while the oxygenated
sample exhibits Ò,=134 Ê and has significantly larger lattice parameters: a=3.8524(4) À and
ñ= 15.819(4) À . So we can conclude that fl uorine incorporation into Hg- 1223 structure al lows to
increase Ò, up to 3 — 4 Ê in comparison with oxygen-treated samples.

Òî understand the reason of this phenomenon one sample with the minimum of impurities
was further investigated by NPD and X RD methods. The neutron powder diffraction spectrum
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was measured at temperature Ò=7 Ê with the high-resolution Fourier diffractometer (HRFD) at
the IBR-2 pulsed reactor. In our experiment the resolution of HRFD, Ì È was near 0.0015,
which allowed to obtain the precise structural information. In particular, the errors of the
interatomic distances were about 0.005 k 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 ihe occupancy parameters.

! ' ! ' ! ' : !

! ' ! ' ! ' ! ' ! ' !

0.8 0.9 1.0 1.1 . 1.2 1.3

~

8 -~ à.
- 8 ì ' ~ Ô!!!÷ ~ì ó~ö, -; .- '- , • ' ." '- - - —, ;-.= .- :-- • . : , — —:-' !÷åãüì ì ì ì ~4 ì ,~í~óþ.
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F i gu r e 1. R iet v el d r ef i n em en t o f n eu t r o n d i f f r act i on p a t t er n of H g - 1223 fl u o r i n at ed

com p ou n d . E x p er i m en ta l p o i n ts, ca l cu l a t ed an d d i f f er en ce p r of i l es a r e sh ow n . T i k s b elo w
t h e g r ap h co r r esp on d t o t h e p osi t i o n s of H g - 1223 an d C a 0 i m p u r i t y p h ase p eak s. T h e i n set

sh ow s t h e l ow d -sp ac i n gs r egi on .

W e hav e f o und tw o t ypes o f posi t i ons o f ex tr a an i on l ocated i n the (H g) l ay er : À ( 1) i n the
m i ddl e o f the m esh — (0 .5 , 0 .5 , 0 ) and À (2 ) i n the m i ddl e o f the edge — (0 .5 , Î , 0 ) w i th the

occupanci es 27 ( 1) % and 10 ( 1)% respec ti v el y . T he l at ter v al ue i s c l ose to C u concent rati on i n H g

si te and m ay be at t r ibuted to addi t i onal b ondi ng betw een C u an d an io ns. I t i s i n terest i ng to note

that these v al ues as w el l as po si t i on al param eters o f atom s w ere p ract i c al l y i nsensi t i v e to à
v ar i at i on o f the H g/ C u r at io i n the H g po si t i on i n the range o f 10 — 30 % .

Incorp or ati on o f fl uo r i ne resul ts ø structure m od i f i cati ons refl ec ted b y à ch an ge i n l at t i ce
par am eter s. T he ch ange o f the à -p aram eter refl ec ts à v ar i at i on of the ex tr a an i on concentr at i on i n

the str ucture. T he dependencies o f Ò, v s à -p aram eter f or ox y gen ated and fl uo r i nated H g- 122 3

sam ples ar e sh ow n i n F i g .2 . T he v al ues o f l at t i ce p ar am eter s determ i ned b y X R D w i th i n tern al

standard w ere used to av o i d po ssib l e sy stem at i c erro r s betw een data ob tai ned by d i f f erent

techni q ues.
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Figure 2. The T, vs à-parameter dependence the fl uor inated (0) and oxygenated (0 ) Hg-
1223 samples. L ines are guides to the eye.

The right part (underdoped range) of the Ò,(à) curve for fl uorinated series is close to the
oxygenated one up to à = 3.852 À and Ò,=134 — 135 Ê . These values correspond to the optimally
doped oxygenated Hg- 1223 samples. However, further increase of extra anion concentration
promotes an increase of Ò, for the fl uorinated series up to 138 Ê while oxygenated Hg-1223
exhibits à decrease of Ò, due to overdoping. For the fl uorinated series the optimal value of the a-

parameter is smal ler in comparison with the oxygenated series: 3.850 À and 3.852 À
respectively. Therefore we can conclude that à part ial exchange of extra oxygen by fl uorine in
(Hg) layer results in à compression of the structure in the ab plane which is accompanied by an
increase of optimal Ò, value. This fact is di fferent from the data recently found for Hg- 1201

where the Ò,(à) dependencies for oxygenated and fl uorinated samples practical ly coincide and
have the same values of optimal Ò, = 97 Ê and in-plane parameter (3.880 À ).

[1] À.Ì . Abakumov, V.Ü. Aksenov, V.À. Alyoshin, Å.× . Antipov, À.Ì . Balagurov, D.À.
Mikhailova, S.N. Putilin, and Ì .G. Rozova, Phys. Rev. Lett. 80, 385 (1998).
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À - c a t i o n s i z e a n d o x y g e n i so t o p e s u b st i t u t i o n e f f ec t s

o n (Ü à | „Ð ã„) ~ ~C a p.qM n O q st r u c t u r e

À.Ì .Balagurov' , Ó.Óè.Pomj akushin' , DÕ .She~tyakov' , V .L.Aksenov'
N.À.Babushkina~, , Î .Yu.Gorbenko , À.R.Kaul

'Åòàòé Laboratory of Nåut î è Physics JINR, 141980 Dubna, Russia
RRC "Kurchatov" Insti tute, 123182 Moscow, Russia
Chemistry Department, Moscow State Universi ty, 119899 Moscow, Russia

The new systematic structural data for the (Lai ÄPrÄ)p ~Ñà~ ÇÌ ï Î Ç series were obtained for
ó=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 ó=0.75 with different contents of the '~Î and '~Î (Î -

16 and 0 -18 samples hereafter) oxygen isotopes.
The samples of (Lai ~Pr~)Q 7Cao ~Ì ï Î ~ with ó=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 1ÂÊ-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-Î distance and Mn-Î -Mn angle (Fig.l ) 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-Î > distance is changed not ò î ãå than by 0.15%.

Fig.1. Dependencies of the average
values for the <Mn-0 -Mn> valence
angle at room temperature on the Pr
content. The points for ó=0.5, 0.6, 0.7
and 0.75 were defined in the present
paper, the points for ó=Î , 0.25 and 1
are taken from literature. The linear
dependencies were obtained by the
1åàÌ öèàãåç method. At the upper x-
axis, the calculated average À-cation
ionic radii corresponding to the Pr
content are presented.

ë

î

ñ
î

Æ

For all the compositions, the unit cell parameters changing with temperature has quite à
complicated character, which refl ects the changes of the atomic and magnetic structure in them
(Fig.2). The most characteristic peculiarities are the lowering of à 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 Ê is observed (practically absent for ó=0.5 and very weak for ó=0.6), which
might be connected to the beginning of the charge ordering process.

~

ó=Î . 75 .460

Fig.2. Temperature dependencies of à,
b, and c unit cel l parameters for the
LPCM -70. The l ines drawn through
the experimental points are guides for
the eye. The symbol sizes are larger
than the experimental errors.
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At room temperature the oxygen octahedra of LPCM -y are almost regular, üå. al l three
independent bonds, Mn-0 1 (along the b axis), Mn-0 21 and Mn-0 22 (in the à-ñ plane) have
practically equal lengths. At approaching the temperature of the phase transition into the metal l ic
FM state, the strong Jahn-Teller distortion appears. A fter 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 Tp~.
In Fig.Ç, the temperature dependencies of the <M n-Î > and <Mn-0 -M n> values for LPCM -60 are
shown. The characteristic j umps in <Mn-0 -Mn> angle and in <Mn-Î > distance are clearly seen at
T=Tr~ . The same dependencies are observed to some extent in the other compositions as well . The
analysis shows that the j ump in lattice parameters at Òðóä is equally due to the j ump-l ike change of

distances and angles both in the (à,ñ) plane, and along the Ü axis.

.9 70

ó = 0.6

~

ò I
I~ 1.965

) ñî ] ò ~ ~ I
* ]

~ ' .960 z Ò

.9 55

) ~ FM

100 150 200 250
Temperature (Ê)

5 0 çî î

~

Fig.Ç. 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 0 -16 and 0 -18 samples are ò î ãå clearly seen
from the temperature dependencies of the average Mn-0 bond length and of the average Mn-0 -
Mn valence angles in them (Fig.4). It is obvious that at Ò=110 Ê in the 0 -16 sample, the j ump-like
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(same as in LPCM-60) changes of the bond length (by - 0.003 À) and of the valence angle (by
- 0.7' ) occur, while in the 0 -18 sample these values remain practically constant.

.9 70

~~ 1.965

î

~ 1.960

1.9 55
100 150 200

Temperature (Ê)
2 50 30 030 0

~

5 0100 150 200
Temperature (Ê)

2 505 0

Fig.4. Comparison of the temperature dependencies of the average <Mn-Î > bond length (left
frame) and the average <Mn-0 -Mn> valence angle (right frame) for the 0 -16 and 0 -18 samples.
The arrow indicates the temperature of the ' 0 sample transition into the FM-state.

Summary . We have shown that in (Lai ÄPrÄ)p ~Ñàî çÌ ï Î ç, as in the other CM R perovskites,
there exists the clear interplay between <ãä>, atomic and magnetic structure, and transport
properties. Decrease of <rp,> leads to the l inear decrease of the mean <M n-0 -M n> valence angle
and, in turn, to the l inear decrease of Tq~. The data obtained for the '~0 and '~0 enriched samples

with ó=0.75 have shown the structural identity of the samples in the interval between the ãî î ò
temperature and the temperature of the 0 -16 sample transition into the FM metal l ic phase. It
means that their quite different transport and magnetic properties at Ò < 110 Ê are driven by the

different oxygen atoms dynamics solely .

~

À .Ì .Balagurov, × Óè.Pomj akushin, D .V .Sheptyakov, × .L .Aksenov, N .À .Babushkina,
L .Ì .Belova, À .Í . Taldenkov, À .V .Inyushkin, P.Fischer, Ì .Gutmann, Ü.Kel ler,
Î Õ è.Gorbenko, À .R.Kaul " Effect of oxygen isotope substitution on magnetic structure of
(Lao ggPrp 75)p qCao ÇÌ ï Î Ç" Phys. Rev. Â , 1999, ÷.60, ðð.383-387.
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T O F w i d t h of d i f f r act i on l i n es m easu r ed w i t h

H i gh R esol u t ion F ou r i er D i f f r actom et er

À .Ì .B alagurov ' , V .G .Simkin ' , Ì .Popov ici~

' Frank Laboratory of Neutron Physics JINR, 141980 Dubna, Russia

Missouri University Research Reactor, Columbia, Ì Î 65211, USA

Commercial thin si l icon 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 Úå smal ler 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 .
M easurements confirming that it is possible with Fourier chopper are presented here.

Di ffraction spectra from commercial á" diameter thin Si [ 111] plate have been

measured with HRFD instrument at the IBR-2 pulsed reactor in Dubna for Fourier chopper
velocities: × =4000, 6000, and 8000 rpm. Four orders of refl ection are seen in dif fraction

patterns: 111, 333, 444, 555 (also peaks from A l j acket) (Fig. 1).

Si- ï üî ï î + À 1H R F D m ì Ã~)

~~

ì ~
Ì )
Ù

0.8 1.0
äóí (À ' )

0.4 0.6 1.2 1.4 1.6

F i g .1. D i f f r act ion p attern f rom Si -m on ochr om ator (hhh -p l ane) in A l j ack et .

I n T ab le 1 the obt ai n ed d i f f ract ion peak w i dth s are pr esented ,

Table 1. Data for ful l dif fraction peak widths (in TOF channels, ò=4 ps) for (111), (333),
(444), and (555) orders at three Fourier-chopper velocities.

T he general f orm u lae for W (d ) dependence i s

~ ' = (è òî ã)' + (~ , )' cP
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where W~o~ is the contribution connected with chopper velocity (W~oF- 1~ ) W s 1~
geometrical contribution (W s- ËÎ /ô Î ). 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.

çî

Fig.2. The ful l dif fraction peaks width
as à function of Ûöä for three chopper

velocities.
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I n F i g .Ç W ~oq as à fu n ct i on of 1/ × i s show n . T h e L S l ine i s in deed go in g to zero p o i nt i f V = ao.
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Fig.Ç. TOF contribution in the ful l
width as à function of 1 V . The l ine is
the least-square È .
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In conclusion, we have shown that equation (1) is à 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 ×>7000 rpm, TOF contribution is
smaller than 10 ps, in particular for ×=10000 rpm, Wroq could be as small as 6.8 ps.

Ì .Popov ici et al ., Phy sica Â , 243 ( 1998) 2 16

~
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H E L I C A L M A G N E T I C ST R U C T U R E I N T b A F F E C T E D B Y Ñ Õ 1À Õ1À Ò.

T E N SI O N : N E U T R O N E X A M I N A T I O N

À .× .A ndr i an ov' , À Ë.Besk r ovnyi~ and D Ë.K osarev '

19899, M oscow ,' Low Temperature Dept., Physics Faculty, M oscow State University,
Russia

> Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna,
M oscow region., Russia

Recent experiments with uniaxial pressure applied to heavy ãàãå-earth metal terbium
revealed that its helical magnetic structure is extremely sensitive to the uniaxial elastic
deformation. Namely, the relatively low uniaxial tension of ð=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 Úó tension applied. This change is expected to affect the parameters of the
RK KY interaction (that is responsible for the magnetic ordering in ãàãå 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 à square root: q (p«-ð)'», where ð., is the critical tension
value (ð„ =700 bar in our case). The neutron experiment was performed to validate this
prediction.

The purity is declared as 99% of the ÒÜ 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 Ã en f ace was cut from this single
crystal by spark erosion. Two holders of beryllium-copper were also cut by spark erosion as à
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 ï àï à; total
length of the sample was 5.5 mm. The cell design allowed access to the sample for neutron
beam. The load was produced Úó steel string of rigidity 13.8 N/mm. The elasticity limit for ÒÜ
is some 2 kbar, thus we newer exceed the half of this value due to fear of the sample rupture.

The neutron diff raction experiment was performed on DN-2 with à two-dimensional
position sensitive detector. The cell design limited the Bragg angle 0 by 32' . The neutron

output from the sample occured to be as low as 1 neutron per minute with incident beam of
10~ neutrons/s/cm~, hence expositions of more than 12 hours were required. Four scans at
diff erent tensions ð=Î , 160, 310, 470 bar were obtained at the âàò å temperature Ò=229+0.2 Ê ,
or 2.5 Ê below magnetic ordering temperature (Neel point) Ts=231.5 Ê . 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 ð=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->. 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 crystal l ine axis. This suggests that the role of
crystall ine lat tice parameters in magnetic ordering ø ãàãå earth metal can be really crucial as
was expected [2].
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Structure investigation of rhenium dioxide by neutron powder
diffraction at ambient and high pressure.

~

Ê .Î . B ram nik ' , Í .Fuess' , D .V . Shepty ak ov

Fachgebiet Strukturf orschung, FB Materi alwi ssenschaf t,
Techni sche Uni versi taet Darmstadt, 64287, Germany

Frank Laboratory of Nåutroï Physi cs, JINR, 141980, Dubna, Russia

Two dif ferent crystal structures of ReO~ are described in the l i terature. The first one is
stable between 300 and 1050 Ñ and has à structural type Ì î Î ~ [ 1] . The main structural units
of this compound are connected by common edges ReOq octahedra, which form ReÄO4Ä, ~
infinite chains. The chains generate à three-dimensional framework by bounding themselves
together by the common oxygen atoms. One has to mention that the Re-Re distance, 2.61À , is

much shorter than the same distance in the metal l ic rhenium, 2.77À and longer than in the
other structures with the ÊåãÎ ù groups (2.42-2.51A ).

The monoclinic structure of ReOq is the high temperature modification [2] and
crystall izes in × Î ~ structural type.

However, prior to our start ing of this work, the oxygen position parameters were not
well determined. The Rietveld (1969) method of prof ile analysis of neutron dif fraction
powder data is known to yield accurate structural parameters for metal oxides. The f irst aim
of this study was in careful determination of p-ReOq modification crystal structure under

ambient pressure by neutron powder dif fraction and comparing the results with the l iterature
data, which were obtained by Õ-ray di ffraction experiments [ 1] . The second aim was to f ind

out whether there is any signi ficant infl uence of high pressure on the structure.
Neutron dif fraction experiment was performed under ambient and high pressure with

the high-pressure dif fractometer (DN-12) at the IBR-2 pulsed reactor in Dubna. High pressure

investigations of the ReOq oxide were carried out at six different pressures, 0.1, 0.6, 1.3, 2.3,
3.8 and 5 GPa. A ll neutron dif f raction patterns were ref ined with the use of M RIA software
package. The experimental points measured at ambient pressure, calculated (f i tted) prof ile,
and difference curve are shown as an example of refinement in Fig. 1. the same view of
refinement È at high pressure is shown in Fig. 2.

The final refinement results show clear dif ference between the refi ned oxygen position
parameters and the same ones from l iterature data. The positional parameters and main
interatomic distances are l isted in Tables 1 and 2 respectively.

T able 2. M ain i n ter atom ic d istances of p -ReO~.

Re-0 1.966(
2.009(
2.020(
2.619(R e-R e
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Investigations of ð-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

avai lable with DN- 12 di f fractometer). 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 p-ReOq at even higher pressures at

synchrothron in Hamburg.

[ 1] M agneli , Acta Chem. Scand., 11, 28, ( 1957).
[2] Tribalot et al ., Seances Acad. Sci . (Paris), 259, 2109, (1964).
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H I G H PR E SSU R E - L O W T E M PE R A T U R E

ST R U C T U R A L ST U D Y O F N D 4I

V .Ð.G l azk ov ~, , D .Ð.K ozl enk o ' , Â .N .Sav enk o~, , V .À .Som enk ov

" Frank Laboratory of Nåutroï Physics, Ë ÈÊ 141980 Dubna Moscow Reg, Russia
Russian Research Center "Kurchatov 1nsti tute" , 123182 Moscow Russia

Investigation of structure of ammonium halides is of great interest due to à number of
orientation phase transitions they undergo with respect to the relative orientations of ammonium
ions [ 1] . Ammonium iodide NH41 (ND41) is less studied than the î ë åã ammonium halides. Its
detai led phase diagram is known only at temperatures down to 100 Ê and pressures up to 2 GPa [2] .

Recently à new high pressure phase V of ammonium hal ides has been discovered in Raman
spectra [3] . It was found that the phase transition into the phase V occurs at P- 8 GPa and ND41(V )
phase structure has the same structural type as low temperature phase ND41(III) structure - tetragonal

one, with antiparal lel 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 [3] .

Òî found possible dif ferences between phases Ø & V structures and study the ND41
structure at high pressures and low temperatures, we have performed neutron diffraction
experiments at temperatures down to 12 Ê and pressures up to 2.5 GPa. The DN- 12 spectrometer

[4] and the sapphire anvil high pressure cells [5] equipment were used.
At ãî î ò temperature and Ð=Ç kbar ND41 was in phase II - disordered CsCl — type cubic

structure, space group Pm3m. According to the phase diagram, Ï - Ø phase transition has occurred
at Ò — 200 Ê . No other phase transitions were observed with cooling down to 12 Ê . At Ò= 12 Ê and
Ð=5 kbar Ø - IV phase transition into the ordered CsCl — type cubic phase IV has occurred. ND41
was remained in phase IV with farther pressure increase up to 2.5 GPa at this temperature.

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

obtained.

1 1 I !
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devi ati on are shown.
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At di fferent pressures, D-I distance decreases with temperature decrease, and N-D bond
length remains near constant 1~ ð — — 1.03(2) A , but shows à tendency to grow (fig. 2).
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If one compare phases Ø and V [ 1] structures, fol lowing di f ferences could be found. First of
al l , lattice parameters ratio à/l 2:ñ > 1 for phase V and à/12:ñ < 1 for phase Ø . It corresponds to
increase of the distance between the nearest 1 atoms ø à-Ü plane for phase V and decrease of thi s
distance for phase Ø in comparison with CsC1 - type cubic structure of phases Ï and IV . Secondly,
Ã 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 Ø (decrease of D-1
distance, iodine positional parameter v ( 0.5) in comparison with CsC1 - type cubic structure
(÷ = 0.5) — àòåå ÒàÛ å 1.

Tab l e 1. Comp a ri son î 1 ð Üàèå 111 and V st r uctur es of N D ~1

Phase L att i ce p ar am eter s

N D 4I (V ) , Ò= 295 Ê , Ð= 86 k bar

àé 2:ñ
ratio
1.0096

Iodine positional
parameter
0.524(3)à=5.600(5) À

ñ=3.922(5) À
Ì Ð4È(Ø ), Ò= 135 Ê , Ð=Ç kbar 0.992à=6.058(5) À

ñ=4.317(5) À
0.464(3)
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I n v est i gat i on of N d ~C u O 4 cr y st al st r u ct u r e a t h i gh p r essu r es

V .Ð. Glazkov ' , Â.N. Savenko~, , V .À . Somenkov ' ,
Î .V . Sheptyakov~, , S.Sh. Shilstein'

' RR C " K ur cha to v I n sti tu te " , 12 3 182 M osco w, R ussi a

F r a nk L a bo r a to ry of N åutr oï P hy si cs JI N R, 14 1980 D ubna, Russi a

Studies of the structural changes under the effect of high pressures and the comparison of
the dif ferent bonds compressibil i ties al low 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 infl uence of high

pressures has practically not been investigated yet. Í åãå, the results are presented on the
behavior of NdqCu0 4 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
compressibi l ities 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 NdqCu0 4 was prepared from the single crystal , which was
grown in air atmosphere by spontaneous crystall ization from à melt with excess of CuO. Its
structure was studied by time-of-fl ight neutron di ffraction technique with the DN- 12
dif fractometer 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 nåasuãåd by the ruby fl uorescence technique.

The parameters of tetragonal lattice à and c and the neodymium atom positional
parameter z at ambient pressure were determined from the di ffraction pattern obtained on the
larger sample amount, not in the pressure cell : à=3.949 (5) A , ñ= 12.18(3) À , z=0,1496(2). These
values agree with those previously found for the stoichiometric NdzCu0 4 [2] . According to the
available l iterature data, the violation of the stoichiometry of NdqCu0 4 and the substi tution of
Nd by Ce only cause the changes in c unit cel l parameter, and the z(c) dependence is close to
l inear.

In the investigated pressure range, the significant shi fts of the dif fraction peaks and
changes in their intensities are observed (Figure 1). The changes of the unit cell parameters with
pressure (Figure 1) indicate that the compressibi l i ty of the unit cel l along the c axis is
approximately 1.5 times higher than that along the à axis. The volume compressibi l i ty of
ÕéãÑî 0 4 is ê÷ -— 5,6* 10 GPa.

In the Õñ1ãÑè0 4 lattice, neodymium atoms occupy the (0,0,z) positions (z=- 0.15 at Ð=Î ),

and the î áæåã 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 ref ined 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.

7 6



ambient pressure
Ð = 5.2 GPa

Ü
þ Ô
ñï

Þ

~

2 ,5 3 ,01,0 1,5 2,0

è, À

~~

0 ,0 00

Û - î , î î ~

ß

6

3 - î î î ã

î

ß -0,003

Î

~~~~

P r e ssu r e , G P a

Figu r e 2 D ep endence of z parameter of neodymi um i n Nd2Cu0 4 on p ressure — f rom the

diff racti on experi ment under p ressure.

77



For mercury and thall ium cuprates, the volume compressibil i ty in the same pressure
range is about 11~-14* 10 ~/GPa, and its significant part is def ined by the compression of the

«weak fragment» — of the BaO spli tted layers. The ÕéãÑè0 4 lattice turns out to be much harder

compressible, and Î ï û ò probably due to the absence of such splitted layers in it .
The comparison of the observed changes in the structure to those caused Úó doping, show

that the main infl uence on the interlayer distances & charge balance are the same. The
neodimium atom ã parameter lowers when Nd is partly substituted by Ñå, 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
simplif ied phenomenological calculations suggest that the pressure of 5 GPa causes the transition
Ì ä~» Cu+ 0 4 — ~ Ndi 75 Ndp.~~ Cu+ ' 0 4- , which is analogous to the transition caused by the
substitution of trivalent neodymium atoms by the four-valent cerium (Ì éã' ~Ñè' ~0 4-~ ~

ÜÛ , sg+ Cepis Cu+ ' 0 4 ). 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 ø the
electron-doped superconductors, at about the same volume change. From analogy of structure

changes under infl uence of cerium substitution and external pressure it is possible to suggest that
neodymium cuprate should become metal l ic under the ef fect of external pressure.

In conclusion, the outcome of the experimental work done at DN- 12 dif fractometer is the
following: The ÷î 1ø ï å compressibil ity 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 à1î ò û â substituted by ñåï ø ï .
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Calcite rocks (marbles) are à good model system for experimental rock deformation because of their
duct ile behavior even at relatively low temperatures. M eanwhile, à large amount of experimental data
on deformation mechanisms and development of calcite textures at ÷àï î ì conditions is available
(refer to [ 1] for à 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 à 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 à chamber for uniaxial
compression and high temperatures [4] :

( >)
(2)

the texture î Ãcalcite was determined at ãî î ò temperature
subsequently, the texture measurements were repeated at à temperature î Ã250' Ñ applying

compressional stress along the sample cylinder axis
after 20 weeks exposition t ime î Ãthe sample at ãî î ò temperature (during this t ime span, the

load decreased from 60 Ì Ðà down to 10 Ì Ðà), texture measurements were performed again
( 3 ~

Some significant experimental pole figures of the three texture measurements are given in Figure 1.
It is remarkable, that the diff erences in texture strength and orientation of the intensity patterns are
quite small for the first and the second experimental run, i .å. ï î structural changes occured as à
consequence of increased temperature and directed load. In contrast, distinct texture changes can be
observed after long t ime 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 recrystallizat ion as à response on long-acting stress at low temperatures.

For one sample, the heating period between the first two texture measurements was used to
record diff raction patterns at dist inct temperature levels (50-80- 120- 150- 190-220 [' Ñ]) and to

measure the propagation velocity of ultrasonic waves along the sample axis. The data are used to
calculate the direct ional dependence of the thermal expansion coeff icient à of calcite from the
observed peak shift of the BRAGG refl ections, and the mechanical stresses as à reaction on
temperature increase.
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For comparison, à was determined from Õ-ray measurements as well. The neutron and Õ-ray based

calculations show significant diff erences which will be the subj ect of discussion (see Table 1) : the
reference value dpi is diff erent for neutrons and Õ-ãàóç, as well as the observed peak shift Ad and the
calculated thermal expansion coeff icient à . I t is remarkable, that the neutron based dp- values are

consistently smaller for all BRAGG refl ections, whereas the observed peak shiA hd and à are smaller
only for the ( 11-20) refl ect ion, i'.e. the temperature dependence seems to be diff erent for distinct

lattice planes.

T able 1 L at t i ce spacing d p ( Ò = 20 Ñ ) , peak shi f t Û ~ (Ü Ò = 230 Ñ ) and t herm al

( 11-23)„ 2 .2808 0.046 10 ~( 11-23), 2 .2840 -0.007 10 ~ 0.89 10 ' -0 .13 10 '

( 10- 14)„( 10- 141. 3.0295 1.02 103.0351 0.63 10 ~ 14 .7 10 ~

9.0 10

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
elast ic module î Ãthe single crystal is close to the bulk module î Ãthe sample, also. lattice stresses can
be estimated. In Table 2, the calculated values are given for the (0006) and ( 11-20) refl ection and for

diff erent temperatures. They confirm the interdependence of the elastic module from temperature
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and from the latt ice direction in which it is measured. This interdependence, as well as the relation to
the mineral texture will be subj ect of discussion.

Table 2 Elastic module E and calculated macro- and micro-stresses (à.„;„ , ñ~~.„ ;„ , ñê .„ ,)

at diff erent temperatures Ò. ð : density.

( h i k l ) Ò [ Ñ ] p [ k g m ] ~ ð E @àï èñå Ø àí ñå Î ~ò àñòà

[m/s] [á Ðà] [Ì Ðà] [Ì Ðà]
(0006) 120 2.6 10 5840 88.67 2.59.10 ' 229.66 25

150 2.61 10 5810 88.11 3.74 10 ~ 329.53 26

190 2.62 10 5770 87.23 5.50 10 479.77 27
220 2.63 10 5750 86.95 6.39 10 555.61 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 composit ion, foliations, grain shape anisotropy
and mineral textures. The infl uence of the texture on the elastic behavior of rocks is of interest
because it aff ects 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 K ola peninsula (the depth of 12262 m).

The aim of this study was to determine the P-wave velocity distributions of samples from the
K ola SG-3 borehole at diff erent confining pressures, to measure the textures of the predominant
ãî ñ1ñ4 î ï òèï ö minerals by means of neutron diff raction as à 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 våãå selected. We focused on à unique rock
type since we mainly wanted to characterize possible var iatioi is of its elastic propert ies. 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 à regular 15' • 15' grid) for six levels of confining pressure in

the interval 0.1 Ì Ðà to 400 Ì Ðà. 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 direct ions is enough to describe the P-wave matrix with suff icient

accuracy.
I t is à general observation (Fig. 1), that the P-wave velocit ies increase with increasing

confining pressure. At atmospheric pressure, the mean velocities Ãð ,„„ ãàï êå from 2.64 to 3.17
km/s, except sample 37172 which shows à considerably higher value of Vp ÄÄ = 5.93 km/s.. At 400
Ì Ðà, 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 diff erent 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 elast ic behaviour is dominated by
the intrinsic propert ies î Ã the minerals, ).å. the textures and the elastic constants î Ã the rock-forming

minerals. The transition between the two fields of predominance is quite different : sample 31904
shows à much wider range of crack- predominance as for example sample 9665, where the infl uence
of cracks is neglectible at confining pressures > 40 Ì Ðà.
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Figure 1. Experimental Ð-wave velocity distributions at confining pressures 0.1 and 400 Ì Ðà. 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 t ime-of-fl ight texture diff ractometer 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 Ð-wave
measurements
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Figure 2. Pole figures of hornblende (Hbl) and biotite (Bt), recalculated from the ODF. Contouring
start s at one time random, grid points with intensities smaller one time random are displayed.
M inimum and maximum intensit ies are given at the bottom of the plots, and the orientat ion of the
rock foliation is indicated by à dotted circle in the hornblende ( 100) pole figure.
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An estimate î Ã the volume fraction of the predominant mineral phases was derived from summarized
neutron diff raction patterns of the texture measurements. The orientation distribution functions
(ODFs) of hornblende and biot ite were approximated by means of component deconvolution [3], in
Figure 2, recalculated pole figures of some interest ing lattice directions are presented.

For the modeling of the Ð-wave velocity distributions, Ñ- coeff icients were calculated from
the texture components [4] . The modeling was based on the elastic stiff ness tensors given by [5] .
The averaged bulk rock velocity distributions are É ï åãåï 1 from the experimental ones, this holds
true for the spatial orientat ion of the tensors, its quantities and the degree of anisotropy as well . The
modeled Ð-wave velocity distributions include the range from 6.1 to 6.7 km/s (see Fig. 3) . In general,
the calculated velocities much closer fi t the experimental Ð-wave distributions obtained at Ð = 400

Ì Ðà, 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%) .
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T he anisot ropy of the velocityFigure 3. M odeled bulk rock Ð-wave velocity distributions.

distribut ions is given in percent .

Distinct orientation difFerences between the modeled and experimental velocity distribut ions are also
valid, especially the sample 43687 shows à very clear orientat ion diff erence î Ãthe velocity patterns.

Furthermore, it is obvious, that the texture-derived (modeled) Ð-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.

I t 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 diff erent
for the samples. Furthermore, orientation diff erences 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 infl uence the velocity distributions.
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i nt r oduct ion

Neutron di ffraction i n si tu strain investigations are à suitable tool for à better understanding of
the deformation behaviour and of the strain/stress relaxation behaviour of polycrystal l ine rock
materials. In combination with the deformation apparatus ExStress, this method al lows 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-f l ight dif fractometer EPSIL ON , located at the
beam line 7À of the pulsed reactor IBR-2.

M ater ial and M et hods

The specimens were prepared from cores of ground water holes in the Elbezone, dri l led close
to Konigstein, à l ittle town about 20 km SE of Dresden (Å-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 à 10 - 25 km wide NW-SE -
trending zone, characterized by à 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 à good contrast e.g. in relation to the ductile nuca in other polymineral ic systems. That ' s

why the rocks were regarded as well suitable for experiments to adapt dif fraction methods for
geological problems.

The Cretaceous sandstones î Ãí å Elbezone were selected because of , their quasi-monomineral ic

composition, the absence of crystal lographic preferred orientation of quartz and dif ferent types
of bedding available. Samples were taken from cores of ground water holes at à dri l l ing depth
of about 250 m below surface level . The cores were taken without orientation marks, therefore
the coordinate system could be f ixed only in relation to the bedding plane (õó) and perpendicular
to the bedding plane [z] , which direction was f ixed by the core bit.

The average composition of the sandstone is: 95% quartz, accessories (5%) are potassium-
feldspar, white ï èñà, calcite, dolomite (determined by öuàntttàttvå Õ-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 ðî ãå volume of the rocks is in the order of 10%. The sandstone is
characterized by absence of crystal lographic preferred orientation of quartz crystal l ites, but
shows well developed bedding of dif ferent qual ities.
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The neutron dif fractometer "Epsilon" is situated about 102 m from the surface î é ëå moderator.

Due to this long fl ight path à good spectral resolution of 0.4 % (for lattice spacings d > 0.2 nm)
is achieved. This al lows the measurement of samples of lower crystal symmetry (even ï èñà and
feldspar) . The diffractometer is equipped with à pressure device ("Åõß ãåçâ" ), which provides

an uniaxial load of maximal 100 kN which corresponds to à maximal stress of 150 MPa for
cylindrical samples with the dimensions î Ã30 mm î 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 dif fraction pattern in the direction of the applied load, the î áæåã
one in the direction perpendicular to the load (see Fig. 1).

F 1g. 1 : L ay ou t î é Üå n eu tron t im e-î Û ô | d i f f r actom eter " Ep si lon" at the reactor I B R -2 at the

beam l ine 7À . g , and g ~ are the scatter ing v ecto rs.

3.2 Resul t s

I n si tu - deformation experiments were carried out at à quarz sample HG 7012/2/à2 up to an
uniaxial pressure of a= 56.33 M Pa. Caused by the spectral distribution of the reactor pulse, the

diffraction peaks can not treated l ike simple Gaussian. The right fl ank decreases sl ightly less
than the left fl ank increases. For this reason the position î é ëå Bragg refl ections was determ ined
using the asymmetrical double sigmoidal fit function described in detail by [2] .

The results refl ect à l inear 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 Y oung's moduli were experimentally
determined for the net planes (0111), ( 1120) and (0112). The obtained Young' moduli are in
al l cases smaller than the " theoretical" ones, caused by possible effects from grain boundaries,

accessory phases, ðî ãå volume, texture etc.

Furthermore, in addition to peak shift, peak broadening was observed too, which is an indicator
for increased stresses î Ãsecond order. Figure 2 (below right) shows the dependence î é ëå peak
width (FWHM ) of the ( 1120) Bragg refl ection on the applied load. Neglecting the runaway
FWHM -value at o = 40.8 M Pa à relationship between FWHM and the stress c was determined
by l inear regression to be (2.4 + 1.3) 10' time channels per M Pa.
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Fig. 2: Deformation of the quartz sample HG 7012/2/à2 due to the uniaxial load up to 56.33
Ì Ðà. Òî ð left : the (0111)/( 10 11) Bragg refl ection, the Young' s modulus was determined to be
Å = (66.2~3.0) GPa, top right: the ( 1120) Bragg refl ection, the Young' s modulus: Å = (72.7~6.1)
GPa; below left : the (01 12)/( 10 12) Bragg refl ection, the Young' s ãï î äè1û : Å = (60.1~4.7) GPa;

below right: the peak broadening as ful l width at the half maximum (FWHM ) of the ( 1120)
Bragg refl ection, the peak broadening was determined by linear regression to be (2.4 ~ 1.3) 10 '
time channels per M Pa [3] .

R esid ual st r ai n/st r ess

Residual strain was measured at the âàò å sample six days after unloading. The strain was
scanned in à radial direction, from the centre to the surface of the sandstone cyl inder and
arranged in the directions [x] and [ó] , which are perpendicular to each î ë åã and determining the
bedding plane of the sandstone (Fig. 3).

It is noteworthy that the results indicate an anisotropy î Ãresidual strain distributions within the
bedding plane. Figure 4 demonstrates the residual strain for the Bragg refl ections (01 1 1)/( 10 1 1),
( 1120) and (0112)/( 10 12) in [õ] and [ó]-direction. It is shown, that in the [õ]-direction there
was measured the tension in the centre (V I ) î É Üå sample and at the margin î é Üå sample (× Ç).
The residual strain behaviour in [ó]-direction is vice versa.
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Fig. 4: Determination î é Üå residual strain in [x]- (left) and [y]-direction (right) by scanning in
radial direction. The xy-plane is the bedding plane. The strain was measured six days after
unloading. 1: (0111)/( 10 11); 2: ( 1120); 3: (0112)/(10 12).
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F i g. 5 : A n i sotr opy fun ct i on Ã 1 ( lef t) and Ã2 ( r i ght) f or the m arg in at the [ó ] -d i rect ion .

Figure 5 demonstrate as an example only two anisotropy functions Ãl and Ã2, determ ined from
residual strain data at the margin î é Üå sample HG 7012/à/à2 in [ó]-direction. The relationship

indicate the elastic behaviour of the sample at this point.
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Residual st ress study by neut ron dif f raction
in per forator ' s st r iker

Î .B ok u chav a, N . Sham sutd in ov , À . T am onov

Within the framework of ñî -operation with the industrial enterprises of Russia
(TULAMA SHZAV OD) 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 65Ñ2ÂÀ
(elastic constants Å = 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 Di ffractometer [ 1] . For the
stress measurements we used the 90' -detector with gauge volume 2x2x5mmç. The back

scattering detector was uti l ised for the investigation of diffraction peak broadening and the
phase analysis.

Looking at the dif fraction pattern one f inds the presence of austenitic phase in the
sample (see f ig.1). A fter analysis of peak intensities the estimation for the volume content of
austenite had been found: ñ, = (11.7~0.2) %. It ' s à pretty large amount comparatively to the

homogeneity reported by sample producers. A lso the strong peak broadening can be clearly
seen (f ig.1). Generally, the peak width Ad behaves according to the following law :

Ë ~

~

2 4~4 è + ~~ ~4 è(ËÈ )
2 .

h
Í åãå ht and ËÎ are the time and geometry uncertainties, à - coeff icient, which takes

into account the size of grains, å - microstrain. This estimation of the microstrains gives quite
à high value: cÄ;Ä.„ =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 l imited nature, allowing stresses to exceed the yield
strength.

The measured stresses are shown on f ig.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. A xial component has à dif ferent 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 î Ã tension/compression near the edges this fact forms the complex stress state of
the material . These circumstances badly damage the resistance î ã" the sample.

A fter analysing of the macro- as well as micro-stress state of the sample we came to

the conclusion, that material had ï î the optimal heat treatment . The resistance of the sample
can be improved by 2-3 times by appropriate treatment.
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Purple membranes (PM ) &om bacter ium Halobi um Sali nari us , contains only one type of
the proteins - Bacteriorhodopsin (BR) . The protein catching à photon uses its energy to
transport protons Í ' through the membrane. It results in electro-chemical gradient on the

membrane. The energy, accumulated in this way, provides liv ing funct ions of hå bacterium.
This first step of accumulat ion of energy (creat ion of ålåctro-chemical gradient by proton

pumping) is an universal step in energy transformat ion in bacteria, plants and animals. BR is
w idely used for invest igat ion of mechanism of proton pumping. À maj or quest ion 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 Ì -state.

À substant ial dif ference between the thickness , T, of ÐÌ dark-adapted (T=50.3 À) and
exposed to continuous il lumination (T=44.7 À) has been observed by small angle neutron

scattering (Fig.1). The measurements were performed at the YuM O instrument . The study
was done at ðÍ =À.6, in presence of 100 mM of guanidine hydrochloride to slow down the
decay of Ì -state of bacter iorhodopsin (BR) in 2 wt% of ÐÌ in aqueous solut ions. The
observed conformational fast alterat ions occur within f irst 10 min and are irreversible for
hours (Fig.1), suggest ing à strong interaction of guanidine hydrochloride with ÐÌ induced
Úó the il luminat ion of hå samples.

The reduction of the membrane thickness can be explained by the shift of BR loops and
Ñ- and terminates (in average by about 3 À) toward membrane surface when ÐÌ is
exposed to light. This shift can occur due to the alteration of the membrane surface potential
induced by light illumination of the ÐÌ and leads to the creation of the hydrogen bonds
between amino acid segments of BR loops as well as Ñ- and N-terminates and nearest to
them amino acids embedded into the membrane and stabilisation of BR in à new long-living
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Fig. 5 K inet ics of the changes of (à) the intensity I (0) (Ü) the radius of gyrat ion and of ÐÌ in
D>O ( in presence of 100 mM of guanidine hydrochloride at Ò=16.8 ' Ñ in 50 mM Na~CO~

buff er at ðÍ =À.6) at dark and upon il luminat ion. The arrows corresponds to the start of à new
state of the sample: (È) dark-adapted state; (O)upon first continuous il luminat ion; (À ) at
dark after the il luminat ion; (Î ) under second continuous illuminat ion; and (V ) at dark after

second il luminat ion.

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

In addit ion, the experimental data showed light-induced Í /Î exchange in which 52+22

hydrogen atoms are involved.

Small angle contrast var iat ion study yields an accurate estimat ion of the membrane
thickness, which is equal to 50.3 À in dark-adapted state of purple membranes.

Very recently the dependence of the eff ect 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 à minimum at the same value of pH.
Investigation î Ê&å molecular mechanism of he observed phenomenon is in progress.
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1 I ntr oduct ion
The neutron methods provide à powerful tool for the nondestructive evaluation of several material
parameters inside the ÷î 1ø ï å [1] . In the previous report period microstructural studies on alumin-

ium alloy samples investigations were realized by SANS. In this paper some experimental results

wil l be presented.
A luminium al loys are applied in different aged conditions. Y ield strength, tensile strength, uniform
strain, fracture strain and the plastic fl ow behaviour are dependent on the microstructure, especial ly
on grain size, distribution, nature and coherence of the precipitations, on texture and on solid solu-
tion. The integral infl uence of these microstructural features on the plastic behaviour can be de-
scribed by means of the athermal work-hardening parameter à [2,3] . Because the SAN S eff ect is in-

fl uenced by the volume concentration and by the size distribution of the precipitations, à correlation
between the scattering curve parameters and the athermal work-hardening parameter à should exist .

The obj ective of the SANS studies is the quantitative characterization of the precipitation state
caused by different heat treatments of the A l-al loys. Furthermore à quantitative relation between the
precipitation state and the scattering curve parameters belonging to that sample should be eluci-

dated.
2 Exper iments and Results
The spectrometer YuM O is located on beam 4 of the pulsed reactor IBR-2 of the Frank Laboratory

of Neutron Physics î Ã the Joint Institute for Nuclear Research, Dubna. À detailed description î Ã the
SANS spectrometer YuM O is given in [4] . The SAN S pattern is described by the macroscopic dif-

ferential cross section dZ/dQ(Q) with Q as the scattering vector. The aluminium al loys represent
polydisperse systems containing à large variety of morphological di fferent scattering obj ects. Hence
the SAN S measurements refl ect à superposition of the scattering effects of al l microstructural î Ü-

j ects.
Âó means of the f it program FUM ILI the scattering curves d/d (Q) were f itted in the fol lowing way:

dZ (Î ) = À ( 1) Q ( ) + À (3) (1)

~

Í åãå the parameter À (3) refl ects 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 À (2) and À (1) are caused by the microstructure. The parameter À (2) indicates the qual ity
î é Üå interfaces between the hydrated and non hydrated components in the sample. In the special
case of À (2) = 4 (Porod-like behaviour) the parameter À (1) becomes the Porod constant which is
proportional of the total inner surface. Signif icant deviations from this behaviour suggest the exis-
tence of fractal structures described by the fractal dimension. The parameter A ( l ) should be à meas-

ure of the inner surface with fractal propert ies.
Assuming à fractal behaviour the fractal dimension is determined by À (2), the exponent of an ap-

proximated scattering curve. Previously the decision whether à mass (volume) or à surface fractal
exists is necessary. The fractal dimension d of mass fractals is identical with À (2) and must fulf i l
the condition À (2) 3. The parameter A (2) al lows to describe the microstructural changes in the
sample volume [5,6] . These changes are caused Úó dif ferent heat treatments of the aluminium al-

loys.
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Pieces (40 õ 40 õ - 2 mm~) of aluminium alloys with dif ferent content and morphology of precipita-

tions, according to certain manufacturing conditions (thermal treatment) were prepared. Applied
was an A1M gSi-alloy, natural ly aged (Ò4). This type of al loy was also arti ficial ly aged at à tem-

perature of 190 degrees centigrade for four hours (named also by Òá).
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Fig. 1-2: SANS pattern î 1two aluminium samples ÷ th different heat treatments. The lines indicate the fitted curves ac-
cording eq. (1). The fitted curve parameters A(i) and quality î é ëå fit procedure are inside the frame.

In Fig. 1 and 2 the evolution of the microstructure caused by à dif ferent period of heat treatment is
evident by the curve parameter A(i). The parameter À(2) indicates fractal behaviour. The value of
À (2) is decreased from 2,78 (Ò4, start) to 2,03 (Ò4, 4 hours heat treatment) with increasing heat
treatment . Investigations carried out by transmission electron microscopy (ÒÅÌ ) revealed rod-like
or plate-like crystal lographically oriented precipitations in the microstructure of sample Ò4, 4 hours
heat treatment (also named by Òá). In contrast to that, not any precipitations could be identif ied in
the microstructure of the sample Ò4, start. It is assumed that the value À(2) characterizes the pre-
cipitation state î Ãthe A l-al loy under investigation. The athermal work-hardening parameter à î Ã the
Òá-material is higher than the n-value of the Ò4-material . Because the higher magnitudes of à are
correlated with higher "internal stresses" o;, caused by slip incompatibil ities, the dimension d of

the mass fractal seems to correspond with interface phenomena of the precipitations.

3. Conclusions
Typical processes form ing the m icrostructure can be studied. The scattering curves refl ect micro-
structural changes. Infl uences of di f ferent technological ly treatments, so for instance à dif ferent du-
ration of à thermal treatment, can be correlated to phase transit ions in this alum inium al loy . Com-
paring the results of the m icrostructural studies on hydrat ing CqS the fol low ing fact i s ev ident : A l -

though these tw o mater ials are di f ferent in their product ion and proper ties, the experimental strategy

and interpretat ion of the SA N S pattern are sim i lar ly .
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M I C R O ST R U C T U R A L ST U D I E S O N H Y D R A T I N G T R I C A L C I U M

SI L I C A T E B Y SA N S

F. H auf31er À Ë. K uk l in ~, , S. Palzer and À . Eckart

04109 Leipzig, Germany

Moscow Regi on, Russia

1 I nt roduct ion
The neutron methods provide à powerful tool for the nondestructive evaluation of several material
parameters inside the volume [1] . In the previous report ðåï î é microstructural studies on hydrating
tricalcium sil icate samples investigations were realized by SAN S. In this paper some experimental
results wil l be presented.
According to the typical composition of cement powder the cement cl inker phases tricalcium sil i-

cate (CqS) and dicalcium sil icate (CqS) are of high importance for the formation of the hydration
products [2] . In the SAN S experiments the hydrating CqS paste is èçåé for à study of the typical hy-
dration processes forming the Ñ-S-Í phase. M acroscopic cement stone properties l ike strength and
transport parameters (relative dif fusion coeff icient, permeabi l ity) depend on the structure of the in-

terfaces and the ðî ãå volume. For that reason, the sample characterization by parameters î Ë ãàñ1à1ç
or the application of the Porod approximation [3] is à helpful concept . Kriechbaum et al . [4] have
published the results of Smal l A ngle Õ-ray Scattering (SAX S). The fractal nature is one î Ãthe most

important statements in this paper. Schmidt [5] emphasized the importance of SAN S for studying
the structure of fractals and other disordered systems.

2 Exper iments and Results
The spectrometer YuM O 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. À detai led description of the
SANS spectrometer YuM O is given in [6). The SAN S pattern is described by the macroscopic ñÈ -
ferential cross section dZ/dQ(Q) with Q as the scattering vector . The hydrating CqS represent poly-

disperse systems containing à large variety of morphological diff erent scattering obj ects. Hence the
SANS measurements refl ect à superposition of the scattering effects of all microstructural obj ects.
Âó means of the f it program FUM ILI the scattering curves d/d (Q) were f itted in the fol lowing way:

— (Q) = À(1) Q ( ) + À(3) — À 2
(l )

ñÞ
Í åãå the parameter À (3) refl ects the incoherent neutron scattering background. It depends on the
chemical and isotopic composition of the sample under investigation. In contrast to À (3) the pa-

rameters À (2) and À (1) are caused by the microstructure. The parameter À (2) indicates the quality
of the interfaces between the hydrated and non hydrated components in the sample. In the special
case of À (2) = 4 (Porod-like behaviour) the parameter À (1) becomes the Porod constant which is
proportional of the total inner surface. Signif icant deviations from this behaviour suggest the exis-
tence of fractal structures described by the fractal dimension. The parameter À ( 1) should be à meas-
ure of the inner surface with fractal properties.
A ssuming à fractal behaviour the fractal dimension is determined by À (2), the exponent of an ap-
proximated scattering curve. Previously the decision whether à mass (volume) or à surface fractal
exists is necessary. The fractal dimension d of mass fractals is identical with À (2) and must fulf i l
the condition À (2) 3. If 3< À(2) < 4, the fractal dimension ds of surface fractals is calculated with

ds = 6 - À (2). (2)
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The parameter À (2) allows to describe the microstructural changes in the sample volume. These
changes are caused by dif ferent w-c ratios of the ÑÇÇ samples.

Measurements were carried out using three wel l characterised hydrating CgS samples [7] . Í åãå the
water-CqS ratio was varied (0,40, 0,52, and 0,60). The samples were stored for 24 hours at 100%
rel . humidity . A fter that the samples were sealed in plastic bags until the beginning î ã" the SANS ex-

periments after about two weeks. The three SAN S curves measured at YuM O show à dif ferent
SANS pattern. Especially there is à signif icant difference between the sample prepared with
w c=0,40 and the two others (see f ig. 1). Dif ferent A (2) values are calculated (see eq. ( 1)) :
CÇSHYD40: 3,04 +/- 0,03, CÇSHYD52: 2,75 +/- 0,02, CÇSHYD60: 2,62 +/- 0,01. The change of
the scattering curve parameter À (2) from 2,75 to 2,62 indicates à mass fractal with decreasing den-
sity (decreasing d ). Í åãå à decreasing density means à ò î ãå loosely packed microstructure. The in-
creasing water-solid ratio decreases the spatial density î é Üå Ñ-S-Í phases.

Fig. 1: Hydrating cement clinker mineral C;S prepared
with dif ferent w-c ratios (CÇSHY D40: w/c=0.40;
CÇSHYD52:w/c=0.52; CÇSHY D60: w c=0.60).

~î î - Hydrating Cement Clinke r Mineral C ,S

(variat ion of the water-C, S ratio )
Ý

~~

• ÑÇÇÍ '|' 0 40

• C3SHYD52
à C3SHYD60

10

÷ 0 ,1 Ñ

0 ,0 1

î ,î ~ 0 ,1
Î / À

Fig. 2-4: SEM studies on the C>S samples (Ì . Langenfeld, FIB Weimar, 1999)

SEM (Scanning Electron M icroscopy) studies (see f ig. 2-4) were realized 10 days after the SAN S
experiments and show signif icant dif ferences in the microstructure under investigation. The sample
with the lowest w-c ratio shows the lowest degree of hydration. Fig. 3 and f ig. 4 show the hydration

products surrounding the non hydrated clinker grain.
3. Conclusions
Typical processes forming the microstructure can be studied. The scattering curves refl ect micro-
structural changes. In the CqS 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 possibi l it ies for à
nondestructive description of the microstructure of hydrating cement paste. Tricalcium si l icate as an
essential cement cl inker phase allows the investigation î Ã the formation î Ã the maj or hydration
product (Ñ-S-Í phases).
The variation of dif ferent parameters of the sample preparation (water-solid ration, grain sizes etc.)
gives the possibi l ity to investigate the various infl uences to the cement paste microstructure [8] . Âó
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applying à specially adapted mathematical and technical model of fractal structures, à very promis-
ing way of interpreting experimental results was used. These studies are described in [9] .
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The SAN S experiment on extruded vesicles &om model biological membrane is useful
method for the calculat ion of membrane thickness~1~. Nevertheless to the importance, the radius of

large unilamellar vesicles can not be determined &om scattering experiment due to the great
polydispersity in the vesicular ãà<é . The methods to create of monodispersed large unilamellar
vesicles (LUV s) as fast delution and temperature j ump protocol were developed for mixed
lipid/surfactant çóç1åï æ~~ ~~. In these approaches, the monodispersed vesicles are created during the

transformation &om micellar to lamellar phase. The problem to create the LUV s with low
polydispersity &om pure lipid system without surfactant for SANS and SAX S experiment was not
solved t ill now. The application of Õ-ray small angle scattering to the study of vesicular systems has

à second problem, which is weak contrast b ð between phospholipid bilayer and water . The
subst itution of water solutions (Í ~Î or DgO) to the sucrose/water solutions is used to solve the
both problems. The macroscopic cross section of våÿ c1å can be written aP ~

w ith A ;= Sin(Q R ;) - (Q R ;) Co s(Q R ;) ( >)

where N is the number of vesicles per unit volume, Ëð- contrast for neutron or Õ-ray scattering, R>

and Rq correspond to the inner and outer radii of the vesicle, respectively. The bilayer thickness is
then d~=R~-R>.

Fig. 1 demonstrates the increase in contrast between DMPC membrane and sucrose solution
as funct ion of sucrose concentration for Õ-ray scattering. SAX S experiment with DMPC vesicles

were carried out to test the contrast variation with sucrose buff er . The vesicles were prepared by
extrusion of the solut ion through polycarbonate fi lter with pores of 500A in diameter. Vesicles with
low polydispersity were detected for sucrose concentrations &om 30% to 45% (see Fig.2).

The vesicles in the sucrose/Í 20 solut ion with sucrose concentrations below 20% (see Fig. 1)
have small contrast to be measured via Õ-ray scattering with good statist ics. The SAN S at YuM O

spectrometer was applied to study the region of sucrose concentrat ions &om 0 to 20%. The neutron
spectrum &om the solid methane moderator was used to rich q<0.008A 1. Fig. 3 demonstrate the

scattering cross section of extruded DMPC vesicles in D2O, which have not oscillation and
correspond to the Gaussian distribution of våÿ c1ås radii with polydispersity 72%. The addition of 5%
sucrose decrease à polydispersity to the value î Ã40%. The value of the polydispersity decrease with
further increase of sucrose concentrat ion, the polydispersity has à minimum value of 29% at sucrose
concentration 20%. The macroscopic cross sect ion &om vesicles in sucrose/D20 solut ion with 20%
sucrose was measured with temperature of methane moderator Ò ~~ =35~Ê (see Fig. 4). The
comparison of SAX S curve &om synchrotron (Fig. 2) and SANS curve &om IBR-2 reactor with
cold moderator (Fig. 4) demonstrate that öù ,ä=0.005A 1 at synchrotron are not so far &om
ö„ ,; =0.006A 1 at IBR-2 reactor with cold moderator. Important to note that spectra &om vesicles
collected at YuM O spectrometer have ö„ ,ä„ =0.15A 1, at D22 spectrometer of DCI synchrotron
ö„ ,~„ =0.04À 1, this diff erence create the advantage of SANS experiment for the correct calculat ion

of the membrane thickness. The membrane thickness as funct ion of sucrose concentrat ion was
calculated &om Kratky-Porod plot as described in/ 1/ The presented in Tab. 1 results demonstrate

that sucrose has not influence to the membrane thickness at the region &om 0 to 40% sucrose
concentration.
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-phase on the sucrose concentrat ion in H2O
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- 1q , À
Fig. 2. SAX S curves &om extruded DM PC vesicles at
Ò=3 Î ' Ñ in the sucrose/Í 2Î solution with sucrose

concentrat ion 30% (squares) and 45% (circles). The curves
correspond to the scattering &î ò the vesicles with
R i =200A , 230A and à ð 65À , 75A for 30% and 45%

sucrose concentrat ion, respectively .
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Fig. 3. SANS curve &om extruded DMPC vesicles in
&zO, T=30Î Ñ (points). Fitted curve (line) with
parameters: R1=180A, î ð=130À, R2-R>=34k .
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43.120.8

Sucrose buff er has two advantages. First is the possibility to create à monodispersed
population of vesicles, which suf fi ci entl improve the experimental condit ions 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 SAX S, Sucrose/water solut ions is perspect ive medium for the
SANS and SAX S application at the invest igation of vesicles structure and structure of mixed
lipid/surfactant systems.
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Ð. Jorchel ' , Ì . K iselevÐ, , G . K lose' , Í . Schmiedel '

~~

Biological membranes are very complex systems. To get more information about their
structure it is helpful to invest igate more simple systems. For this purpose we studied the suitable
system POPC (1-palmitoyl-2-oleyl-sn-glycero-Ç-phosphatidylcholine), Ñ»Å4 (tetraoxyethylene
monododecylether), as well as the mixture POPC/C»E4. L ike 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 simplifi ed moreover. In the ideal ñàçå all vesicles would have the same size and one layer. In
fact, this state is not possible to realize. Nevertheless, vesicles consist ing almost exclusively of

monolayers can be prepared by extrusion.
We extruded each sample before measuring 25 t imes with 200nm fi lters. The measurements

were carried out at the sample-detector distances Ü l of 4.414m and 13.173m, respectively. At

the large Lsd value the measurement time was 60 minutes. At the small Ü l value we realized à

longer measurement time of 300 minutes for gett ing an acceptable signal to noise rat io in spite of
the lower intensity at higher q-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 distribut ion 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
(SAX S) curves by applying two symmetric two-strip funct ions as approximation for the electron
scattering length density across the bilayer. Strip funct ions are also common as approximation of
the neutron scattering length density calculated &om ñÈ éàñ1î äãæï ç of multilamellar system by

Fourier synthesis /8, 9/.
Our aim is the determinat ion 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 obj ective to get data inclusively
q-values as high as possible with an acceptable signal to noise ratio. The q-values of
measurements range &om 0.006 À ' to 0.382 A ' .

The size distribution of vesicles has been determined by &eeze &acture electron microscopy.
That means that it is ï î fi t parameter. An important improvement of the used model in
comparison to other ones is the insertion of à parameter taking into account the presence of small
amounts of mult ilamellar and/or non-spherical vesicles. The fi t procedure using this model results
in calculated spectra with very small deviat ions &om the measured ones. An example is given in
Fig.1 for vesicles of pure C»E4 in DpO.

The demonstration of the ef5ciency of the model by its applicat ion on special vesicle
dispersions and by comparison of the results obtained with other data is another aim of our
experiment . M ixtures of POPC and Ñ»Å4 have been extensively studied at low water
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concentration by SAX S / 10/, SAN S / 11/, and M VR / 12/. I t was found that the structural and
dynamic properties change with composition and exhibit some peculiarit ies.

~

q in A "

Fig. 1. Measured SANS spectrum at ÑäÅ4-vesicles in D~O and fitted curve of our model.
Results of fit : thickness of hydrophobic core 7.8A, thickness of headgroup region 12.6À ,
bilayer thickness ÇÇ.OA , number of bond water molecules per CizE4 molecule 18, cross-
sectional area per Ñ„ Å4 molecule 69A~, relat ive amount î ÅÜé èï å11àã vesicles 4,3%.
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I nt r odu ct i on

Several years ago, di f ferent gemini surfactants were prepared and their
physicochemical properties were correlated with their biological activities [1, 2] . This has
stimulated à series of papers where the physical properties of micelles and î ë åã lyotropic
phases formed by gemini surfactants were studied in detail [3-7] . Recently, we have prepared
new 1,4-butanediamonium — N,N'-dialkyl-Ì ,Ì ,Ì ' ,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 à 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
Ñ16À aggregates in the aqueous phase.

M ater i al and M et hod s

The Ñ16À gemini surfactant was prepared by reaction of tert iary
Ì ,Õ,Õ' ,Õ-1å1ãàò åé ó1- 1,4-butanediamine with 1-bromohexadecane as described in [ 10] . The

surfactant was purified by manifold crystal l ization from à mixture of acetone and methanol .
Its identity and purity was conf irmed by elemental analysis, thin-layer chromatography, and IR
and H NM R spectroscopies. Heavy water (99.98 % Í ãÎ ) was obtained from Izotop
(M oscow, Russia). Surfactant and heavy water were mixed in à glass tube, the tube was
purged with gaseous nitrogen and sealed. The content was dispersed by hand shaking and
sonication in à bath sonicator. The SAN S measurements were performed at the ÿ ï àl l-angle
time-of-fl ight axial ly symmetric neutron scattering spectrometer YuM O at the IBR-2 fast

pulsed reactor. The samples were poured into quartz cel ls (Hellma, Mullheim, Germany) to
provide the 1 mm sample thickness. The sample temperature was set and controlled
electronical ly at 20.(8=0.1' Ñ. The sample in quartz cel l was equil ibrated for 1 hour at the given
temperature before measurement. The sample-detector distance was set to 10.553 m.

R esu l t s and D iscussi on

T h e SA N S sc atter i ng f unct i on can be w r i t ten as

1(@ = N P (Q) S(Q) Þ
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where Q is the scattering vector, N is the ï ø ï Üåã 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 I (Q) on scattering vector g . Squares: r=l , circles;
,=2, diamonds: r=3.

According to Guinier approximation for very small scattering angles (see [ 11- 14] for

references), one rewrites then equation (1) as

I (QJ=I (0) exp (- g R I r) g ' (2)

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 obj ect of infinite length and
uniform cross section, and for à 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 r=1 is à 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 À ~>ß~>0.004 k ~ (full

lines in Fig.1). It is seen that the experimental data deviate from the fitted functions when
supposing rods or globules in the Ñ16À system, while all the experimental data are
approximated rather well by the fitted function when supposing the presence of sheets andÓoã
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
~~=12"~ß 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 Ñ16À
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 Ñ16À molecules located in the bilayer of large discoid micelles or/and unilamellar
l i poso mes.
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Fig.2. The dependence of the thickness d, on the Ñ 16À concentration .
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Heyrovsky Sq.2, 1á2 Î á Prague á, Czech Rep ublic, Å-mai l: plesti l® i mc.cas.
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I nt roduction
Block copolymer micel les are polymolecular particles w ith à dense core formed by insoluble blocks
and à protect ive corona formed by swol len soluble blocks. M ost prospective applicat ions of the
micelles are based on loading sparingly soluble compounds into micel lar cores (solubi l izat ion) . It is
desirable to have à possibi l ity of control ling characteristics of this process by variat ion of the micelle
parameters. Promising candidates for such purpose are onion-type micelles. Unl ike the commonly
studied two-component core/corona micelles, the onion-type micelles have à three-layer structure. The

âî far studied multi layered micelles have been prepared using two diblock copolymers [ 1,2] or an
ÀÂÑ triblock copolymer [3,4] .

This contr ibut ion demonstrates the possibi lity of preparing another type of multi layered
particles. The procedure consists in solubil ization of à monomer in micel lar solution and subsequent
polymerizat ion [5] .

Experimental
Materials: The micellar solution of polystyrene-block-poly(methacrylic acid) (PS-b-PMA, or SA) (Ì „
= 42õ10' ô ò î 1, weight fraction of PS = 0.58) was prepared in 0.1 Ì borax in Í ~Î . À part of the

solution was transferred into 0.1 Ì borax in D2O by dialysis. Methyl methacrylate (Ì Ì À) 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 Ì Ì À was polymerized by y-radiation (dose 2 kGy) at 295 Ê .
Small-Angle Neutron Scatteri ng (SANS) Measurements: Scattering data measured using the YuMO
spectrometers are presented as à function of the magnitude of the scattering vector, q = (4ë/ß) sin Î ,

where ß is the wavelength and 2O is the scattering angle.
Analysis of SANS data: The theoretical
scattering function of spherical particles with
Schulz-Zimm distribution of radii was fitted to
experimental SANS data within à properly
chosen q- range (bare-core approximation [6]).
This f it provides the mean radius of particle
core, RÄÄ, and the relative standard deviation,
crß „ „ = 1/V(Z+1), where Z is the width
parameter of the Schulz-Zimm distribut ion.
Other characteristics of the particle cores
(volume, aggregation number, and mass) can be
calculated using the f it parameters.
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Results and discussion
The PS-b-PMA copolymer (SA) forms micelles
with PS core and PMA corona. Figure 1
demonstrates the eff ect of solubilization of
Ì Ì À monomer in this micellar solution and
subsequent polymerization on SANS curves. It
can be seen that an addition of the Ì Ì À
monomer to the micellar solution has only à
minor infl uence 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 à large
amount.

~î

' ' ä . o i é 3q / À ' • Â • 7 • t
î .~

Fig.1. Changes in the SANS curve of the
PS-b-PMA in 0.1 Ì borax in D~O (ñ=1.92
g/Ü) induced by solubilization of Ì Ì À
monomer and subsequent polymerization.
Both normal (h-Ì Ì À) and deuterated (d-
Ì Ì À) monomers are used.
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T h e S A N S c u r v e s t a k e n a f t e r p o l y m e r i z a t i o n d i f f e r s i g n i f i c a n t l y f r o m t h a t o b s e r v e d f o r t h e

o r i g i n a l m i c e l l e s ( F i g . 1 ) . F o r t h e S A / d - P M M A s y s t e m , d e v i a t i o n f r o m S A N S c u r v e o f s i m p l e

m i c e l l e s i s o b s e r v e d o n l y a t s m a l l q ' s w h i l e a t h i g h e r a n g l e s , t h e c u r v e s c o i n c i d e . O n t h e o t h e r h a n d ,

S A N S c u r v e o f t h e S A / h - P M M A s y s t e m d e v i a t e s a p p r e c i a b l y a l s o i n t h e r e g i o n o f t h e s e c o n d a r y

m a x i m u m r e fl e c t i n g t h e s i z e o f t h e s c a t t e r e r . T h e s e f i n d i n g s i n d i c a t e t h a t t h e c o r e s o f t h e s t u d i e d

p a r t i c l e s a r e f o r m e d b y t h e P S c o r e o f t h e o r i g i n a l m i c e l l e a n d P M M A d e p o s i t e d o n t h e s u r f a c e o f t h i s

c o r e . A n a l y s i s o f t h e S A N S c u r v e s s h o w s t h a t t h e m e a n r a d i u s o f P S c o r e i s 9 9 À a n d t h e t h i c k n e s s o f

P M M A l a y e r i s 1 7 À . T h e s e c o n c l u s i o n s h a v e b e e n c o n f i r m e d b y t h e r e s u l t s o f c o n t r a s t v a r i a t i o n

e x p e r i m e n t s [ 5 ] .

P o l y m e r i z a t i o n p r o c e s s : À t i m e - r e s o l v e d S A N S e x p e r i m e n t w a s p e r f o r m e d t o m o n i t o r t h e

p r o c e s s o f p o l y m e r i z a t i o n o f Ì Ì À i n P S - b -

P M A m i c e l l a r s o l u t i o n . P o l y m e r i z a t i o n w a s

î
Ð

î
100

Ô
Å

î

> 1 1 C O R E R A D I U SC O R E V O L U M E i n i t i a t e d w i t h a m m o n i u m p e r o x y s u l f a t e . F i g u r e

2 s h o w s t h e t i m e d e p e n d e n c e o f t h e c o r e

p a r a m e t e r s o b t a i n e d f r o m t h e S A N S d a t a . W e

c a n s e e t h a t à s u d d e n i n c r e a s e i n p a r a m e t e r

v a l u e s o c c u r s a b o u t 3 0 m i n a f t e r t h e i n i t i a t o r

w a s a d d e d . O u r N M R e x p e r i m e n t s [ 7 ] r e v e a l

t h a t t h e a m o u n t o f m o n o m e r s t a r t s t o d e c r e a s e

f r o m t h e v e r y b e g i n n i n g o f t h e p r o c e s s . T h e s e

o b s e r v a t i o n s s u g g e s t t h a t i n e a r l y s t a g e s o f

IO
I
Þ

P O LY D IS P E RS ITY

F i g . 2 . V a r i a t i o n o f t h e c o r e p a r a m e t e r s w i t h

r e a c t i o n t i m e d u r i n g p o l y m e r i z a t i o n o f Ì Ì À

( ñ = 4 g / Ü ) i n à P S - b - P M A m i c e l l a r s o l u t i o n

( ñ = 1 . 6 7 g / Ü ) . > ' ~ i a Þ C l • à î 0 > î 2 5 5 0 7 5 1 0 0 R e a c t i o n t i m e , ï è ï p o l y m e r i z a t i o n , s o l u b l e o l i g o m e r s a r e f o r m e d . W h e n t h e o l i g o m e r s a r e l o n g e n o u g h , t h e y c o l l a p s e o n t o t h e c o r e s u r f a c e t o f o r m à l a y e r o f t h e P M M A p o l y m e r . C 0 l l C I l l s 3 0 l l s I t w a s d e m o n s t r a t e d t h a t b l o c k c o p o l y m e r m i c e l l e s c a n b e m o d i f i e d b y s o l u b i l i z a t i o n o f à m o n o m e r a n d s u b s e q u e n t p o l y m e r i z a t i o n t o f o r m m i c e l l e s w i t h c o a t e d c o r e s . T h e t h i c k n e s s o f t h e s u r f a c e l a y e r i s e x p e c t e d t o b e e a s i l y c o n t r o l l a b l e . F u r t h e r i n v e s t i g a t i o n o f t h e f a c t o r s

a f f e c t i n g t h e r e l e v a n t c h a r a c t e r i s t i c s o f t h e

r e s u l t i n g p a r t i c l e s i s i n p r o g r e s s .
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N U C L E A R P O T E N T I A L O F G L A SS SU B ST R A T E O B T A I N E D F R O M
SPI N -F L I PPE D N E U T R O N T R A N SM I SSI O N T H R O U G H ÒÍ Å Ñ î F I L M

V .Ü . A k senov , S .V . K ozhev ni k ov , Y u .V . N i k i tenk o

~

A bst r act .

Transmission of à polarized neutron beam through the magnetic Ñî (700 À) fi lm on à glass
substrate, where the external magnetic f ield was applied at an angle to the sample surface, was analyzed.
The following phenomenon was observed: à neutron beam of '+-' spin transition passed through the

sample without refraction at à certain value of the external magnetic field strength. This effect was used
(î determine the nuclear potential of à nonmagnetic substrate.

When à polarized neutron beam is transmitted or refl ected from à magnetical ly noncoll inear
medium, neutron spin-fl ip and spatial beam-splitting take place. This effect was f irst predicted by
Ignatovich in [ 1] (see also [2]) and was experimental ly studied in [3-7] . In this work, à polarized

neutron beam, passing through à magnetical ly noncoll inear f i lm, is employed to determine the
nuclear potential of à nonmagnetic substrate.

Experiments were run on the polarized neutron spectrometer SPN- 1 at the IBR-2 reactor in
Dubna. À scheme of total polarization analysis using à multisli t analyser and à position-sensitive
detector was applied. The 100x50x5mm~ sample was à magnetic Ñî (700 À ) f i lm on à glass

substrate; this sample was used in [4] . An external magnetic field H=0.2 —: 10.1 kOe was appl ied

at an angle of 80 to the f i lm surface. The grazing angle of the incident beam was equal to 6;=3.7

mrad. Angular resolution of the spectrometer was equal (î Û .13 mrad. The neutron beam passed
through the magnetic f ilm and emerged from the edge of the substrate. Prel iminary results of this
study were published in [7] .

As neutrons pass through the magnetic Ñî fi lm, à neutron spin-fl ip occurs, causing an

alteration in the potential energy of neutron interaction with the external magnetic f ield. 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-
fl ip. In Fig.1, the grazing angle of the '+- ' transmitted beam as à function of the neutron

wavelength at different values of Í is shown. It can be seen that with increasing Í , the angle 6
increases and, in the 10.1 kOe f ield, it becomes greater than the grazing angle of the incident
beam. In Fig.2, the di fference Û =6~-6;~ is shown vs. the external magnetic field strength at

dif ferent wavelength values. It can be easily seen that al l of the straight l ines intersect at dif ferent
values of the wavelength. That is, al l of the straight l ines intersect at à point where 6=9 . From
here, the value of the f ield at which the neutron beam passes through the sample without
refraction, Í =7.9+0.2 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: 2pH =U. Thus, the value of the nuclear potential of the substrate was determined to be
U=95.3+2.4 neV .

This technique of nuclear potential measurement resembles the procedure of weighing. The
magnetic f ield 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 à nonmagnetic layer can be determined to an accuracy of Ì Ó/ 0 =10 ~. It

should be emphasized that the condition of equality of the magnetic and nuclear potentials holds
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for all values Ë and 6;. Therefore, it al lows one to perform nuclear potential measurements on à
polychromatic neutron beam with an unknown spectrum and à monodetector.

The authors wish to express their sincere grati tude to V .G.Syromiatnikov for the sample.
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M A G N E T I C I N E Q U A L I T Y O F F I L M I N T E R F A C E S E X T R A C T E D

B Y P O L A R I Z E D N E U T R O N R E F R A C T I O N

× .Ü. A ksenov , S.× . K ozhevnikov , Y u.V . N ik i tenko

~

A bst r act .

Ref ract ion of polari zed neutrons on separate boundaries of magnet ic f i lm w as investi gated . T he
ef fects of neutron spin-fl ip and spatial spl i tt i ng of à polar i zed neutron beam were observed . M agnetic and

nuclear parameters near the interfaces were determined.

I n [ 1] , à tw o f o l d ref ract io n o f à nonpo l ar i zed neutro n beam on o ne i n ter f ace o f tw o dom ai ns

w as ob serv ed . I n [2 ] , neutro n ref r act i on w as em p l oy ed to determ i ne the th i ck ness o f the áî ò àø
w al l s. N eutron sp i n -fl i p and spat i al sp l i t t i ng of à po l ar i zed beam occur at refl ec ti on and

ref r act i on on the i n ter f ace o f the m agneti cal l y noncol l i near m edi um . T hi s ef f ect w as p redi cted
by I gn atov ich i n [ 3 ] (see al so [4 ] ) an d w as ex per i m ental l y stud i ed i n [5-7 ] . I n th i s w ork , the

ref rac ti on o f à po l ar i zed neutron beam w as stud ied sep ar atel y on each b oun dar y of à m agnet ic

FeA 1Si f i l m .
T he m easurem ents w ere carr i ed o ut on the SPN - 1 pol ar i zed neutron spect rom eter at the

I B R -2 reacto r i n D ub na. À schem e o f tot al po l ar i z at i o n an al y si s usi n g à m u l t i sl i t anal y zer and à
posi t i on-sensi t i v e detector w as ap pl i ed . T he 5x 20 x l m m ~ sam p l e w as à m ul t i l ay er str ucture o f

Fe(86 at % )A l (9 .6 at % )Si (4 .4 at % ) (20 li m )/ C r (500 À )/ C aT i O q. A n ex tern al m agnet i c f i el d o f 4 .5

k O e w as ap pl ied at an angl e /3=70 to the sam p le sur f ace. T he gr az i ng angl e of the i nc i dent beam

w as equal to 9 = 4 .7 m r ad . A n gul ar reso l ut i on o f the spectr om eter w as equ al to +0 . 13 m r ad . T he
ex per i m ent i s schem ati cal l y dep icted i n F i g . 1. T he ref ract i o n on the v acuum — m agneti c f i l m

i nter f ace ( the f i r st bo un dary ) i s m ark ed as i ndex 1, and the ref r acti on on the m agnet i c f i l m —

nonm agnet ic sub strate i n ter f ace (the second bo undar y ) m ark ed as i ndex 2 .

In F i g . 2 , the v al ues o f the gr az i ng angle o f the ref r ac ted beam as à f unct i on o f the n eutr on

w av el en gth are show n f or the i n ter v al d i l= 0 .27 À . T he p rob ab i l i t y o f the neutro n sp i n fl i p i s
20 -30 % . Fo ur b eam s ' + (- ) ,+ ( - ) ' o f d i f f er ent sp i n transi t i ons i s ob serv ed at re f r acti on on the f i r st

i nter f ace (c l o sed sy m bo l s) . O nl y three b eam s c an be seen at ref r act i o n on the seco nd i n ter f ace
(open sym bo l s) . T he f o ur th beam ' -+ ' i s over l apped by the d i rec t beam . U si ng the ex p er i m ental

data f rom the v al ues of the gr az i ng an gl es f or the ref r acted beam s, the f o l l ow i n g p ar am eter s w ere

calcu l ated b y f o rm ul ae f rom [7 ] :
U i — — 14 8 .3+ 4 .4 neV ; Â ~— - 11.8+0 .2 k G ; Í ~ —— 5 .0+0 .3 k O e;

( U q- V)= 10 8 .4+ 3 .2 neV ; Â ã= 10 9+0 .4 k G ; Í ã= 3 Ì 0 .7 k O e,

w here U ~ ã, B i ã and H i q are the v al ues o f the nuc lear potent i al o f the m agneti c f i l m , the m agnet i c

induct i on and the ex ter nal m agnet i c f i eld strength near the f i r st and the sec ond b oun dar i es
respect i v el y ; V — the nuc lear po tenti al o f sub str ate. T o d eterm i ne the v al ues o f U q and V

sep aratel y , i t i s necessary to car r y out an ex peri m ent o n neu tro n beam tr an sm i ssi on through the

tw o i nter f aces.

T hus, w e hav e show n that p o l ar i zed neutro n ref r acti on on sep arate bo und ar i es o f à m agnet ic

f i lm i s descr ibed b y d i f f erent v al ues o f the m agnet ic param eter s. T h i s study g i v es us reaso n to

hope that the m ethod o f po l ar i zed neutron ref r acti on has con si der ab le p ro m i se f o r i nv est i gat i on

the processes o f the al terat i on o f m agnet ic p ropert ies on the i n ter f aces o f à m agnet i c f i l m .

T he auth or s ex pr ess their d eep grat i tude to J . Schr eib er f or the sam p l e and to Í .F redr ik z e

and Ì .T h . R ek vel dt f or the f ru i t f u l d i scussi ons.
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Fig. 2. The grazing angle of the refracted
neutron beam as à function of the neutron
wavelength (the solid l ines show the
calculation): closed symbols are interface 1;
open symbols are interface 2.

Fig. 1. Schematic representation of
the experiment.
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In this work, à magnetic behavior of the Fe(1000A)/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 Í =4 kOe for measurement spin-fl ipper modes 'on,off '
and 'off,on' . It can be seen in Fig. 1 that at H=110 Î å and H=277 Î å there are non-specular refl ected
and refracted neutron beams caused by the spin transitions in the local magnetic field H~ '-+Ü' and
'+-Ü' respectively ('+-Ü' takes place at dE ) 0 and '-+Ü' at dE < Î , where ËÅ is the transmission of

the energy to the neutron). At Í =163 Î å, these beams are absent. In Fig. 2 it can be seen that at
H=277 Î å, the spin transitions '-+' and '+-' in the external magnetic field correspond to the spin
transitions '+-Ü' and '-+Ü' in the local magnetic field Hs. Thus, we can conclude that at Í > 163 Î å,
two spin-fl ip processes exist, which change the initial and final spin states to their opposites. The
difference dR= ß++(Ë) - R (Ë) in Fig. 3 changes its sign with an increasing magnetic field and at Í =
163 Î å, it reaches the mi ni mum 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 :
Í ç=(Í Ð+(Í è+Ëè) )~"'~. In Fig. 4 the absolute values of Í ç, and Hsi+Hs~ obtained from beam-

splitting angles for refl ection and refraction, respectively, and its difference Hsq are shown. These
values practically do not change and at Í = 163 Î å are close to zero. In the range H=200+800 Î å,
the Hsi 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 refl ectivities of spin-fl ip neutrons, and
minima connected with the adsorption of neutrons in Gd when neutron standing waves are
generated, it follows that the region of fl ipping is located closer to the Fe-Gd interface than the region
of nuclear neutron adsorption. In Fig. 5 spin-fl ip refl ectivity is demonstrated in dependence of
strength of external magnetic field. It is seen that with increasing of Í the refl ectivity falls. It is not
excluded that it is connected with à 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-splitting. At Í = Í ,
the magnetization of this region lies in the sample surface. The second region is Fe layer coated by
Gd layer, or by à gadolinium oxide layer, and the magnetization is directed parallel to the direction of
an external magnetic field. This region does not split the polarized beam. At Í =Í , 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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Fig. 2. Refl ectivities '+-' and '-+' (closed
circles are '+-L ' , open circles are '-+L' spin

transition) on the neutron wavelength Ë.

Fig. 1. Equal intensity contours on
plane 'wavelength ë - output grazing
angle 0 ' in measurement states 'î ï ,î é"
and 'î é ,on' .
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E x p e r i m e n t a l a n d t h e o r e t i c a l r e fl e c t i v i t i e s

f o r à C u fi l m w i t h d = ( 1 7 9 6 + 1 0 ) A . T h e s o l i d

c u r v e i s t h e b e s t f i t f o r t h e E c k a r t f r o m

p o t e n t i a l r e p r e s e n t e d i n t h e f r a m e w i t h

s m o o t h i n g o f b o u n d a r i e s a i = 7 0 . 4 À , î ~

= 2 2 À . T h e d a s h e d l i n e c o r r e s p o n d s t o t h e
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Fig 1

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

matched Eckart ' s potentials, V), (z) = Ó, „ / (1+ åõð( — z ë / ~ÃÇà , , )), as shown in

fig.1, becomes much better. (The refl ectivity from à single boundary with such à
2potential is r = (sh(s(3o (k z — k z)) ! sh(J 3o (k z + k z))[ , where k, and k', are the z-

components of the wavevector on the left and right çÌ åè î Ãthe boundary respectively) .
The solid curve in fig. 1 shows the best fitting (~' =1.39) to the experimental points

when two smoothing parameters for the first and second interfaces are o )=70.4 À, and

a~=22A respect ively .
However, even after such à fitting with ó„' = 1.39 some discrepancy, which is not

seen in fig.1 by the naked åóå, still remains.
To improve the description of the experimental data we used the modified

formula for refl ectivity
R=(1-F) Ê.+Ð R;ÄÄ (1)
i .e. we assume that Ê(Õ,ô) (Õ is the neutron wave length, $=const is the grazing angle

of the incident beam), consists of two part s: coherent, RÄ shown by the solid curve in
fi g.1, which contains interference of waves refl ected from both interfaces, and
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incoherent (w ithout interference), Ê,.„,=(ãã+ã,-2ã,ã~)/(1-r ir~), which contains refl ect ion

coeff icients r i ~ from separate single smoothed boundaries (this approach was
formulated in [ 1]) . The best fit of formula (1) to the experimental points with
coef5cient F as à parameter gives the F about 0.04 with z~= 1.15 (see fi g 2à.) .

I t is reasonable to assume that the coeff icient F could be à function of
wavelength Õ. This function could be found from the following phenomenological
considerat ion. Two ãàóç y , i ' ' (incident and refl ected) are shifted along the film surface
by the distance 1=2Û àï ô'. Since the grazing angle inside the film ô' depends on Õ, 1

also depends on Õ. Í we choose the parameter c as double dispersion for Gaussian like
law of the suppression the interference ability of the two rays i ' , ili ' that coherent part

of reflectivity will be proport ional to the area of overlapping of two Gaussians and the
incoherent coeff icient will be F = åÊ (1(ë) / ~Ã2ñ) . Because the scale of l is determined

by the parameter ñ„ we can identify c with the coherence length of the refl ect ion
process. The fraction of the incoherent refl ection in ( 1) increases with increasing ratio

1/( .
The fitting of formula (1) to the experimental data with Ð=Ð(1Ä) leads to ñ,=

1.5mm with considerably improved ó~=1.04 (see fig.2b), which means that our

assumption of Ð=Ð(1Ä) is signifi cant. The knowledge of the angle uncertainty Ëô/ô is
very important because it suppresses the interference contrast, as äî åâ the incoherent
admixture. We use the value Ëô/ô=1.8 10 ' .

The question of interpretation
î Ãthe parameter c 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

ñ refl ects the coherent properties of the
neutron itself. Supporting the latter is
the fact that the incoherent di f fuse
scattering from roughnesses, which
leads to some contribution to specular
refl ections, does not depend on the
shiA 1
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~~, ëèï argument interpretation of the

Fig.ã parameter ( demand others
à) Dependence of ó„' î ï the parameter F in experiments to check the repeatability
formula ( 1), ô=5.04mrd, Ëô/ô=0.9.10 ~ of the incoherent e8ect in specular
Ú) dependence of y~ on the parameter Ã, ï åè1ãî ï reflection from thin fi lms.

when Ã = erf (l (X) / j 2( ) . . A deeper ~his work was supported by
minimum in this curve than that in fi g. 2à) INTA S grant No.97- 11329

indicates significance of the model with the
function Ð(/,ñ) .
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We report about the polarised neutron scattering study of the magnetic structure of à
[Cr(12A)/ ~Åå(68À)]Õ12 multilayer on sapphire substrate carried .out at the SPN
refl ectometer. The intensity distribution was measured over à 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 l ine. These
findings result in à picture of in-plane domains, rather than in the model of
homogeneously magnetized neighboring Åå-layers, with non-collinear

magnetization.

Fe/Ñã multi layers are well -known systems demonstrating antiferromagnetic interlayer coupling
in alternative Fe layers separated by à Cr spacer and were thoroughly studied by dif ferent
techniques. A lso polarised neutron refl ectometry (PNR) was often appl ied to Fe/Ñã multi layers
and gave interesting results [ 1] in particular with respect to the canted state of the magnetisation
in successive Fe layers. We will give à dif ferent 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 infl uences the interpretation of the specular scattering. This î é -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 [Ñã(12À )/~~Åå(68À )]õ12 was grown with molecular beam epitaxy. The
À1ãÎ , substrate was annealed at 700' Ñ and covered with à 701 Cr buffer layer at 300' Ñ. The
multi layer was grown at the substrate temperature of 180' Ñ starting with Fe layer and
characterized in-situ with Refl ection High Energy Electron Diffraction (RHEED) and ex-situ
with Õ-ray Diffraction measurements. The in-plane magnetization measurements carried out at
room temperature with à vibrating sample magnetometer (V SM ) revealed extremely strong in-

plane anisotropy in the sample with à Ãî èã4 î 1é in plane anisotropy [2] .
The PNR experiments were performed on the SPN spectrometer at FLNP with the external
magnetic f ield Í appl ied paral lel to the sample surface. À multidetector recorded the refl ected
intensity. The experiment was performed at an incident angle of 15.2 mrad and the external
magnetic field Í = 0.405 kG after having applied à negative saturation f ield. As an example
figure 1a (for the antiparal lel direction of the neutron spin and the external magnetic f ield) shows
the scattering from the Fe/Ñã multi layer in the ñî -ordinate system of wavelength Õ and outgoing
angles e r, à~ being the angle between the surface of the f i lm and the scattered neutrons. The
scattered intensity is represented by à grey log-scale shown in the bar on the right side of the
figure. Strong intensity parallel to the Õ-scale corresponds to the specular l ine with the total

refl ection region around ë = 12 À . The position of the two measured full order Bragg-peaks (at Õ
= 2.32 À and X, = 1.16 A) are determined by the thickness of Fe/Ñã bi-layer. Nearly ï î of f-
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specular scattering is visible around these Bragg-peaks, that conf irms that the qual ity of the
sample was extremely good wi th very small interface roughness. Two half order Bragg-peaks (at
ë = 4.62 À and Õ = 3.47 À ) are due to the magnetic superstructure perpendicular to the film.
Additional intensity is observed going through the two hal f-order peaks forming superstructure
Bragg-sheets. This of f-specular scattering around the half-order Bragg-peak positions appears
when the "magnetic" lateral order is smaller than the corresponding proj ection of the neutron

coherence length. So, in-plane magnetization is homogeneous only within à certain, relatively

small , range. Therefore the model of homogeneously magnetized layers stacked into à sequence
with magnetization direction varying between next Fe-layers would be rather unsuitable. Instead

one may assume that the sample is decomposed into à set of domains in which the alternating Fe
layer magnetization has à component which is antiferromagnetic with respect to the next Fe
layer. À small domain size is supported by electron dif f raction on à 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 anti ferromagnetic domains [5] . The results of such calculation are presented ø
figure l b. The agreement between theory and experiment is reached using à model of domains
with average lateral dimension of 1 pm and the magnetization in alternative Fe layers non-

coll inear ordered through al l the multi layer stack . A s one can see from the figure, this simple
model not only reproduces correctly the general features of the experiment, such as spin-fl ip off-
specular scattering sheets along with the non-spin-fl ip refl ectivity ridge, but i t al so describes à

slight asymmetry of the superstructure sheets as wel l as the overall behavior of intensities along
and across the sheets.
We are sti l l analyzing the results but we assume that these magnetic domains play an essential
role in the electron scattering process responsible for the GM R (giant magnetic resistance) ef fect.
We believe the model with domains offer à more exact description than the simple explanation
usually given in terms of stacks of homogeneously-ordered anti ferromagnetic layers.
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Atomic dynamics of liquid gallium is à matter of steady scientifi c interest in recent years [1 — 6] .

Nevertheless some contradictions especial for abnormal liquids like gallium still exist . Gallium is the
simple metal of the Ø -rd group in the periodic table of elements, but it exhibits several unexpected
propert ies. One of them is the anomaly of the static structure factor S(Q), known also for other
elements such as Ge, Sn, 8b and Bi . The correlation between these features and dynamic propert ies
is in à 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 Ê (Ò = 303 Ê) has shown that
S(Q) is à superposition of two structure factors where p-phase is present . This could explain the
strange crystallisation of gallium and the physical meaning of the temperature 2 = 333 Ê close to

Debye temperature. It was suggested that liquid gallium exhibits à kind of «memory eff ect», but the
inelastic neutron scattering (IN S) experiment [7] has shown that the dynamic properties of à -Ga do

not depend on thermal history. It was also stated [4] that dynamic structure factor ß,(Ä,î ) obtained
from IN S experiments shows sound wave peak at Üî = 5 — 6 meV and Q = 1.6 — 1.7 À ' . These

collective modes could be correlated with the second structure observed on the high-Q side of S(Q)

main peak.
In this connection à new IN S experiment was carried out at temperature 373 Ê aiming to get

new data about the microdynamics of à -Ga. M easurements were perf ormed 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 î 14%. The wide interval of scattering angles from 6' èð 134'
was used within the range of Qp = 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 e8 iciency have been applied to experimental data. As à result , the
scattering function S(Q,î ) was extracted. S(Q,î ) is expressed as weighted sum:

~(0 , ) =

where crÄ cr, cr> stand for the coherent, incoherent and bound scattering cross section respectively.
S;(Q,î ) was evaluated from à theoretical model [8] . ß,(Ä,î ) was transformed by an interpolation
procedure from fixed scattering angle spectra into the representation at constant Q. The features
appearing are interpreted as the evidence î Ãthe existence î Ãpropagating collective modes.

Liquid gallium is not à 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 à maj or factor and it depends slowly on temperature. The problem is
more complicated for à -Ga at temperatures as 373 Ê not far from melting point where superposition
of two structures exists. This feature is refl ected by both the S(Q) and the derived potential .
Therefore both structures may have some infl uence on the collective excitations. Unlike molten alkali
and other simple metals, the damping eff ect is higher for à -á à, but the idea [3, 4] that à -Ga cannot
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sustain finite-frequency excitations because of relatively high longitudinal viscosity is à questionable
problem. From the analysis of S,(Q,â) 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 anomal i es 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 à hydrodynamic dispersion à~ = cQ, with ñ = 3300 m/s. We think that the lower
frequency curve lying close to spectral moment <à~' > ' is related to the main structure of the S(Q)

for à -Ga, while the higher frequency component is à consequence of the second structure observed
in S(Q), close to <à~~>'" . The shape and characteristic of the low frequency dispersion curve are in

agreement with the results obtained in [6] &om fi rst principles molecular dynamics simulations for è-Ga at
Ò = 702 Ê and 982 Ê . It is worth to mention here that the propagation of hypersonic waves in à -Ga

was studied by Brillouin scattering of light [ 10] . The measured fi equencies follow à 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 à -Ga at 373 Ê . The empty circles and full squares represent
the experimental points. The crosses and the asterisks depict <à~' > '~ and <cop> '~.
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S o m e r e su l t s o f i n v e st i g a t i o n o f l i q u i d Í å d y n a m i c s .

I Õ .B ogoyav lensk i i , À Õ .Puchkov and À .Skomorokhov

~

The dynamics in liquid Í å at low temperatures has already been à subj ect of interest for
many years because helium behaves in à unique way. So excitation in superfl uid helium in contrast
to the other "simple" liquids remain extremely sharp at wave vectors up to 3.5 A ' . Are the sharp
excitations then à "signature" of the superfl uid phase, connected in some way to the existence of

Bose condensate in superfl uid helium, or is Í å j ust an extremely cold liquid?
The Ðåï ÿ ~ó4 )èàÿ ðàã6ñ1å picture in the &ame of the Field Theory and Dielectric function

Formulation provides [1] à 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 à j oint density/quasiparticle mode strongly
coupled via the condensate. Within this description, the phonon at low Q is interpreted as à
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 à quasiparticle excitation of the Single
Particle mode (SP-mode) which observed in S(g ,â ) only bellow T~. So the sharp maxon peak is à
unique feature of the condensate and could not be observed in S(g ,â ) 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-î Ù Û 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 g range from 0.2 up to 1.15 À ' in one measurements. The g -dependent resolution widths

varied between 0.05 and 0.1 meV (FWHM).
The scattering function of Í å was measured at eleven dif erent temperatures in the range

0.44-2.22Ê at SVP. The spectra were corrected for background, detector ef5ciency, and
interpolated from constant 3 to constant g . To obtain the one-phonon parameters we used simple
subtraction model (SSM) [3]. The multiphonon part of S(g ,â ) 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(g ,â ) which agree in main with
previous detailed study [4]. One-phonon peak is anomalously independent of temperature at the g
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 superfl uid phase transition in the
temperature dependence of the one-phonon parameters at this g -region. At 0.3<(7-0.725 À ' one-

phonon parameters demonstrate the essential temperature dependence which is most marked at
temperatures near Ò»„. All one-phonon parameters have j ump near Ò»,. Intensity and width of peak
increase smoothly with temperature up to Ti and change set of increasing after Ò»„. Position of the
peak have à small dip at T=1.9 Ê and increases j ust below Ò~ (see Fig.l ). Changes of the one-
phonon peak become more marked with g increasing. And temperature dependence of S(g ,â) at
g=l .15 À-' 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 Ê. decreases after
one and there are ï î indications î Þ â rise at Ti (see Fig. 1).

We suppose that temperature dependence of peak position at 0.3 <F0 .725 A ' with à dip

bellow Ti can be viewed as indication of strong hybridization between ZS and SP modes (If suppose
that ZS energy for normal Í å lies above SP energy for superfl uid Í å). Note, we find peculiarity in
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S(Q,â ) in this Q range [5] that can be treated as indication ZS-SP hybridization also àññî ãé ï ~
prediction È óäå-Griffin model [6]. Temperature independence of one phonon peak at Q<0.3 À
and its smooth dependence up to Ti at Q=1.15 À ' indicate that there are ï î evidence SP-mode at
(7<0.3 À-' and ZS-ò î äå at Q=l .15 À ' . Wave vector range 0.3<Q<0.725 À ' is probably à range

where SP and ZS modes exist simultaneously. Note that previous detailed study of S(Q,â) identify
dip in m(Q,Ò) j ust bellow Ti at all Q<1.4 À ' , that not agree with our data completely. This
disappointment ò àó be caused by some arbitrariness of determination of the multiphonon part of

S(Q, )

~

à) 9 ~0.31 À " 8 0 =1.15 A '

0 =1.115 À '

Q=o.ç à À "

Q =O.2 85 À

Q =O.2 17 À ' Ô • ~ j .
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Fig.1 Energy shi fts of the one-phonon peak position at SV P and ÷àï î ì g . Curves are

simply guides to the eye.
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Neutron spectroscopy and QC modeling of the low frequency
internal vibrations of mesitylene

~
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' Research Institute for Solid State Physics and Optics, Í - 1525, Budapest, POB 49

Department of Physics, À M ickiewicz Universi ty , 61 — 614 Poznan, Poland
Frank Laboratory of Neutron Physics JINR, 14 1980 Dubna, Russia

Mesitylene, i .å. 1,3,5-methylbenzene — ÑáÍ Ç(ÑÍ Ç)ç contains three methyl

groups in the C~ symmetry positions at the benzene ring. A t ambient temperature this
material is in l iquid phase. The melting point is equal to 220.5 Ê . Due to the rotational
freedom of methyl groups and of the high hydrogen density sol id mesitylene has been
proposed as an appropriate material for the cold neutron moderator [ 1] . Nevertheless,
there is insuff icient information about the dynamical behaviour of this molecule ø
crystal . In à simple neutron scattering experiment [2] à classif ication of its vibrations
at dif ferent energy ranges was proposed. According to this work the spectrum around
10 meV energy transfer belongs to the CH~ rotational an l ibrational motion. A t about
30 meV one deals with normal modes of mesitylene molecule. Above 100 meV the
energy transition arises due to the Ñ — Í bending in ÑÍ Ç, while highest energy transfer
corresponds ñî the Ñ — Í streching in CH~. In the present work the results of more

detailed inelastic neutron scattering study and some results of QC model ing of
vibrational spectra of mesitylene, are presented.

The IINS spectra presented in Fig. 1, were measured at temperatures 290, 100
and 18Ê on the ÕÅÊÀ spectrometer [3] at the IBR-2 pulsed reactor. The spectrum at
290Ê is almost smooth and shows broad quasielastic wings caused by rotational and
translational dif fusion of molecules in l iquid phase. The IINS spectrum of sol id
mesitylene at 100 Ê shows à few precursory peaks of internal vibrations of molecule
and stil l signif icant quasielastic scattering caused by relatively fast reorientations of
methyl groups. The quasielasic scattering is not observed at 18Ê . 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 ÀÌ 1 semi-empirical quantum chemistry method [4]
and the Hartree-Fock method using the 6 -310 basis set of the GAUSSIA N 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((o), obtained from the IINS
spectrum of mesitylene at 18Ê . The COSPECO program [4] based on the À Ì 1
method allows to calculate the neutron scattering intensities of normal modes. The
ÀÌ 1 calculated spectrum in Fig. 2 was obtained by convolution these intensities wi th
the resolution function of the ÕÅÊÀ 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 l ibration» 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 Î ((î ) obtained from the
HNS spectrum of mesitylene at 18 Ê with the calculated spectrum by ÀÌ 1 method [4]
and the frequencies of the low frequency normal modes of mesitylene molecule
calculated by the HF/6-31Î 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 ø the mesitylene molecules à number of rotational freedom i s added to
the lattice and internal modes. This is promi sing from point of view to use of sol id
mesitylen as à cold moderator . The QC calculations refl ect many detai l s of the
molecular motions. Discrepancies between the measured and calculated spectra show
the l imits of this approach. It seems to be obvious to extent such investigations to
other methyl-benzene compounds.
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N E U T R O N SP E C T R O SC O P Y A N D Q U A N T U M C H E M I ST R Y

M O D E L I N G O F M E T H Y L D Y N A M I C S I N
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The CH> group in methylnaphthalene (MN) may be attached to the planar naphthalene
rings in two different posit ion denoted as 1 or 2 (or a , p), given compounds named as 1-MN

and 2-MN (or à -M N and p-MN), respectively. The numbering of carbon atoms in
naphthalene start s with the upper one in the right ring and proceed clockw ise. The methyl
groups in both studied materials indicate the rotational freedom. It s activat ion energy
determined on the ground of NMR spin lattice relaxat ion t ime, was estimated as (2.4 + 0.1)
and (0.8 + 0.1) kcaVmol in both materials, respectively .[ 1,2] . In present work the results of
inelastic neutron scattering method was used for study à vibrat ional spectra as providing à
link between quantum chemistry calculat ions and experiment . The inelast ic incoherent
neutron scattering (IIN S) spectra were obtained at 12Ê on the NERA spectrometer at the
IBR2 pulse reactor. After transformation (in one phonon scattering approximation) of the
IIN S spectra, the vibration density of states î × the investigated compounds, were obtained.

On the basis of the atom coordinates and the force f ield matrix, the frequencies of
particular modes - mj , and their intensit ies in the amplitude weighted vibrat ion density of
states G(m), were obtained by the AM 1 semi-empirical quantum chemistry (QC) method. The
contribution of the è-th atom involved in the ó'-th vibrational mode to the á (â ) spectra, were

calculated as proportional to the scattering cross-section- oÄ, and the displacement — à„„(à ;).
These spectra are shown in Fig' s. 1 and 2 by bars, and convoluted with the resolution funct ion

of the NERA spectrometer are shown by solid l ines. Disagreements between observed and
calculated frequencies arise almost ent irely from à free molecule approximation in the

dynamical model .
It was given the various method of establishing molecular vibrat ional force f ield w ith

their fitting, scaling and refinement procedure. New force f ield 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 calculat ions, the assignment of
internal vibrat ion Üàï äû ï àó be proposed.

In both studied compounds the intramolecular bands overlaps the lattice modes and
naphthalene ring deformations. The bending out of plane mode óÑ-ÑÍ Ç 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-M N and 2-MN, respectively . The bending in plane modes 5C-Ñ-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 &equency obtained exper imentally &om the
IINS spectra at 17Ê , calculated by semi-empirical quantum chemistry ÀÌ 1 method (bars and
thin line), and àéåã fitt ing the calculated frequencies to exper imental ones, taking into account
the force field scaling for solid naphthalene (thick solid line).
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Figure 2. Phonon density î Ã state of 2-MN versus f r equency obtained exper imentally &om the
IINS spectra at 17Ê, calculated by semi-empir ical quantum chemistry ÀÌ 1 method (bars and
thin line), and after f itt ing the calculated frequencies to exper imental ones, taking into account
the force field scaling for solid naphthalene (thick solid line).
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N E U T R O N S C A T T E R I N G S T U D I E S A N D Q U A N T U M C H E M I S T R Y
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Testosterone, à steroids, is the principial hormone of the testes, produced by the interstritial

cells. It acts as à powerful androgen and is responsible for the male sex characteristics.

Testosterone, of the chemical formula CtgHqq Î ã, has à molecule built of sterane ring (fig.1)

to which two methyl groups are bonded at the carbon atoms denoted as Ñ10 and Ñ13, and

hydroxyl and ketone groups are bonded to the carbon atoms Ñ 17 and ÑÇ, respectively . A t

ãî î ò temperature it crystallizes in monoclinic symmetry P2i . The elementary unit cell
described by the lattice constants (ø À) a= 14.720(3), b=11.080(2), ñ=10.868(2), p= 113.34'

contains Z=4 molecules of the compound [1] . The internal dynamics of testosterone was

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

F i g .1. Th e ster ane r i ng wi th the assum ed no ta ti on î ~ ñàòÜî ï a tom s.

Neutron scattering experiments w ere per formed on NERA -PR time of fl ight inverted

geometry spectrometer at IB R-2 hi gh-fl ux reactor of JIN R at Dubna. The spectrometer
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provides à possibility of simultaneous recording of neutron diffraction (ND) and incoherent

inelastic neutron scattering (IINS) spectra. The ND spectra obtained at 20 Ê were recorded at
the scattering angles of 68.5' and 135.0' for inter-planar distances from 2.5 to 6.5 À. The low

temperature ND refl ections may be indexed in the monoclinic symmetry by the least square fit
method of the experimental data as à=14.40, b=10.82, c=10.61, ~3=110.6' . No phase transition

was observed in the temperature range from 290Ê to 20Ê.

The inelastic neutron scattering spectra recorded simul taneously w i th ND pattern àé åã

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. Áî ò å structure observed in the
lattice band, as well as the Debye like behavior of its low frequency part i .å. G(m) - â~ seems

to b e rel ated to the or der i n g i n low tem per atures,

~~ c )

(detai l s i n tex t ,belo w ).

In order to explain the experimental resul ts, the calcul ation of the IIN S spectra w as

performed by the semi -empirical QC À Ì 1 method. The i nternal structure of an isol ated

molecule of testosterone w as determined by thi s method. The force f ield w as cal cul ated by the

Q C m ethod usi ng d i f f erent p aram eter s p roposed b y D ew ar i n [4 ,5 ] . T he i n tensi ty o f norm al

m odes of the f req uency m i n the pho non den si ty spectr a, G Ä(m) , w as calcu l ated as
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proportional to the di spl acement of the è-th atom involved in the ~ th v ibration mode à;" w i th

the f requency ñî and i s convoluted by the spectrometers apparatus function Ü(ñî -mÄ) that

prov i des the m easurem ents I N S i nten si ty :

The calcul ated resul ts obtai ned tak ing into regard parameters as in [4] and [5] , w ere

presented in Fig.2 by bars Â and D, respectively and compare with experimental ones ( curve

À, fig.2). Each mode was convoluted with à broadening function that is Gaussian (exemplary

presented curve Ñ in f i g.2) ; the 11ï å w idth of each Gaussian i s as à resolution function of used

spectrom eter [6 ] ,

On the basi s of the calcul ati on resul ts the assignment of internal modes can be proposed . In

the IN S spectra of testosterone the methyl torsion w ere observed. The methyl torsions were

usual ly w eak 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 î áæåã atoms in the molecule. The out

of plane vibrations (symmetric or anti-symmetric) were observed in the region 170 — 300 cm

' .A s the first, the onset of rotation of methyl group bonded with Ñ(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 di fference

of f requency these modes ( 120 and 195 ñò ' ) w as ñàì åä also by the interaction of the

molecular surrounding. It was found that the lines corresponding to the torsion vibrations
involving any atoms from Î Í group were close to 267 cm ' , and those attributed to

deformational modes î [ÑÑÑ-0 ] were close to 350-480 cm ' .

On the basi s of the resul ts di scussed before we have proved the di f ferent dynamics of the

m ethy l groups,
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Fi r st exper im ents of obser vat ion of su r face p honons and m agnons at polar ised neu t r on

r efl ec t o m et e r R E F L E X -Ð

D.À.Korneev, × Ë.Bodnarchuk, × .F.Peresedov, × .× .Zhuravlev, À .F.Schebetov~, S.Ð.Yàãàdàé ~n

FLNP, JINR, Dubna, ~PINP, Gatchina

A bst ract

À new ò î äå of the time-of-fl ight polarised neutron refl ectometer for investigation of inelastic interaction

between thermal neutrons and surface excitations via refl ection by thin f ilms is described. Using the direct
inelastic method with rotating monochromator (Üß!1=4õ10-~Iß,, ÜÅ(Å=0.9 10 E'~ [1]=A, [E]=meV) and

time-of-fl ight energy analysis the upper l imit of the probability of thermal neutron - surface phonon inelastic

collision for the Ni/Ti multilayer structure in the energy transfer region near the maximum of state density

function of bulk Ni has been estimated experimentally.

The neutron ê à÷å function damps w ith depth x in à

m edium at ä à÷å v ectors kÄ below the cr i t i cal one: ó (

õ,ó,ã)- åõð(-x/l) exp(i(kÄy+k,ê)) , where

l=(k, - kÄ ) " , k, is the critical wave vector.

of surface ex citations (phonons,W av e v ector s

magnons) have only surface (planar) ó,ê components

and are also concentrated in the subsurface region.

Interaction of the neutron with surface excitations

~~

must only lead to à change in kÄ, k, components of

wave vector of neutron. The interaction with à surface

phonon must result in à smal l -angle scatter ing. In the

~~~

Fie.1 Two ways of measuring inelastic neutron
scattering on surface excitations by the refl ectometer
REFLEX -Ð: (à) 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 refl ectometer
REFLEX -Ð: (à) The movable detector records
ï åÅ/Å=Î .9. 10- Å ([E]=meV). The energy of

scattered neutrons is analysed by the time of fl ight of
the neutron over the distance between the sample and
the detector . The best transferred energy resolution is
achieved when the neutron loses åï åãäó(~3=.ó). The

energy gain corresponds to the region p<y.

~
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8 Å- 1
ñàÿå of incoherent inelastic .refl ect ion the refl ected

neutrons w i l l f i l l the smal l -angle i sotropic cone. The
6 Å- 1

k inematics of the process i s quite simp le and prov ides

à unique relation betw een the off -specular angle p and

the energy transfer å. À rotating monochromator i s
2 Å- 1

bui lt to measure energy transfer e at off -specular

refl ection (see Fig. 1). The energy c is analysed by the

time î Ã fl ight î Ã the neutron over the distance between

the detector and the sample. The x coordinate and

window width Àõ=1.4mm of the detector

Ðè .2 Neutron spectra: 1- polychromatic
beam incident on ï ø òî ã, 2- polychromatic

beam specular refl ected f rom mirror
(ð- ó=3.3mrd), 3,4 - specular refl ected beam

while the monochromator operates (various
delays relative to the reactor pulse are
presented).

unambiguously determine the expected energy e+ Ëå

and time t+ bt regions for recording of inelastically

refl ected neutrons. Measurements were carried out for

the off -specular angles ( =1.9ó (å=-28meV), 0.65ó

(å=+20ï üåÓ), and 0.25'ó (å=+190ãï åÓ). Figure 3

displays the measured inelastic spectrum. Curve 1 is

the monochromatic line at ~3=ó (ó=3.3mrd), i .e. in à

specular refl ected beam . Curve 2 corresponds to the

spectrum at the off- specular angle ( =1.9ó. The elastic

line of dif fusely refl ected neutrons is clearly seen. The

region b t of the expected inelastic peak is hatched.

The count ing in the hatched channels did not exceed

Thus, the f irst resultsthe background of the setup

show that the inelastic process probabi l i ty in the

region of c=(28+3)meV and within the vert ical

acceptance of detector Ë(3=10 ~ is as low as 1.8 10 ~
Fie.3 Curve 1 - specular beam refl ected
by the angle p~ 3.3mrad. Curve 2 - off-
specular beam refl ected by the angle p= 1.9ó

(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).

per one collision of the neutron with the surface of

Ni, which is about 1000 times lower than the

probabi li ty of the di f fuse elastic process w ithin this

angle. The recalculation for bp=2z give us the upper

estimation of the magnitude of the "inelastic"

probabi l i ty < 1.1 10 per one col l ision
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1 Å -2 Åö ;. 4 1- dependence of counting of the small-

angle magnetic inelastic neutron scattering on the
angle à in the vertical plane (~3- ó=4ò ãàñ1), 2-

background neutron counting when the mirror is
removed from the beam. Neutrons from the
spectrum region corresponding to complete
external refl ection are used.

~

4
ñ~

î
Ô ~
aS

Ô >

Ôî

1 Å Ç

1Å4

The interaction of neutrons w ith sur face magnons
1 Å -6

L
ã

1 ~ 1 ~ r ~ 3 ~ 1 [ !

0 4 8 12 16 20 24

Scattering angle à, mrd
must lead to scattering in the vertical plane. It

should be expected that neutrons inelastically

refl ected from the magnetic FeCo/T iZ r supermirror on glass (under assumption of quadratic

dispersion low of surface m agnons) w i l l concentrate w ithin the smal l v er ti cal angle à < +ã, 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 à indicates inelastic refl ecting of neutrons (see Fig. 4).

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

174 84 .
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N E U T R O N SC A T T E R I N G ST U D Y O F T H E C s>H q(SO 4)4. 0 .5Í 2Î C R Y ST A L

A N D I T S D E U T E R A T E D A N A L O G .
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"À.F.l off e Physical Technical Insti tute RAS, 194021 St.Petersburg, Russia
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"Insti tute of ÑrystaÏ ograðhó RAS, 117333 Moscow, Russia

The Ñç Í (30 4)4.0.5Í 0 (PCTS) crystal belongs to the family of superprotonic conductors where à

high protonic conductivity is due à quasi-two-dimensional dynamically disorder network of
hydrogen bonds [ 1] . Analysis of the dynamics of the crystal l ine lattice of PCTS crystal reported in
[2] suggests that the following sequence of phase transformations is realized: Superprotonic phase
Ðál ò ò ò (Ò = 414 Ê) ~ Ðáçl ò ò ñ (Ò = 360 Ê) ñ~ glass-like state below Ò~ = 260 Ê . Of the group
of related superprotonic compounds, PCTS is now the only crystal where the glass-l ike state is

realized with decreasing temperature (Ò = 260 Ê). Recent Bri l louin l ight scattering and neutron
Û

scattering studies of Ñê~(Í ,Ð)~(30 4)4.0.5(Í ,D)zO (PCTS and its deuterated analog DPCTS)
revealed à strong isotopic phenomenon, which results in disappearance of phase transition at Ò =
360 Ê 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 ø à wide temperature range 10 - 300 Ê at the NERA -PR inverse geometry time-of-

fl ight spectrometer. Powder samples of PCTS and DPCTS (two samples with different deuterium
concentrations) were studied. Scattered neutron energies were measured by cooled beryl l ium f i lter
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 — Ï in

the regions of transferred energies 0 — 300 cm ' (Fig. l a) and 300 — 1600 cm ' (Fig.1Ü). 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 à lower concentration of à strong scatterer —
hydrogen atoms (the concentration of deuterium atoms estimated by the intensity decrease is ñ„ - 60

% for the DPCTS- II sample).
Now we turn to the discussion of neutron dif fraction data for the samples studied (Fig.2). It

is evident that substitution of hydrogen by deuterium noticeably affects the dif fraction pattern at Ò=

20 Ê . The dif fraction spectrum of DPCTS-I (with an intermediate deuterium concentration)
experience only quantitative changes (in intensity) compared with the PCTS spectrum. Comparison
of the dif fraction spectra of PCTS and DPCTS-Ï shows that an increase in the deuterium
concentration gives rise to several additional refl exes. The refl exes with d = 3.242, 3.110, 2.693,
2.671 À are the most intense. The effort to describe the obtained diffraction pattern for the DPCTS-

11 compound in terms of space group Ðáól ò ò ñ (which corresponds to the crystal symmetry of the

PCTS crystal ) fai led. The authors of [4] discovered that on thermal cycl ing à phase transition takes
place in the PCTS crystal and as à result i ts symmetry lowers to rhombic. It can be supposed that
deuteration leads to symmetry changes at low temperatures similar ñî those occurring in ðèãå PCTS.
Further studies are needed to understand the reasons for changes in the diffraction pattern of the
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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] B ar anov À .1., K ab anov Î .À ., M er i no v Â .V . and Shuv al ov 1 .À ., Fer roelec tr i c s 127 , 2 57 ( 1992 ) .

[2 ] S.G . L ushnik ov and L .À . Shuv al ov C ry stal l ogr ap hy R epor ts 44 ( 199 9) .

[3] L ushn ik ov S.G ., B el ushk i n À .V ., B esk r ov ny i À .1., Fedo seev À .I ., G v asal i y a S .N ., Sh uv alov

Ü .À .and Schm i dt × .Í ., So l . St . I on i cs 125 ( 19 99 ) 119 .

[4 ] M er i nov Â .V ., M el zer R ., L echner R .Å ., Jones D .J ., R oz iere J ., Sol . St . I on i cs 97 ( 19 97 ) 16 1.
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Fig.2 Diffraction spectra for all studied
compounds: ðèãå PCTS (Í ), sample with
intermediate deuterium concentration (Î -1)
and with largest deuterium concentration
(Î -ll).
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Investigation of disorder degree effect on vibrational spectra of
the relaxor ferroelectr ics ÐÜßñ~äÒà~äÎ ä.

À.F.Ioff e Physi cal — Technical Insti tute, St. Peterburg, 194021, Russia
Frank Laboratory of Nåutroï Physi cs, JINR, 141980, Dubna, Russi a.

Josef Á1å~àè Insti tute, Lubl ji ana, Sloveni ya

Relaxor ferroelectric PSc~~qTaiiqOq (PST) belongs to perovski te-like crystals with the common
formula ÀÂ ' „Â" ~ „Î ç, with Sc ' and Òà ' ions at the sites of the Â sublattice. The PST

compound is used as à model obj ect in studies of the effect of the disorder degree on physical
properties of relaxor ferroelectrics because the ordering degree of Áñ~' and Òà~' 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. V ibrational spectra of nominal ly disordered and ordered (s = 0.85) PST were
studied for powder PST samples at temperatures 77 Ê — 320 Ê . For the INS experiments, à
KDSOG-Ì 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 Ò = 320 Ê . It is well seen that dif ferences in the disorder degrees of the ions of the Â
sublattice affect G(E) only sl ightly (the dif ference between the curves is within the limits of
experimental error which was - 2% at Ò = 320 Ê). This result is extremely important for
understanding the lattice dynamics of the PST crystal . The dif ferences in the shapes of Raman
spectra (and also their complicated structure) [2, 3] for PST crystals with di fferent disorder
degrees was interpreted as à result of contribution of phonons from dif ferent points of the
Bril louin 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. W ith 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 Ò = 77 and 320 Ê for the disordered
(Fig.2à) and ordered (Fig.2Ü) PST samples. It is evident that in the region of transferred
energies 6 — 10 meV à 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 l ie 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 ÐÜÌ ä|äÌ Ü~äÎ ç (PMN) crystal in the temperature
range 50 - 290 Ê , 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 À .Ê . Tagantsev, J. Appl . Phys. 74 (1993) 5129.
[2] 1.G. Siny and Ò.À . Smirnova, Ferroelectrics 90 (1989) 191.
[3] I .G. Siny and Ñ. Boulesteix, Ferroelectrics 96 (1989) 119.
[4] S.G. Lushnikov, S.N. Gvasaliya, I .G. Siny, Å.À . Goremychkin and Ï . . Sashin,

Ferroelectrics 262 (1999).
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1. M aierz

H ydrogen maleate anions were the subj ect of numerous studies because of the presence of

~

very shor t Î Í Î hydrogen bonds w i th à single minimum potenti al f or the proton motion ( [

references therei n). Simi l ar si tuati on w as found in hydrogen dichloromaleate anion i n the adduct

with proton sponge [2] . However we found recently that in î áæåã inorganic salts inf inite ðî 1óàï 1î ï 1ñ

chains are formed with à double minimum. In the potassium salt equal population of both minima

takes pl ace [3] . In the present raport w e w ould l ike to describe prel iminary resul ts of structural and

spectroscopic stududies on selected Ì ' Í (Î Î Ñ-ÑÑ1=ÑÑ1-ÑÎ Î ) sal ts,

D etai l s rel ated to Õ -r ay d i f f r act i on , IR and N Q R ex per i m ents are descr ibed i n paper [4 ] . T he

i nformation about the neutron experiments i s gi ven in [ ] [5]

tak ing the potassi um sal t asT he str ucture o f po l i an i on i c ch ai ns i s p resented i n F i g

an example. Short hydrogen bonds Î Í Î - of 2.45 À are symmetric. Terminal oxygen atoms

involved in hydrogen bonding are not equivalent so that the chlorine atoms Cl( l ) and Ñ1(2) are also

inequivalent what is well refl ected in the NQR spectra. For the sodium salt à doublet appears with

f requencies 37.384 and 38.255 M H z, for potassi um sal t 36.580 and 37.164, and for l i t ium 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 à quartet with frequencies 36.683, 37.142, 37.683

and 38.135 MHz. In the IR spectra one observes for all salts à highly intense broad band in the

region 300 — 1600 cm ' that can be treated as an evidence of double minimum hydrogen bonds with

à low barrier for proton j umping
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In Fig 2. there are shown IN S spectra for four sal ts. T he ful l anal ysi s 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 di f f erences in recorded spectra al though al l crystal s contain sim i l ar

polyanions. In the case of the potasium sal t one observes strange pattern of the spectrum up to

rather high frequencies that could suggest almost continuum distribution of phonons.
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Pentachlorophenol seems to be an interesting compound from the dynamical point of v iew

because it contains only one hydrogen atom . Thi s i s important ø the analysi s of the IN S spectra w here

à substanti al role pl ay the cross sections of respective nuclei and the selection rules are not obeyed. On

the îáæåã hand the accumulation of à ï ø ï Üåã of chlorine atoms with relatively large cross section

should be refl ected 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 subj ect of papers [1,2] . However the complete analysis based on àÜ initio

calculations was not performed so far. Also the INS spectra were not studied up-to-now. These aspects

are the m ai n subj ect o f the present rap or t .

N eutron scatter i n g d ata w ere co l l ected at the p u l sed reactor IB R -2 i n D ub n a u si ng the i nv er ted

geom etry t i m e-of - fl i ght spectr om ether N E R A -PR [3] . À Ü i n i t i o calcu l at i ons w ere per f o rm ed by usi ng

G A U SSIA N pro gr am m e 94 H F/ 6-3 1G * [4 ] .

T he f u l l v ibr at i on al anal y si s o f pentachl oropheno l w i l l b e the subj ect o f separate paper [5 ] w hi le

in th i s repor t w e w oul d l i k e to d i scuss the IN S spectr um . I t i s p resented i n F i g . 1

Î (ñî )

2 0 0 4 0 0 600 800
E n er gy t r an sf er [ñï è-' ]

T he

ob served f requenci es (not tak ing i n to account the l att i ce v ib r at i on) m ark ed f rom to 23 are co m p i l ed i n

w i th assi gn m ents based on àÜ in i t io cal c ul at io ns,T ab le
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The compari son of data in T able 1 al low s us to formulate the fol low ing conclusions. The

vibrations w i th participati on of the chlorine atoms are exposed i n the spectrum w i th intensi ties

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 intensi ty 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 à 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 IN S spectrum . I t seems i nteresting that such

overtones and summation f requencies are rel ated to the torsional v ibration of the Î Í group, âî w i th

p ar t i c ipat i on of the hy drogen atom w hi ch , as k n ow n , i s character i zed b y the l ar gest cr oss sect i on .

T ab le 1.
Frequencies ob served i n I N S spectr a and assi n gm ents

N o A ssignmentv , ñò

~

6 5

~

90

107

Ñ-Ñ1„ , + Î Í „ ,, +ring def

Î Í „ „,, + Ñ-Ñ1„ „ ~+ Ñ-Ñ1„ ,Ê + ring def .

ÑÑ1, ê+ Ñ-Ñ1„ , + ring def .

~

138

~

ov er tones

and summation modes

~

152

15 8 of 1 and 2

~~

184

~

204

2 19

~

C- - O rock + C - C l rock

Ñ-Ñ1„ ,ê

sum m ati on o f 8 and 110 274

sum m at i on of 8 and 21 1 290

3 15 :-Î „ , + Ñ- C lÄ,12

13 346 Ñ - Ñ 1„ , + Ñ - Î „ , ä + Ñ ~~ Üå ï 4 + ~ ~ - ~ãî ñ ò

14 388 , Ñ-Cl , ~
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O n d i f f usion of b ig i ons i n aq ueous so l u t i ons

À .Î .N ov ikov ' , Ì Ì Â.î ñ1ï é î ÷à~, Î .× .Sobolev' .

' Insti tute f or Physics àèÉ Ðî ú÷åò Engineeri ng, Obni nsk, Russi a.

'Joi nt I nsti tutef or Nuclear Research, 141980 Dubna, Russi a.

In our previous inelastic neutron scattering experiments on aqueous solutions we have
investigated effects of hydrophobic hydration, using as model particles tetraalkylammonium (ÒÀÀ)
ions Me4N' , ÂÀÌ ' and tetraphenylphosphonium (TPP) þ ï PQP' [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 à remarkable number of protons
and contribute à sizeable portion in common neutron scattering by solutions. To separate water and
þ ï 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 þ ï :

~ sol ~ D20 ~ þ ï ( >)

Then the quasielastic component of ß;,„ ~ àÿ extracted (detai l 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 þ ï dif fusion
mobil ity :

(2)ß ,~' "~(ñ~,å) = { ',~~ 2 A i(q)+AEi(g)~[8 +ÜÅ;~(ñ~)] } Þ Â.(ö,å) ,

where À ; and ËÅ; — are weights and halt-widths of partial curves, R(q,å) — resolution function of
spectrometer, q and s - neutron wave number and energy transfer. The results of two-Lorentzian

decomposition of experimental curves according åõð. (2) are presented on f ig. 1. It is seen, that both
components i f any have similar half-widths, and neither of weights behaves l ike it could be
expected for reorientation dif fusion. This is why we have preferred the one-Lorentzian

representation of experimental quasielastic scattering functions:

( 3)
ß ,~' "~(ñó ) = ( À (ö) ~ËÅ(ñ~)/ [å~ +ËÅ (ñ~)] ~+ Â.(ñ~,å)

The reasonable description of experimental curves by åõð.(3) and straight — l ine q~-dependence of

intrinsic quasielastic scattering half-widths for three ions studied (fig. 2) indicate, that we deal with

continuous translation dif fusion, for which:

ËÅ(ñ~) = 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
(Me4N and Âû~È' [5], PQP' [6]). In the ñàçå of ÒÀÀ-ions three experimental methods give similar

results: the coefficients of diffusion are the smoothly falling functions of þ ï crystallographic radii
(taken from [5]), but these ãà<é do not coincide with the predictions of Einstein-Stokes law. TPP-
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ion (crystal lographic radius is taken from [7]) does not f it in with common picture and looks like
more movable one compared with ÒÀ À -ions. It is not ruled out, that alkyl chains of ÒÀ À-ions f it

into water structure and hinder di ff usion mobil ity [8] .
So, it can be concluded, that in heavy water the dif fusion mobility of the big ions

investigated obeys the continuous diffusion law without any visible evidence of reorientation.

Fig. 1. The result of two-Lorentzian decomposition of quasielastic scattering functions according to
åõð. (2): à) intrinsic half -width î Ãpartial curves; Ü) weight î Ã partial curves

0 ,6

0 ,5

0 ,4

î ,ç

0,ã

0 , 1
0 - - •

0 ,6 ~
áÝ Î s '

ß 0 ,4

0 ,6 ~

~~

0 ,4

o ,ã

ò - =:
1 • . • . • . • . • !

,0
0 ! 2 3 4 5

Q , À

Fig. 2. Intrinsic half-width of quasielastic scattering functions for one-Lorentzian representation of
experimental curves (åõð. (3)): à) Me4N' þ ï ; Ü) Bu4N' þ ï ; ñ) Ph4P' þ ï .
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F i g . 3 . T he d i f fu sion co ef f i c ient s o f i ons as f un ct i on of th ei r cry stal logr aph i c rad i i :

• - th i s w ork ; • - N M R resu l t s; < - conduct i v i ty resu l t s.
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' Insti tute f or Metal Physics, Ekaterinburg, Russia

Frank Laboratory of Nåutroï Physics JINR, 141980 Dubna, Russia

Fig. 1 Energy spectra of neutrons
scattered from Hop iSrQ9CoO> s (opened
circle), from Lap qSrp 4Ñî Î Ç 5 (full square).

Table 1. Observed and calculated energies
of Í î + in Í î ä,Áãî ~Ñî Î ~ g, meV

At certain x and ä cobalt perovskites
Lni ÄSrÄCoOq s have crystal l ise in the cubic
structure providing thus à possibil i ty to
determine unambiguously the CEF
Hamiltonian.

Inelastic neutron scattering
experiments have been carried out to study
the CEF interaction in the perovskite-l ike

compounds Hop iSr~,äÑî Î ç~. The
experiments were performed for Ò=10 and 50
Ê . The observed energy spectra at Ò=10 Ê
exhibit well def ined inelastic l ine at 3.2 meV
and ÷åòó broad intensities of magnetic origin
around 12 and 20 meV (Fig. 1). From
temperature and scattering vector
dependencies one can interpret these ðåà1ñû ï
terms of CEF transitions, since the phonon
density-of-states of the non-magnetic

reference compound ?.à~ qSrp 4Ñî Î Ç exhibits
ï î inelastic l ines up to 30 meV (Fig. 1).

The analysis of the data involves
standard techniques, which has Úååï
successfully used to interpret the observed
CEF spectra in the 1-2-3 systems [ 1] . The 17-

fold degeneracy of the ground state
multiplet ~1~ of the Í î ~' þ ï û ü spli t by cubic

CEF into six levels. The values of energies of
al l observed and calculated ground-state

transitions are given ø Table 1. Estimated
CEF parameters are listed in Tables 2.

Clearly more work is needed in order
to check the proposed CEF Hamiltonian.

References
1. À .Podlesnyak, × .Kozhevnikov,
À .M irmelstein et al ., Physica Ñ 175, (1991)
587.

T ab le 2 . C E F

Í î ð 18 ãö,äÑ î Î ç, m eV .

f orp aram eter s
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Üî ~ 4ãåöï åï ñó collective modes ø the super ionic phase of
lead fl uor ide

À .Radulescu ' , 1.Padureanu ' , ÁÌ Â.àðåàë ' , À .B eldim an ' , Õ Ëî ï ' , Zh.À .K ozlov ' , × .À .Sem enov

Joint Insti tute of Nuc1åar Research, 141980 Dubna, Russia
' I nsti tutef or Physi cs and Po~ er Engi neering, 249020 Obni nsk, Russia

The dynamic structure factor S(g , æ) for fl uoride PbF, in the normal and the superionic states at
Ò = 293 and 823 Ê has been investigated by cold neutron scattering [1] . À particular interest in
these compounds was stimulated bååàÈ~å some fl uorite l ike CaFÄ SrC1Ä BaFÄ SrFÄ and p-PbF,
exhibit fast-ionic conduction or "superionicity" above characteristic temperatures Ò, much below

the melting temperatures Ò . The ionic conductivity of these compounds increases exponentially
with temperature from values smaller than 1 Q 'ò ', which are typical for normal ionic solids, to à
value of about 100 Q-'ò ' comparable to those of ionic melts [2,3]. This high increase is

accompanied by à fast increase in heat content, also at Ò, [4,5]. It has been generally stated that the
rising in the þ ø ñ conductivity and heat content are attributed to the development of à superionic
phase at temperature above T, with à 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 àø î ï 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 à special mechanism for the anion dynamic
at high temperatures is involved. From the maj ority of previous studies it was concluded that à
rather small fraction of anion was displaced from their regular sites, the &action 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.

Î ë åã results obtained so far contradict this general point of view. They consider that the
diff erence between the superionic and the low-temperature disorders is one of degree, à massive
disorder of the anion sublattice above Ò, being assumed [11,12]. In this respect, the dynamics of the
defects looks like that of the particles in à liquid where the distinction between their residence time
and their fl ight time disappears, à 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 diff usion defects, is not à
fully elucidated problem yet. Áî ò å þ ï -transport mechanism [13] have not been investigated
enough. À specifi c behaviour of the elastic constants of lead fl uoride in contrast with î ë åã of
fl uorite has been reported when temperature is being raised above Ò, [8] . In order to give some
insight into the diffusion mechanism in the wave vector and energy transfer (() ,hm) space, new
investigations will be necessary. À direct proof of the diff usive 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 ø çè%ñ1åòé investigation of PbF, in the range of Q space up to 2 À ' we performed

an analysi s on this compound by quasielastic cold neutron scattering at the DIN-2PI time-of -fl ight
spectrometer set up at the IBR-2 fast-pulsed reactor &om JINR-Dubna. The sample of à
polycristall ine lead fl uoride was analysed under normal and superionic state at Ò = 823 Ê . An

incident neutron wave-length of 5.358 A al lowed us to perform measurements in à range of
scattering vectors 0.2= I Q ~ =2.15A-' with à better resolution than the previous quasielastic neutron-

scattering investigations of this compound. The energy resolution ÆÅ=0.148 meV (ful l width at hal f
maximum) was measured by means of vanadium. Thirteen batteries of Í å-detectors were used to
detect the neutron spectra at various angles between 9' - 134' .

For à ful ly coherent scatterer l ike ÐÛ. „ the double di f ferential cross section is related to the
dynamic structure factor S(Q,â ) through the relation

= ã÷ àã, s (Î , â)d Q dE '

~

were N is the number of
particles in target systems,
Å ' is the final energy of the

neutrons, î ,' is the bound

nucleus coherent scattering
cross section and the c
index denotes the coherent
scattering process with
hg =h(k --Ê') the momentum

transfer, and Aced the energy
transfer. The results
obtained in uni form energy
scale &om the corrected
time-î Ð äÛ spectra were

interpolated at constant
wave-vector transfer ( ) as

function of energy transfer

he@ (Fig. 1).
In the superionic

state S(Q,æ) at constant
wave-vector transfers

reveals symmetrical peaks
at - +0.5 meV in the () -
space range 1.55-2.05 À' .

This structure is similar to
the long-wavelength

collective excitations
(Bri l louin doublet) speci fic
to some liquid metals.

Fig. 1. Dynamic structure factor of PbF, at Ò=823

and 293 Ê as à function of the energy transfer for
two values of Q.
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Such an observation could support the idea of liquid-like ÜåÜàòëî ø 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 diff erent
nature &om æî çå characteristic for à classical liquid [14,15].

The results of this study lead to the conclusion that à strong correlation between the superionic
transition and the low-frequency dynamics exists, raising new questions that may imply à new
interest in the microscopic processes associated with the superionic transition.
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HYDROGEN TRAPPING BY SOLUTE ATOMS IN NB-Ì Î ALLOYS AS

OBSERVED BY THE NEUTRON SPECTROSCOPY
V.V .Sumin, Î .Chimid ,F. Mazzolai

-Frank Laboratory of Neutron Physics
-Perugia University, Italy

The inelastic incoherent neutron scattering was measured on time-of-fl ight
neutron spectrometer with inversed geometry KDSOG-Ì 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 à contribution of hydrogen in phonon density of state.
Figure showes the hydrogen vibration ø Nb-Ì î (20 at.%)-Í (5 at.%) solid solution at

300, 200 and 10Ê.
In the before studied alloy Nb-Ì î (5 at.%)-Í (3 at.%), hydrogen become to the

hydride phase lower 150Ê. The hydride phase has Í ÜÌ energies 116 and 165 meV
(see table). We conclude from our measurement that à) Ì î äî åâ not form à strong
trap for hydrogen and Ü) hydrogen stays in usial Ò-site in à discripance with FIC data.

Increasing of Mo-concentration up to 20 at.% Ì î - alloy the Í ÜÌ energies do
not change their values (table). Consiquently, hydrogen occupies the usial Ò-sites as

for 5 at.% Ì î -alloy. This is ø contradiction of the FIC data also. Really the Í ÜÌ
energies in the octahedral site must be ñà 40 and 220 meV. But we did not observed

these Í ÜÌ .
The temperature dependence of the Í ÜÌ energies of the 20 at.% Ì î - alloy

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

Table

Energi es and li newi dth (F WHM ) (i n meV) of hydrogen local modes i n

Nb-20%Ì î -5%Ê

ã,
22

20

h (0g

= 160

165+ 5

Ãã

õ

Ã ã

õ

h (0~

108+3

108+3

I i

21

20

19

18

19

~ÿ

h(0g

152+6

16 1+6

164+4

165+4

164

164

Ò(Ê )

300

200

150

100

50

10

~

õ

35

37

3 1

3 1

N b - 5 % Ì î - 3 % H

6è

1 1 3 . 6 + 3 [

1 1 6 . 7 + 2 [

. 1 6 . 0 + 1 . 5 (

1 1 8 1 0 7 + 3

1 1 4 . 6 + 2

1 1 6 . 7 + 1 2 1 2 0 1 9 1 8 1 9

159+ 2 32107+ 1 17

150



~

15 1



E x per i m en t s on N eu t r on Sp i n I n t er f er om et r y U si ng Sp i n -E ch o T ech n iq u e

À . 1. F r a n k , À Õ . K o z l o v ,

~

Ð. H egh ej , F . P f ei f f er

I nsti tut L aue-L angevi n, Gr enoble, F r ance

Ñ . E h l e r s,

Í Ì 1, Ber li n, Ger many .

It is well known that neutron precession in the transversal magnetic f ield, Â, may be
described as the manifestation of the phase dif ference between two components of à spinor
äà÷å function

1/ 2ðâ
+

Å

~~

( 1)

ã ~ â

~~~

.Î

Å v é

where ð,, Â and Å are neutron magnetic moment, magnetic induction and neutron energy
respectively, à |, 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 à rule not equal

phase variation of the two waves. The appearance of the extra precession angle may also be
interpreted as à change of the neutron travel time, At, caused by the sample presence, since
Ä~ = ~Ôá . In the simplest ñàçå of the neutron passing through the sample with thickness d

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

(3 ( 1 — n ) d
hÌ, ü (1- ï ) —,

~

ËÔ ü â , (2)

~~

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 IN I 5 spin-echo spectrometer [5] of the Institute Laue-Langevin, Grenoble, France. The

sample was instal led inside the second precession coil of the instrument which was used together
with à 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.
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F i g .1. Sch em e o f t h e ex p er i m en t . 1- v e lo c ity se lecto r , 2 - po lar izer , 3 - m/ 2 fl i pper ,

4 - p recessio n co i l s, 5- í - fl i pper , 6 - ana l izer , 7- posit io n sen sit iv e det ect o r , 8- m u lt i - lay er

m o nochr o m ato r , 9 - po sit io n î Ã t he d iaph ragm w i th t h e sam p le ho lde r ( show n be l ow )
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4-
Z
È
Ô
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ë
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~
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Thickness (mm)

F i g .2 . M easu r ed a n d ca l c u l a t ed p h ase p r ecessi o n d i f f er en ce b etw een t w o b ea m s.

The obtained results for the 19,6À neutrons are in an excellent agreement with theory. Similar
results were obtained also with 15.5À neutrons for the Be and Si samples.
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ÒÍ Å T ECH N I QU E FOR SI M U LTA N EOU S EST I M AT I ON OF ÒÍ Å LEV EL
D EN SI T Y A N D R A D I AT I V E ST REN GT H FU N CT I ON S OF D I P OLE

T R A N SI T I ON S ÀÒ Å, < Â„ — 0.5 M eV

V .À . K hi t rov , À .Ì .Sukhovoj , ÅÕ Õ àè 11å÷à

FL NP, JINR

Up t o now the det ailed and reliable informat ion on the level densi ty in à given J ~

interval and mean probabil ity of populat ing/ depopulat ing t hem y-t ransit ions in heavy

(À ) 100) non-spherical nuclei is very pure. T hese paramet ers cannot be determined by
means of t radit ional met hods of nuclear spect roscopy from t he measured spect ra of ó-ãàóâ

from (ï ~ð„ ó) react ion (or from other react ions) due to insuK cient resolut ion of Ge det ectors.
T he si t uat ion changed after obt aining à numerous dat a on the int ensity dist r ibut ions of
t he two-st ep cascades proceeding between t he compound st at e and à given low-lying level .
T he dat a t reatment softwar e which al lows one to der ive or iginal informat ion from ó — ó

coincidences accumulat ed in this experiment was developed at FL NP JINR [1,2] .
Using the algor i thms [3,4] for analysis of ó — y coincidences regist ered by or dinary Ge

det ectors one can determine intensi ty dist r ibut ion of cascades as à funct ion of t he exci t at ion
energy of cascade intermediate levels in t he al l energy region almost up t o Å , B Ä wit h
an accept able error which decreases as increasing an AH.ciency of y-spect rometer . T he

measured intensi ty Ã of cascades is related t o the unknown number of intermediat e levels
ï ë; — — ð x Ü Å and unknown widths of pr imary and secondary t r ansit ions by the relat ion

ã„ ã;, Ãë; ã;,ï ë;—
ë

Ï ë~
< Ã;ó > ò ;ó

T h e o p t i m a l w i d t h o f i n t e r v a l 0 Å a n d n u m b er N o f su ch i n t e r v a l s i n e q . ( 1 ) a r e d e t e r -

m i n ed b y st a t i st i c s o f ex p er i m e n t al d a t a ( a s sq u ar e o f d e t ec t o r effi c i e n c y ) . À w i d t h o f Ü Å

d o es n o t ex c ee d 0 .5 M eV e v en i n t h e ñ àçå o f 10 % effi c i en cy d e t e c t o r , h o w e v e r . T h e t o t a l

r a d i a t i v e w i d t h s Ã ~ o f t h e c a p t u r i n g st a t es a r e a l so k n o w n f r o m c o r r e sp o n d i n g ex p e r i m en t s

f o r a l l st a b l e n u c l e i . T h e p a r a m et er s ( Ã ~; ) a n d m ~; o f t h e c a sc a d e y- d e c a y w h i ch m u st

b e f o u n d i n a n a l y si s a r e r e l a t ed w i t h t h e t o t al w i d t h

I t is clear that N + 1 equat ions (1) and (2) t oget her wi th 6N condit ions ð(~ã = + ) > Î ,
ð(7ã = — ) > Î , Ã(Å 1) > Î , an d Ã(Ì 1) > Î rest r ict the int erval of possible values for level

densi ty and radiat ive widths. T his interval can be est imated wi th the use of two simple

enough assumpt ions:
(à) energy dependence of level densi ty wi t h diff erent J is determined by known and,

in pr inciple, equal for diff erent models funct ion ;
(b) energy dependence (but not t he absolute value) of widt hs of pr imary and secondary

t ransit ions is t he same.
À large enough value of Õ , nonlinear it y of eqs.(1) and (2) st ipulate à choice of t he way

Ñî solve the system of equat ions and inequal i t ies — the M ont e Car lo method. T he simplest

i terat ive al gor it hm was used for t his aim : we set some ini t ial val ues for Ã(Å 1), Ã(Ì 1) ,
and p and then distor t t hem by means of random funct ions.
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F ig . 1 . T he ex am p les of t he p and R SF s in t er m ed iat e values an d cor r espon ding di st r ib u-
t ions of cascade in t en si t ies for t he ~~4Ð ó even-even an d ~~~À è odd-odd nuclei . L et t er s nex t

t o t he l i nes m ean num ber of i t er at ion s. D ashed cur ves r epresent p redi ct ions of t he level

den si t y m odel s [5,6] an d st r engt h funct ion m odel s [7,8] . H i st ogr am s show exper im ent al

cascade i nt en si ty .
I f at t h i s st ep of i t er at ive pr ocedur e t hese di st or t ions decr ease t he par am et er s A > ——

(Ó' ~" — I " ' )~ an d Ü ð — — (Ã> " — Ã~,' ~) t hen t hese di st or t ed values ar e u sed as in i t i al p a-

r am et er s for t he nex t i t er at ion . A n agr eem ent between t he ex p er im ent al an d cal cu l at ed
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cascade intensi t ies and tot al radiat ive widths, respect ively, is usual ly achieved aft er several
thousands of i t erat ions. A s à result we get two random ensembles for level densi t ies and
par t ial widt hs for each of N energy int erval s.

T he numerous repet it ion of i terat ive cal culat ion wit h diff erent init ial parameters (ø
eluding obviously unreal values of Ã and ð) for 30 nuclei from the mass region 114 <
À < 200 showed t hat t his al gor i thm gives r ather nar row interval s of values for t he sum
level densi ty of both par i t ies and sum par t ial widt hs of E 1 and M l t ransit ions. T hese
dat a al low est imat ion of the sum r adiat ive st rength funct ions for E l and Ì 1 t r ansit ions
using the fol lowing relat ion :

y = r Ä / ( z ,Å ' õ À ~~~ õ Õ) ~)
( 3 )

T he examples of intermediate result s obt ained wi thin it er aive procedure for two nuclei are
shown in Fig. 1. Analysis of t he obt ained result s shows that t hey should be considered as
probable enough est imat ions of level densit ies excit ed by dipole pr imary t r ansi t ions after
t hermal neut ron capture and r adiat ive st rengt h funct ions of t hese t r ansi t ions. I t should
be not ed here t hat ï î model ideas are required in t his t echnique. Of course, t he use of
the rel iable informat ion on the nucleus under study decreases uncer t aint ies of t he analysis.
T here can be the dat a on energies and types of decay of known low-lying levels, mean
spacings between neut ron resonances, and rat io between par t ial widt hs of high-energy

pr imar y E l and Ì 1 t ransi t ions (al t hough infl uence of two last ðàãàëï å1åãç i s very week).
T he most cr i t ical point of t he descr ibed t echnique is an assumpt ion about equal energy

dependence for st rength funct ions of pr imary and secondary t ransi t ions. However , the
assumpt ion can be checked exper imental ly. T his requires to measure in exper iment and
reproduce in calculat ion t he intensi t ies of two-step cascades for t he maximum wide energy

interval of t heir fi nal level . Cor responding exper iment can be real ized using mul t idet ector
compton-suppressed spect romet er .
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ÅÂ ÐÅÈ ?Ì ÅÕÒÀ Û ß Ð 1ÑÀÒ?Î Ì 8 OF ÒÍ Å PR OB A BL E A BRU PT
CH A N GE I N N U CLEA R PROPERT I ES OF H EAV Y N U CL EU S ÀÒ

Å, 0 5BÄ

V .À . K hi t rov , À .Ì .Sukhovoj , Å Õ Õ àÿ 11å÷à
FL NP, JINR

T he cascades of two successive y-t ransit ions in group of nuclei from the mass region

114 < À < 200 were studied in t he framework of t he program of studying nuclei wi th
high densi ty at FLNP JINR. Some par t of the data was obt ained in Riga and Rez. T he
observed cascades proceed between the compound st ate which is exci t ed after t hermal
neut ron capt ure and à group of low-lying levels. Select ion of such cascades from à mass of
ó — .~ coincidences and their analysis provided or iginal informat ion on nuclear proper t ies

in t he excit at ion energy range where spacings between the levels are many t imes less t han
energy resolut ion of t he used spect rometer .

Intensi ty of such cascades int egrated over some interval of their intermediate levels
depends on par t ial widt hs of cascade y-t ransit ions and number of nuclear st ates wi th

0 < Å, < Â „ . À comparison between t he experiment al and model calculated cascade
intensi t ies shows [1] t hat t heoret ical not ions of peculiar i t ies of nuclear mat ter below Â „
should be considerably modifi ed . Energy dependences of level densi ty wi th à given / and
par t ial widt hs of cascade y -t ransit ions are the very sui t able dat a for à compar ison wit h the

theory. T he method [2,3] is developed to select t he cor responding dat a from t he cascade
intensi ty dist r ibut ions [4] buil t in funct ion of the energy of t he cascade intermediate levels.
T he result s were obt ained for more than 30 nuclei from the ment ioned mass region .

T he used dat a t reatment software [2,3] al lows one t o get reliable informat ion on the
sum level densi ty ð(~ã = — ) + p(mã = + ) exci ted by E l and M l primary t ransi t ions and
sum of their radiat ive st rength funct ions f (E 1) + f (M 1). Uncer taint ies of ð( ò = — ) and
p(mã. = + ) as well as f (E 1) and f (M 1) separ ately are not iceably larger than those for

corresponding sum values. I t should Úå not ed t hat t he t echnique l2,3] does not use model
ideas of process under st udy (except t he shape of spin dependence of level densi ty ) and
is ÷åòó sensit ive to minimum density of exci t ed st at es. T here are two most considerable
diff erences of our technique [2,3] from known met hods [5] t o der ive level densi ty from the
spect ra obt ained in t he neut ron induced nuclear react ions. A lso, there were ï î met hods up
t o now which determined st rength funct ions for pr imary t ransi t ions populat ing the levels
of heavy enough nuclei at t he energy of some M eV .

T he main resul t of t he analysis [2,3] t hat both t radit ional and modern enough ideas
of à nucleus at exci t at ions from 1-3 M eV to B Ä need ser ious correct ions. Discrepancy

between the level densi ty observed by us in the (ï ~~, ó) react ion (at least in t he ñàÿå of the
two-step cascades) and predict ions of t he Fermi-gas level densi ty model which considers

nucleus as à system of noninteract ing fer mions test ifies to considerable role of phonon
excitat ions in the wave funct ions of the observed st ates. (We do not int roduce some new
ideas of nuclear mat ter even for quali t at ive explanat ion of our resul t s but use simple known
not ions). T he ò î ãå modern models l ike the generalized model of t he superfl uid nucleus
[6,7] provides bet ter agreement wi th t he exper iment al level deii si ty, however even in this
ñàçå discrepancy exceeds exper iment al uncer t aint ies.
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À compar ison between the result s [2,3] and model calculat ions allowed one more essen-
t ial conclusion: energy dependence of level densi ty at Å, 3 — 4 M eV exhibi t s more or
less clear ly expressed "st ep" (see Fig. 1.) . T he conclusion is in complete agreement wi th

t he result s [8] of approximat ion of r andom fl uctuat ions of the cascade int ensit ies relat ive
to t heir mean value which provided est imat ion of the tot al number of level s which can be
exci ted in t he (ni , y ) react ion below 3-4 M eV .

Complete explanat ion of the observed [2,8] eff ect is possible only in t he framework of
the st rong nuclear model which reproduces exper iment al level densi ty wi th exper iment al
precision . However , t he most probable qual i t at ive explanat ion can be suggest ed under
assumpt ion that the t hermodynamical funct ion — specific heat of nuclear mat ter in the

total energy region of excit at ion where the second order phase t r ansit ion can aff ect nuclear
proper t ies — has the same funct ional dependence on energy as that which is known for
à mixture of superfl uid Í å and Í å. À well known fact of increase in specifi c heat of
quantum liquid in the region of t he second order phase t ransi t ion can signify decrease in
nuclear temperature and, as consequence, level density of fermion-type at cer t ain nuclear

energy. Because energy dependence of level densi ty is exponent ial for bot h åãî ons and
bosons then the presence of "step" requires one to postulate that at t he exci t at ion energy

of several M eV in heavy nucleus the number of phonons is not iceably less than the number
of quasipart icles but energy of bosons considerably exceeds energy of fermions. Such as-

sumpt ion fol lows from proport ional it y of t he parameter à (which determines level densi ty )
Ñî t he number of exci ted quasipar t icles or phonons. I . å., adiabat ic pr inciple — one of t he
basic pr inciple of t he generalized model of t he superfl uid nucleus — is not fu1fi 11ed. T he
BCS-theory [9] predict s t he t ransit ion of Fermi-liquid t o Fermi-gas at t emper ature

6
1.76 ' ÎÒ,

what is approximately two t imes higher t han the point of abrupt change in level density
in our exper iment . T his fact can be easily explained if one take into account à decrease in
temperature of phase t ransi t ion in mixture of l iquid Í å and Í å as compared wi th pure
~Í å. Probably, more correct var iant of t he model of t he superfl uid nucleus must t ake int o

account t his t emperat ure shift , i . å., consider nucleus as à mixture of boson and fermion
excit at ions in t he wide energy interval .

T he presence of phonon excit at ions st rongly aff ect ing nuclear proper t ies appears as two
more eff ects observed when studying two-step cascades:

(à) approximate harmonicit y in the excit at ion spect ra of intermediat e levels (or t heir

groups) of most intense cascades:
(b ) not iceable increase in st rength funct ions (i . å., intensi t ies of cascade t ransi t ions)

as compared wi th the model [10] which considers nucleus as à drop of Fermi-l iquid. T he

est imated from t he exper iment and cal culated according t o convent ional models st rength
funct ions are shown in Fig. 2. A s can be seen from fi gure, t he maximum values of t he sum
st rengt h funct ions of E 1 and M l t ransi t ions are observed at Â „ , i . å., t hey conform to
the energy of "st ep" in our level densi ty.

So, t he anal ysis of t ot al i ty of exper iment al dat a on the two-step cascades leads to
conclusion about probabili ty of abrupt enough change in nuclear proper t ies at Å , 3 — 5

MeV and necessity of ser ious correct ion of corresponding nuclear models.
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F ig . 1 . T he numb er s of level s of b ot h p ar i t ies w i t h er r ors (ci r cles w i t h b ar s) for " 4C d ,

~~4Òå, ~~~Ó, ~~~Â à, ~4~Üà, an d ~~~# ~. H i st ogr am — - dat a [8] , t r i angles — exp er im ent al level

den si t y f r om t he (è , 2 ó) r eact ion . D ashed l ine - t he p value ob t ained at t he un r eal in i t i al

par am et er ð( Å , ) = ð(Â „ ) of i t er at ive p r ocess. T he upper and lower cur ves r epr esent

pred ict ions of m odel s [11] and [7] , respect ively.
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F ig . 2. T he sum of t he probable radiat ive st rength funct ions of E l and M l t r ansit ions
(wi th est imated er rors) in t he ~~~Cd, ~~~Òå, ~~~1, ~~~Â à, ~~~Õà, and ~~~# 1 nuclei . Dashed

curve represent s t he f (E 1) + f (M 1) mean value obt ained at diff erent ini t ial values of
st rength funct ions and at init ial level densi ty ð(Å , ) = p(BÄ) wi th the help of i terat ive

procedure. Upper and lower sol id curves represent predict ions of models [12] and [10] ,
respect ively.
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N E W M E T H O D O F P A R T I A L R A D I A T I V E C A P T U R E C R O S S

S E C T I O N M E A S U R E M E N T S

Óö.Ð.Popov, À .ÓÕ î |ï î ÷, ÐÕ .ßåéóÿÜå÷, ß.ß.ÐàããÛ Ü Ê|, À .Ð.K ob zev , Õ .À .Gu ndor in ,

D .G .Ser ov , Ì Õ .Sedysheva.

New method is based on the measurements of the energy shi f t of the primary y-

transit ion due to the capture of intermediate neutron w i th respect to i ts posi t ion af ter the

therm al neut ron capture. I f an i n ten se of the p r i m ar y 'ó- transi t i on w i th the energy Å '~~ to the i -th

f inal level of the exci ted nucleus af ter à thermal neutron capture (Å„=- 0) by à nucleus w i th the

atom ic w ei ght À , the energy o f the y-tr ansi t i on f o l l ow i ng the capture o f an neut ron w i th ener gy

E Ä m ust be

Å ' = Å '~ + À / (À + 1)Å „

The method w as f irst demonstrated in [ 1] , w here two resonances of sul f ur were

registered by using of reactor neutron beam w ith boron f i l ter . However the authors did not

manage to derive any i nformation f rom the experiment beside the experimental w idths of two

reson ances

In our case the neutrons i n the energy interval about 10 — 120 keV were generated by

L i (p,n) reaction by the V an de Graaff accelerator at proton energy exceeding the reaction

t h r e sh o l d b y Ë Å ð — — 6 0 k eV
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Fig . T he draf t of the exper imental setup. T he d imensions are in mm .

This compact geometry prov ided theÚ å draf t of the experimental setup i s show n in Fig,

optimum for ef f iciency of the ']÷ ~èàï 1à regi stration and for irr adiation of the sample by

neutrons. A ccording to the background measurements (w i thout sample or w i th scatterer of

pure graphite) the main components of background are due to the Compton ef fect in Ge-

detector from Fe(n,ó) reaction on constructive materi al s (includi ng on the turni ng magnet of

the p roton b eam )

A t f irst step of thi s method. development we used the samples of Fe [2] and N i [3] , where

the partial y-transi ti ons for several most intensive resonances w as i nvestigated by another

methods [4 ,5] . I t gives us possibi l i ty to standardize our rel ati ve cross sections data and check

the new m ethod ,

For i l lustration of the method the part of experimental 'ó-quanta spectrum for N i sample i s

N i (n,óo) N i reactionpresented on f ig.2. One can see the structure in the spectrum due to

w ith population of ground state of N i nucleus. Ke f t peak belongs to the thermal neutron
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capture and indicates the zero posi ti on of the neutron energy scale. T he other peak s are due to

the reson an ce neutr on cap ture.

T he experimental 7- Qu an t a

f or the Fe sam p le 1 Sspectrum

presented on the f i g.Ç. T he f ir st tw o

peak s are due to the thermal neutron

56F
by nucl eus w i thcapture

population of ground and f i rst excited

state o f ~~Pe . T he co unt s to the r i ght o f

the doublet are due to the 'ó-transi tions

pjg 2. The experimental spectrum of '~Nt(n,'ó~) Ni
populati ng these two states for the

reaction with resonance neutrons produced by
16neutro n cap ture .

~

reson an se
' L i (p,n) reaction w i th ÜÅð —- 60 keV over the react ion

transi t ions (2 ó-transi t ions for 1 s-
threshold (à), the background spectrum (Ü) .

w ave neutron resonance (27 .7 keV ) and 14 'ó-transi t ions for 7 known p-w ave resonances) may

gi ve the contr ib ut i o n to the resonance b um p . F or s-w av e resonance these 'ó- transi t i o ns hav e Å 1

mul tipolar i ty , for p-w ave they have Ì 1 mul tipolar i ty . The f i tt ing procedure (see Fig.Ç) and the

data analysis tï åthî d are described in [2]
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F i g .Ç G r aphi cal resu l ts o f y-spec tr um f i t t i ng .

For absolute nornal ization we used the know n partial resonance parameters f rom [4 ,5] . Since

the i nd i v i dual y-tr ansi t i on s co ul d ov er l ap , w e hav e determ i ned on l y the p ar t i al rad i at i v e w idths

of the Ì 1 multipol ar i ty averaged over 7 ð-w ave resonances: ( Ã„ >=69 meV .

E

î
î
Ý

( )

Fig.4. The partial cross sections of " Ni(n.~>)' Ni (left) and " Ni(n.ó~)' Ni

(right) reaction. The points are represented the experimental data and does not

take into accounts the correction coefficients conj uncted with self-absorption

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

cor rected cross sect ion.
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~~È i sotope i s show n in the Fig.4 w here the parti alThe one of the f i rst resul ts obtained for

cross section of ~~Ì (ï ,ó)~~Ì reaction for population of both the ground and second exci ted

states of ~ N i i s presented. Each peak in the structure of the parti al cross secti on i s due to the

contr ibution of à single resonance or group of the resonances. I t al lowed us w i th help of the

f i tt ing procedure ñî der ive the parti al parameters of neutron resonances and by usi ng the partial

values of radi ative w idths [4] make absolute norm al ization of our parti al cross secti on data. It

should be underl ined that thi s resul t i s obtained for the f irst t ime because of the high ef f iciency

of th i s m ethod i n com p ar i son w i th o ther s

N ew method developed in FL NP for measurements of the partial capture cross sections

in the keV neutron energy region possess the record ef f i ciency . I t gave the possibi l i ty to

receive the resul ts unattainable now for the time-of -fl i ght method not only for van de Graaf f

neutron sources but for the modern powerful neutron sources on the base of electron and

proton accelerators. The energy dependence of the parti al neutron capture cross sections was

m easured f o r the f i r st t i m e

ÒÇ,K ennett , N ucl . Instr . M eth.126,( 1975)V .J. Thomson, À .V Ë î ðåë.W .V .Prestv ich,

263
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Î .G .Serov . In : ISIN N -7, D ubna 1999 (JIN R , Dubna, 1999) 2 14-2 18.
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D E T E R M I N A T I O N O F ÒÍ Å F O R W A R D B A C K W A R D A SY M M E T R Y C O E F F I C I E N T

I N ~ Ñ 1( ï ,ð ) Ú R E A C T I O N

Ó è .Ì .G ledenov , R .M achr af i , À .1.0 prea, Ð.V .Sedy shev , V Ë.Salat sk i , ÐÇ .Szalan sk i

J oi n t I nsti tute f or N ucl ear Resear ch, 14 198 0 D ubna, Russi a

In the frame of mixing states with different parities model , the forward-backward u i:a,

left-right a i q and parity non-conservation à ð~ asymmetry coeff icients in the (ï ,ð) reaction play
an important role, because as is indicated in [ 1] the weak matrix element can be written l ike an
expression of these three coeff icients. So, in principle, i f it is realized one experiment (or more)
for measuring these coeff icients it wi l l 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 coeff icient asymmetry on the NaC1 target. Theoretical ly, the maximum of this
coeff icient is expected around EÄ= 288 eV . The values of the à ðô have been obtained in
dif ferent neutron energy intervals: 0.5-10, 150-260 and around the resonance (Å„=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 fl ight method. It has been used à double
section ionization chamber [2] . In one of its section was fixed à NaC1 target of 0.5 mg/cm~ and

200 mm in diameter onto 100 ðò aluminum backing. The chamber was fi l led up with Ar + 4%
ÑÎ ã gas mixture at the pressure 0.35 ata. The pulse-height and time of fl ight spectra were
registered using à multiparameter data acquisition system. The chamber has been periodical ly
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 fl ux,
we have used à boron counter monitor . The scheme of our experiment is shown in Fig.l .

F i g .1. Ex per im ent al setup o f the f orw ard -back w ard asym m et ry coef f i c ient m easurem ent

T he f or w ard-back w ard asy m m etr y coef f i ci ent w as determ i ned by the f o rm u l a:

Æ,: — N H

+ i: + ~ í
(2)

~

Where, N,: — is the number of registered protons emitted in the forward direction, NÄ — the

number of registered protons emitted in the backward direction. The neutron energy dependence
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of the ~~Ñ1(ï ,ð)~~S reaction cross section is shown in Fig.2à. The theoretical evaluation of the

forward-backward coeff icient up to 2 keV is given in Fig.2Ü [3] .
In Fig.Çà and Fig.ÇÜ are shown the pulse-height spectra obtained in the neutron energy

ranges 0.5-10 å× and 150-260 å× , whi le the Fig.Çñ i l lustrates à part of the time of fl ight spectra

in the resonance region.

î soo èþî 1500 oooo
neu tro n ener gi ze, å×

F ig .2b . Ener gy d ependence of the f orw ard back w ard asy m m et ry coef f i c ient s

The proton yields Ni and Nq have been obtained by the separation of the effect from the
background on the pulse-height spectrum (Fig.3à and Fig.ÇÜ) for the neutron energy intervals
0.5-10 eV and 150-260 eV . But in the resonance region the value of the àù has been determined
from the time spectrum shown in Fig.3c. The table 1 shows the obtained results.
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F i g .Çà . T h e p u l se h ei ght spect rum obtained i n 0 .5- 10 eV , 1-ev ent + back ground ,

2 - b ack ground , n - i s the ch annel ï ø ï Üåã, N - i s the count per ch annel

1 2 0 0 Fo rw a rd

200 400
è

åî î âî î

~

Fig.3b. The pulse height spectrum obtained in 150-260 eV , 1-event + background,
2- background, n- is the channel number, N- is the count per channel
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backw ardForward

4 0 0 0 0

~~

ò~

~âî<î î ~ã þ 14 0 16 0

~

F i g.3c. Par t o f the t im e o f fl i ght spect rum f or the f orw ar d back w ar d in the reson ance r eg i on
n - i s th e chann el num ber , N - i s th e count p er ch ann el

T a b l e 1 .T h e ex p er i m en t a l r esu l t s o f t h e f o r w ar d - b ac k w ar d asy m m et r y c o e ff i c i en t

The neutron energy range ,å×

0.5 - 10
150 - 260

resonance region

,åÓ

5.2
205
398

Ö .â

0.030 + 0.005
0.17 + 0.03
0.002 + 0.006

Using the parity non-conservation coeff icient àð~ =-1.51õ10 , the left-right à ð =-2.4õ10 4

coeff icients at the thermal point energy and the forward-backward asymmetry coeff icient
àðô = 0.17 [4,5] , we obtain for the weak matrix element M pv=57+ 17 meV .
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A N GU LA R A N I SOT ROPY OF FI SSI ON FRA GM EN T S FROM ÒÍ Å
RESON A N CE N EU T RON IN D U CED FISSI ON OF A L I GN ED ~ç5U

TA RGET A N D ÒÍ Å ROLE OF Y K FI SSI ON CH A N N EL S

À .Â. Popov~, , W Ë.Furman~, , DË. Tambovtsev~, Ü.Ê . Kozlovsky~„
N.N. Gonin~, , and J. Kliman' s

Y u .N . K opat ch~

' Joint Inst it ute for Nuclear Research, 141980 Dubna, Russia
~lSSC Inst it ute of Physics and Power Engineering Obninsk, Russia

sl Inst it ute of Phvsics SAS Brat islava. Slovakia

A bst r act
Energy dependence of the fi ssion fragment angular anisotropy from ~ssU(n, f ) react ion

has been measured by the FLNP-IPPE collaborat ion using the JINR pulsed neutron source
IBR-30. Our data are analyzed together with the total neut ron, total fi ssion and spin-
separated fi ssion cross sect ions in energy range 0 — 30 eV in order to obtain à new set of
s-wave resonance parameters. Three fi ssion channels (Ii = 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 dist ribut ions of part ial and total fission widths are compared with
the Porter-Thomas distribut ions. Estimat ion of the degrees of openness of diff erent J Ê
fi ssion channels is made. À problem of ambiguity of the resonance parameters is also briefl y
discussed.

1. Fission induced by slow neut rons is one of t he unique t ools for st udying t he quant um-

mechanical aspects of t he fi ssion process. It gives à possibilit y Ñî obt ain informat ion about t he
fi ssion amplit udes y>>~ for à given resonance Ë. T hese parameters form à basis for à quant it at ive

descript ion of t he fi ssion process induced by resonance neut rons. Í åãå, ,Ó Ê are t he spin. parit y
and t he spin proj ect ion ont o t he symmet ry axis of t he fissioning nucleus. It is known [1. 2]
t hat such amplit udes cannot be ext racted unambiguously using only dat a on integral fi ssion
and neut ron cross sect ions. Addit ional informat ion can be obt ained f rom experiments on t he
interact ion of polarized (or unpolarized) neut rons wit h à polarized (aligned) t arget .

We performed an experiment al st udy of t he energv dependence of t he diff erent ial fission cross
sect ion (fi ssion f ragment angular anisot ropy ) of ~~~Ã resonance neut ron induced fission using an

aligned t arget and unpolarized neut rons.
2 . T he experiment has been performed at t he booster IBR-30 + ÜÅÀ-40 in Dubna and is

à development of t he technique used by Pat tenden and Post ma.[3] T he det ailed descript ion of
t he experiment al set-up and of t he primary dat a analysis can be found in.[4, 5]

T he energy dependence of t he À~ coefficient , which characterizes t he angular anisot ropy of
fi ssion f ragments, is shown in fi g. 1.

For à combined analysis, we used t he experimental cross sect ions for ~~× ~ available f rom t he

Nat ional Nuclear Ï àñà Center (NNDC) at BNL .[6] T he dat a sets selected for t he analysis are
summarized in Table 1.

3 . T he experiment al dat a sets listed in Tab. 1 were fi t ted over t he energy ãåð î í 0 — 30 eV
using t he st andard R-mat rix formalism in t he Reich-M oore approximat ion [13] wit h t he inclusion



- À

-À ,

Figure 1: The results of t he fi t (solid curve) for À~(Å ), circles are experemental data. Dashed
line is calculated using t he resonance parameters from.[13]

of formulae for Àð(Å ) derived in ref. [14] (see also for details ref . [5]) . In t he fi t , each resonance
Ë was described by six resonance parameters: Å ~, Ã~~, ó ~, ô ô~, and ä~. Such parameterizat ion

allows one to include up to 3 fi ssion channels for each resonance Ë. The part ial fi ssion amplit udes
are åõðãåââå4 via the ò î 4è!å î Ã t he total fission amplitude 7fs : = + r ft and two angles, å" àï 4

ä~, in à spherical coordinate system:

sin ä~ — — ñ î ç ä ë ,ë ëó~~ — ó~ ñî ü ô . ÿ ï Â' , ë ë ë ë ( i )ó ~ ~ — — ó ~ s i n ô ' ë ë

T he radiat ive width Ã'~ was fi xed and equals 0.039 eV for all resonances. All ot her parameters

were varied. First we analyzed t he data assuming t hat t hree channels are open for t he spin group
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J = 3 (Ê = Î , 1, 2) and two for t he spin group Ó = 4 (Ê = 1, 2) . According to t he commonly
used assumpt ion [16], t he Ó Ê = 4 0 state is forbidden by parity conservat ion. We can expect
ï î or very small cont ribut ion from t he higher Ê states (,Ó Ê = 3 3, 4 3, and 4 4) as the
geomet rical factors defi ning t he value of t he anisot ropy coeffi cient for these st ates have the
posit ive sign while t he observed anisot ropy coeffi cient Az is negat ive over t he whole measured
energy range. The fi ssion barriers for t hese states should be much higher [15, 16] . So t hese fi ssion
channels are not t aken into account . The integral dist ribut ions of t he part ial fi ssion widt hs for
t he spin group J = 4 obt ained in such approximat ion turned out to be not consistent wit h the
Porter-Thomas dist ribut ion wit h one degree of freedom (see fi g. 3, right column). An addit ional
fi ssion channel seems Ñî be open for t his spin group. It is necessary Ñî ï î Ñå that t he conclusion
[16] about absolute forbidenness of t he 4 0 channel was based on À . Bohr hypot hesis [15] in its
simplest variant . However, ò î ãå careful examinat ion of t he problem leads to à conclusion t hat
t he 4 0 channel has higher fi rst fi ssion Úàãï åã and relat ively low second one for asymmet ric
fi ssion modes. Thus, one would expect t he J Ê = 4 0 channel to be at least part ially open for
our case. So we reanalyzed t he data assuming that à11 three channels are open for both spin
groups.

Figure 2: Decomposit ion of t he total and spin-separated fi ssion cross sect ions into Ê components.
Energy dependence of t he total fi ssion cross sect ion is shown in t he lower plot .

T he resul t s of t he fi nal fi t for À ~(Å ) are show n in fi g . 1 A l l ot her cross sect ions are also
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well reproduced. The dashed line is calculated using à set of resonance parameters from the
ENDF/ Â-VI library [13] which also describes àll ot her cross sect ions quite well , but obviously
fails to reproduce t he A~ energy dependence. It is necessary to note t hat t he lat ter set of
resonance parameters was obt ained in t he two channel approximat ion and wit hout taking into
account t he informat ion on À~(Å ).

4. Figure 2 shows the relat ive cont ribut ions of diff erent Ê -components Ñî t he tot al and spin
separated fi ssion cross sect ions. As is expected, t here are large fl uct uat ions of weights of the
Ê -channels for diff erent compound states Ë which result in t he st rong fl uct uat ions of the relat ive
Ê -cont ribut ions. It can be noted t hat t he cont ribut ion of t he Ê = 0 component is signifi cant
both in t he spin-separated and t he total fi ssion cross sect ions.

Three channel app rrlxi lna(i lla
J=3 J =4

ê=î ê=î
v l þ v l

J = 4

T w rr ch a n n e l
a p p errx i rna ri rrn

èI I 10

ó

.ô

g ( î r = z El /

g .

þ
v I

~

þ 7 <í ï 1 í Û È ì

v 7

v 2

v l

î ã ã
>7ï

~~

ò (nl û ë
v=3

÷~2
va l ]

ã ç
ó

þ è

~~~

,)))

Figure 3: Integral dist ribut ions of part ial and total fission widths (number of resonances with
Ã~ó/ (Ò~ó) ) Õ ). Solid lines are t he y~ dist ribut ions wit h v degrees of freedom.

The integral dist ribut ions of t he part ial and total fission widt hs of resonances in the energy
interval 0 — 30 eV are given in fi g 3 (left and middle). The experiment al dist ribut ions for each

separate J Ê channel are in good agreement with t he Porter-Thomas dist ribut ion wit h one
degree of freedom. The integral dist ribut ions of t he total fi ssion widths for bot h channels also
fl uct uate according to t he Porter-Thomas dist ribut ion wit h the number of degrees of freedom
being between 2 and 3.

The average part ial ((Ãg >.)) and total ((Ã~~)) fi ssion widt hs for each fission channel are listed

in ÒàÜ.2. The average cont ribut ions of diff erent fi ssion channels, defi ned as

(2 )
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which can be regarded as à measure of t he degree of openness of à given channel are shown in
ÒàÜ.Ç. One can see that t hese values are almost equal for bot h spin groups. T he Ê = 0 channel
seems Ñî be somewhat suppressed, which is consistent wit h modern t heoret ical considerat ions.

T able 2: A ver age par t ial and t ot al fi ssion w id t hs i n m eV

Ê = Î I K = 1 I Ê = 2 I T ot al

68.1

34 .0

47.2

74 .0

38 .0

51.9

177.1
92.4
125.2

J= 3
J= 4

J= 3+ 4

35.0
20.4
26.1

T able 3: D egrees of open ness of d iff erent fi ssion channels (% )

Ê = Î I K = 1 I Ê = 2

35

34

34

J= 3
J= 4

J = 3+ 4

25

26

26

39

40

40

Finally, it should be noted t hat t he obtained set of resonance parameters is not uniquely
determined. It depends on t he choice of negat ive resonances as well as on inclusion of resonances
wit h small neut ron and large tot al fi ssion widt hs. However, since this parameter set includes
à11 possible Ê channels, it forms t he most reliable basis for quant it at ive analysis of s — and
ð — resonance interference.[17] À combined study of neut ron energy dependence of fragment mass-
ÒÊÅ dist ribut ions [18] together wit h an angular anisot ropy coeff icient can give new informat ion
about t he interconnect ion [19] of t he Bohr fi ssion channels and fi ssion modes.
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GE GA N TE UM ) A S B I O M O N I T O R S O F H E A V Y Ì Å ÒÀ Ë

A T M O S P H E R I C D E P O S I T I O N I N C E N T R A L R U S S I A

Ì .V .Frontasyeva, Y e.V . Y ermakova* , Å . Steinnes* *

F L N P, J I N R, D ubna, M oscow Regi on, Russi a

'× .È . To lstoy Òè1à Sta te P edag ogi ca l Uni ver si ty

~

N - 749 1 Tr ondh ei m, N or w ay

The moss biomonitoring technique was applied to study heavy metal

atmospheric deposition in the area of Yasnaya Ðî 1óàï à, the memorial estate of

L.N.Òo1stoó, 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 à wide spectrum of heavy

m etal s an d oth er tox i c elem ent s w as stud ied in the T u la R egion .

M oss samples w ere col lected in accordance w ith the sampl ing strategy

adopted in the European M oss Survey on biomonitor ing heavy metal

atmospheric deposition [1] . In addition to standard epigeic moss species âèñÜ as

Hylocomi um sp lendens (Hs) and Pleurozi um schreberi (Ps) , the epiphytic moss

Cal li ergon geganteurn (Cg) , w hich i s w idely distr ibuted at the given cl imatic

cond i t i on s, w as al so stud ied

Epithermal neutron activat ion analysi s at the IBR-2 rector of FLN P

made it possible to ident i fy 38 elements in the moss samples including ãàãå-

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 dif ferent environmental conditions. The interspecies

ratio (Ps: Hs) varies between 1.10 and 1.50 for M g, Ti , and M n, whereas for Ñà,

Sc, N i , Rb, Sr, In, Üà, Ñå, Sm, Gd, ÒÜ, Dy, Òà and Th it is less than 0.80.

Because of l iv ing conditions in the relatively dry cl imate 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 di f ferences in interspecies rat ios w ere observed w ithin the area

under investigation for elements characteristic of air pollution, especially for V

(Ps:Hs 1.39; Ps: Cg 1.35) and Sb (Ðç:Í ç 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 M g, Ê , Ñà, Cr, M n, Fe, Ñî ,

Zn, As, Se, Br, Rb, Sr, Zr, Cd, In, Âà, Eu, W .

~~

0.2 0.4 0.6 0.8 1

concentrat ion in Pleurozi um schreberi

1 .2

Fig 1. Concentrati on (ððò) î~ àãèåï ãñ i n Pleurozi um schrebery versus

Calli ergon geganteum.

Based on this fairly extensive set of data where interspecies ratios vary

w ithin à relat ively narrow range we conclude that the species Cal li ergon

geganteum may replace the covent ional ly employed moss biomonitor species at

si tes w h er e they are not f ound
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S E L E C T I O N O F A P P R O P R I A T E M O S S B I O M O N I T O R S

F O R S T U D Y I N G A T M O S P H E R I C E L E M E N T A L

D E P O S I T I O N I N C H I N A

Î . À . Stan, Zh. Í . Zhang*, Ì .V . Frontasyeva, Å. Steinnes**

I-I NP, JINR, Dubna, Moscow Regi on, Russia

"'ÎÍ ÅÐ, CAS, Beji ing, China

The moss biomonitoring is à well established technique widely used to study

atmospheric deposition in Nordic countries [ 1] and in the Western Åø î ðå [2] .

The present work is the first attempt to apply this technique to some areas of

China. Tw elve di f f erent moss species w ere col lected dur ing the autumn of

1998. Most of the samples were taken from highly polluted areas within the

Beij ing Region. The remaining î ï åÿ were collected from the national park in

Tianmu M ountain, Zhej iang Province, South-East China. The purpose of the

present study is to find appropriate moss biomonitors growing in China, as

alternatives to the species Hyloconi um sp lendens (HS) and Pleurozi um

~ñÜãåî åï (PS) adopted in the Åø î ðåàï Ì î èç Survey [3] which unfortunately

are not found in the Beij ing Region (see Table 1).

Table 1 Name and locati on î~ é å M osses i n Chi na

N am e Si te N am e Sit e

BR
BR
BR
BR
BR

BR
BR
BR
NP
NP

M v ur ocl ada max i m ovi czi i Tax i v hyl l um taxi r am eum

Oxysteeus cvli ndri cus Br achytheci um v l umosum

Br achytheci um vl umosum
G r i m m i a òè '1ß åòà

B r yhni a subl aevi f î 1ãajl Entodon r ubi cundus

P laty hyvni di um ri var i oi des Entodon cf. seductr ix
axi p hy l l um taxi r ameum B R ( Oxy r r hy n eh tum sa vasi er ~~ ß Ð 1

BR = Beij ing Region; NP = National Park

À total of 49 elemental concentrations were determined by nuclear and

related analytical techniques: epithermal neutron activation analysis (ENAA) at

the IBR-2 reactor of JINR; hydride-generation atomic fl uorescence

spectrom etry (H GA FS) and fl am e and/or graphite furnace atom ic absorpti on

sp ectr om etr y at I H E P,
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Fig .1. Ar seni c concentrati ons i n mosses obtai ned by ENAA versus H GA FS

À comparison of the results obtained by ENA A and HGAFS for arsenic is

shown in Fig. 1. Quality assurance for element determination was provided by

using IAEA standard reference material L ichen IA EA -336 in both laboratories.

In spite of the fact that al l 12 moss species refl ect the general level of

pollution in entirely different regions of China (Fig.Ç), two moss species

Myuroclada maximovi czii and Entodon rubicundus demonstrated the best

abi l i ty to subst itute each î ë åã by show ing the highest correlation (Fig.2) .
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Myuroclada maxi movi czii , ððò

Fig 2. C omp ar i son M y ur ocl ada maxi movi czi i ver sus E ntodon r ub i und us
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Practical ly for al l 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

assessm ent o f ai r p o l lu t i on i n urban an d r ural ar eas of C hi na.
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Ê Óè. Pomyakushin, D . V. Shep tyakov. atomi c«M agnet ñ

Second Prize:

properties î / rocks at high pressure»

Third Prize:

àò ò î ò èò halides»

In Applied Physics:
Third Prize:

~

S c i en t i f i c R esear ch :

F i r st P r i ze:
0 .Å .Â è òé ñÜåè. « 1ï þåç1ö à é î û î / î ò ÷è å -ñî ï (à ÿ ò à õ åè î é åç Üó ò åàò ð î / ' ï åè 1òî ï é ô òà ñ~þ ï

and u l t r so undi ng »
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7 . S E M I N A R S

D ate A uthor s T i t le

25.02.99 Nanostructures in | î ï -contai ning polymer ic systemsÀ .Ð.Khokhlov
(M SU, M oscow)

26.03.99 Interaction of ultracold neutrons and matter (theory)S.Ò.Belyaev
(RRC KI , M oscow)

15 .04 .99 Â .V .V asi l i ev A strophysical effects related to electric polarization of
matter

12.05.99 × .Ð.Skulachev
(M SU, M oscow)

Some problems of the biology of the X X I century

10 .06 .99 Use of synchrotoron radiation for the investigation of the
structure of biological obj ects

À .À .V azina
(Inst. of Theor. and
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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C O N D E N S E D M A T T E R D E P A R T M E N T

N U C L E A R P H Y S I C S D E P A R T M E N T

S u b - D i v i s i o nI G r o u p N o . 1 T i t l eP o l a r i z e d n e u t r o n s a n d n u c l e i H e a d Y u .D .M a r e e v

À .Â.Popov

Sh.$.Zeinalov

Ì Ë.Tsulaya

Óè.Ì .Gledenov

À .Ì .Sukhovoy

Î .S.Samosvat

V .N.Shvetsov

À Ë.Frank

Ì .V .Frontasyeva

Óè.À .A lexandrov

G rouo N o .1 Neutron spectroscopy
Nuclear fissionG rouo N o .Ç

Grouo N o.4 Thermal pol ar ized neutrons

~ Gr ouo N o .5 Proton and à -decav

G rouo N o .á Properties of v-auanta

I ß ãî é ) N o .7 N eutron structure

Gr ouo N o .8 Ul tra-cold neutrons

, Gr ouo N o .9 N eutron optics

Grouo N o.10 Neutron activati on analvsi s

Grouo No.1] T h eor y

D E P A R T M E N T O F I B R - 2 S P E C T R O M E T E R S C O M P L E X

Su b -D i v i sion T i t le H ead

Sector No.1
Group No.1
Group No.2
Group No.Ç
Group No.4
Grouo No.5

V .Ë.Prikhodko
À .À .Bogdzel
V .F.L åvñhànovçkó
À .S.Kiri lov
G.À . Sukhomlinov
À .Â.M elnichuk

Sector No .2

Group N o.1

Group N o.2

Cxrouo N o.Ç

× .× .Zhuravlev
G.À .Varenik
À .Ð.Sirotin
J.Sokolovskv

Electronics
Analogous electronics

' Digital electronics

Software
Local networks

Technol ogy
Spectrometers
Development
Samples environment
Detectors
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8 .2 . U S E R P O L I C Y

The IBR-2 reactor usually operates 10 cycles à year (2500 hrs.) to serve the experimental

programme. À cycle is established as of 2 weeks of operation for users, followed by à one week
period for maintenance and machine development. There is à 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 avai lable 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:

Dr. Vadim V. Sikolenko, Scientific Secretary of FLNP, is responsible for the user policy.
Two deadlines for proposal submission are: Ì àó 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 Âåàò Òèï å" 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 fi lled out by

experimenter(s) and submitted to the Scientific Secretary.
The Application Form and î ë åã information about FLNP are available by WWW:

http://nfdfn.j inr.ru/- sikolen/usepol.html

Contact address:

D r . V.Si kolenko, F rank Laboratory of N eutron Physi cs

Joi nt I nsti tute f or Nuclear Resear ch

141980 D ubna, M oscow regi on, Russi a
TeL: (+ 7)-095-926-22-53, (+ 7)-09621-65096, Fax: (+ 7) -09621-65085; (+ 7) -09621-65484;

Å-ò à)1: çé î 1åï ® èÄ ò è. ru
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8 .3 . M E E T I N G S A N D C O N F E R E N C E S

1ï 1999, F L N P organi zed the f ol lowi ng meeti ngs:

Ì àó 25-28 Dubna

~

VII International Seminar on Interaction of Neutrons
with Nuclei (ISINN-7)

~

II International Seminar on Neutron Scattering at High
Pressure (NSHP-II)

September 29-

October 2
Dubna

I n 2000, F L N P wi l l organi ze th e f ol lowi ng meeti ngs:

Ì àó 16- 19 D ubna

~

VIII International Seminar on Interaction of Neutrons
with Nuclei

~

II International Workshop on Data Taking Systems in
Neutron Source Exoeriments (DANEF'2000)

June 5-7 D i ihn a

Ø International Seminar on Relaxor Ferroelectr ics June 14- 17 D »bna

~

8 .4 . C O O P E R A T I O N

L i st of V isi tor s f r om Non-M em ber States of J I NR in 1999

Õàò å Or åàï è àé î ï DatesCount r v

M agdy I brahim K halil
Å1-Shareaawv

N R C , À Å À , C a i r o 0 1.0 1-0 1.04. Ear n<

I U niv . M oham ed V .R abat ÃÌ àãî ññî 10 1.0 1-2 5 .0 8

15 .0 1-05 .02

! R .M achrafi

I I zf P . D r esden

I I L L . G ren oble ~ 17.0 1-30.0 1

I I L L . G renoble ~ 17.0 1-30 .0 1

! Ì Çàï |ñï

L ange
1

~ Ì Çöï ä

~ Ê .W al ther

I Ì .R udalics

Uni v . Hal le-Saale 120 .0 1-~8 ,0 1

20 .0 1-28 .0 ]Univ . H al le-Saale

, U n i v . D ar m stad t 2 3 .0 1- 30 .0 1

I G eo FR Z . Pot sd am 0 8 .0 3- 19 .03
~ Johannes Kepler University,

Linz

Germany
) Germany
( Germany
! Germany
l Austria 19 .0 3- 30 .04

I J.Stefan I nst i t ute, L jub l iana I SloveniaI À .Z idansek ( 2 1.0 3- 28 .0 3

U niv . L eipzig ! G erm anyF .H aeu ssl er

U niv . L eipzig G erm an yi Î .K lose

11.04- 17.04

16.04-Ò1,04
I I L L . G renob le Fr ance 1 19 .04 -27 .04

I I L L , G ren oble I 19 .04 - 24 .04

G erm an yÂ . Gross Firme TUMTECH,
Ì èåï ñÜåï

27.04-30.04

G erm anyÒ. .H eck s Firme TUMTECH,
M uenchen

27.04-30.04

2 16



16 .05 -2 3 .05

Ä Û ., G r enobleI Í .-J.L auter

1À .Âî àéàï I F in land
1K im G uinvun 1K orea

( G erm anyÌ .Stalder ~ IzfP, Dresden
I òè Darmstadt

17 .0 5 - 30 .0 5

) G erm anyÒ.W i eder 22.05-28.05
I Z han ~ G uohui

Ò.D eck er

F .R ei n o l d

F r an ce ( 0 1.06- 11.06

1Í .B ar thel 1W H B ur ~h au sen 12 .06 - 18 .06

1× .L a u t e r I I L L , G r en o b l e

IJaoan I 29.06-04.07

Shanker Saxena
Siddharth

U niversi ty o f G ron ingen T he N ether lands 30 .06-03.07

Argonne National
Laboratory

U SA 30.06-03.07D .N .A rgyr iou

I .So loviev JRC for Atom. Technology,
Tsukuba

Japan ~ 30 .06-04.07

I G .Å .Biot teau I Ü Ü Â , Sacl ay I F r ance I 30.06-05.07

! G erm anyÂ .G uett l er I U n i v . B r aun schw ei e 1 30.06-07.07
! Â .D orner I I L L , G renoble 1F r ance I 07.07- 14 .07

I I L L G renobleI J.G im aret

Í Õ àçèäà JA ER I Jap an 29.09-
29.01.2000

1v x
l A r ~onne N at ion al ÜàÜ. ! U SA 116 . 10 -20 . 10! R . D e C a r d y

C a r o e n t e r

A rgonne N at i on al L ab . U SA 16 . 10 -20 . 10

Î .Steinsvoll N orw ay 17 . 10-0 1. 11L .S t e i n sv o l l I nst . f or Energy
T echnology , K j el ler
I nst . fo r En ergy
T echnology , K j el ler
Pohang A ccelerat or
L aaboratorv

N orw ay 17 . 10-0 1. 11

K im G uinyun K orea ' 24 . 10- 30 . 10

I Zhanq ü ï àî Üø I H EP. Bei i in e China ~ 29.10-20.12
101 11-07 11Å .St ein n es

' Univ. of Sc. & Technology,

Trondheim
N orw ay

1 I L L , G renoble F ranceI Í . -J .Ë. àØ åð ( 10 . 11- 18 .1 1

× .Lauter
À.F~schbutter
Ê.Walther

1À .Âî ù 1àï I U n iversi t y o f H elsink i I F in land I 17 . 11- 19 . 11

( G erm anyÊ .Î .Bramnik 2 1.11-27 .1 1

( G erm anyÐ Ç î ãñÜå1

TU Darmstadt
Univ. Leipzig
Univ. Leipzig

05.12- 17.12

I G erm anyF .H aeussl er 07.12- 13.12
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8 .5 . E D U C A T I O N

The education programme of FL NP is based on the chairs of L omonosov M oscow State
University and M oscow Engineering Physics Insti tute and admits students of the last two years
in higher education insti tutions 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 i ts disposal à 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 aff i liated with FLNP have been
organized, to à large extent, to prepare special ists in neutron physics for the L aboratory and
î áæåã 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.

À 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 scientif ic centers in Russia.

The Interfaculties Center gave graduation cert ificates 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 j oined the young
scientists who have renewed the staff of the FLNP Scientif ic Department of Condensed Matter
Physics to à noticeable degree.
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8 .á . P E R S O N N E L

D ist r i but ion of t he Per sonn el per Depar tm ent as of 01.01.2000

T hem e M ain st affDenar tm ents

-0974-

- 1031-

- 10 12-

-0993-

- 1007-

-085 1-

58

54

50.5

33

15

5 1

6 1

34

39

8

N uclear Phvsi cs Deoartment

Condensed M atter Phy sics Department
IB R-2 Soectrometers Comolex D eoartment

IREN D eoartment

Nuclear Safetv Sector
IBR-2 Department

Mechanical and Technical Department
Electric and Technical Department
Central Experimental Workshops
Desien Bureau

T ot a l FLNP infrastructure:
Directorate
Services and M anagement Department
Scienti f ic Secretary Group
ß(àé M anagement Group
Supplies Group

5

18

7

5.5

3

442

Per sonnel of t he D i r ect or ate as of 01.01.2000

P e o p l e

1 8

5 1

C o u n t r y

! A z er b ai j an

! A r m en i a

! B u l g ar i a

I ~ gy v t

~ G er m an y

~ G eo r g i a

( K az ak h st an

) M o n g o l i a

( P o l an d

( R o m an i a

~ R u ssi a

! U k r ai n e

I T O T A L
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8 .7 . F I N A N C E

Financing of t he FL NP Scient i f i c Resear ch Plan i n 1999 (th . USD )

N o. T hem e Financing plan,
; th.

Expenditures
for 12 months. %

I n % of F L N P

b u d getth .

~

Condensed matter physics
-1031-
-0851-
-1012-

4059.1
2357.4
1182.8
518.9

1376.3
808.0
333.8
234.5

33.9

34 .3

28.2

45.2

~

Neutr on nuclear physics
-0974-
-0993-

1119.1
619.1
500.0

1180.0
377.4
802.6

105.4

60.9
60.S

Ø Elementary par t icle physics
- 1007- 6.1 22.3 365.6!

I V Relat ivistic nuclear physics
-1008- 41.6

5225.9

16.8

49.5ly T O T A L :

7.0

2585.6

2 2 0
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