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We would like to introduce the report of the scienti f ic activity of the Frank
Laboratory of Neutron Physics for 1996. The first part i s à brief review of the
experimental and theoretical results of investigations in condensed matter physics, nuclear
physics and applied research. The second part presents the investigations which
characterize the main directions of research in greater detai l . The reader can receive à
more complete picture of the research carried out in the L aboratory from the li st of
publications for 1996 following Part 2.

À technical proj ect for the IBR-2 modernization has been developed. "Agreement on
realization of the plan for upgrading the IBR-2 reactor in 1996-2005" has been drawn up and

approved. If we manage to successfully implement the modernization proj ect, by 2005 à new
unique reactor which will exhibit record parameters wiil work for 25-30 years wiil be created.

Further development of the User Policy continued, aimed at attracting à larger
ï ø ï Üåã of physicists, chemists, biologists, and specialists in materials science to can y
out experiments at the IBR-2 reactor . In 1996, the ï ø ï Üåã of submitted proposals for

experiments was 153, the largest for the recent 3 years. The proposals ñàø å from 23 countries,
including nonmember-states of JINR. On the average, the requested beam time was 2.5 times

larger than that available.
The f inancial situation in the L aboratory changes drastically compare with the previous
years. Deficit f inancing and delays in funding the IBR-2 modernization proj ect (about 25% of
the plan) resulted in the suspension of work in all directions of the modernization proj ect,
because of deficit f inancing, à considerable delay in fulf ilment of the IREN proj ect has to be
noted. Instrument upgrades and the scientif ic program were provided for mainly from
financial contributions in the frame of JINR-FRG and JINR-Hungary agreements for

cooperation, as wel l as from î ë åã programs and funds.
The Frank Laboratory of Neutron Physics is one of the leading neutron centers of

Europe and continues to develop in spite of the dif f iculties its host country is currently
experiencing.

V.L.Aksenov
Director
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1.1. C O N D E N SE D M A T T E R P H Y SI C S

Gener al si tuation at the IBR-2. Fourteen neutron beams are extracted to the
experimental hall s of the IBR-2 reactor . On nine of them, neutron spectrometers for

investigations in condensed matter physics are positioned. Three of nine beams are spl it into two
by means of optical systems and as à result, the experimenters have twelve spectrometers (see
the Table) . A fter the replacement of the movable ref lector in M arch 1995, the reactor operates

stably and as à rule, in accordance with the adopted schedule.

Spectr ometer s for invest igat ions in condensed matter physics. To conduct condensed
matter investigations at IBR-2, four main techniques are applied: dif f raction, small -angle

scattering, inelastic scattering, and polarized neutron optics.
The group of dif fractometers includes HRFD, the high resolution Fourier dif f ractometer

for analyzing the structures of polycrystal substances, as well as internal stresses in bulk samples
for industrial application products, DN-2, the mul tipurpose dif f ractometer for investigations of
single crystals and long-range structures and for experiments in real -time mode, DN-12, the

dif fractometer for investigations of microsamples primarily at high pressures, and NSVR, the

multidetector dif fractometer for texture investigations.
A lso, one small -angle scattering spectrometer, Y uM O, exists and al lows à diverse

program of investigations into large-scale inhomogeneities (macromolecules in solutions,

micelles, density fl uctuations in hardening concretes, etc.) to be carried out.

The group of inelastic scattering spectrometers includes DI N, the direct geometry
spectrometer wi th à fast chopper mainly designed for investigations of l iquids (quantum and
classical), K DSOG, the inverted geometry multidetector spectrometer-di f f ractometer for

investigations of the phonon density of states and phase transitions, and NERA , the inverted
geometry spectrometer with crystal analyzers for |ï ÷åë® àéî ï ç of inelastic and quasielastic
scattering in hydrogen containing substances, as well as for molecular spectroscopy.

The group of neutron-optical instruments includes SPN, the polarized neutron

spectrometer operating both in the transmission mode (depolarization) and refl ectometer modes,
REFL EX -Ð, the polarized neutron refl ectometer, and REFL EX -N, the nonpolarized neutron

spectrometer. The experiments with the refl ectometers are conducted with the beams ref lected in
the horizontal plane.

User pr ogr am . The 1996 l ist of the IBR-2 spectrometers operating in the user mode
includes 9 instruments: HRFD, DN-2, NSVR, Y uM O, SPN, REFLEX-P, KDSOG, NERA , and

DIN. The beam time is distr ibuted in accordance with experts recommendations on the submitted
proposals and the existing long-term agreements for cooperation. The new spectrometer on the
list is the REFLEX -P with i ts f irst stage commissioned for test operation in the spring. At
present, DN- 12 is under radical modernization to be completed by the middle of 1997. The
formation of the neutron beam on REFLEX -N was completed, but i ts operation has been

temporari ly suspended in connection with the necessity to concentrate efforts on the provision of
the experimental program for REFLEX -P. The SNIM spectrometer was closed in 1996 in

accordance with the recommendations of the Program A dvisory Committee.
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The main parameters of the spectrometers and their sample environment systems meet
the world level standards. The ï ø ï Üåã of countries from where appl ications for beam time were
received has increased to 23. The application for the 1996-I I round is 1.6 times l arger than for

the 1996-I round. This is connected with that the user program is being continually developed,
as well as with the increased activity of the spectrometer leaders. The user program can be
extended by increasing the number of experiments on DN-2, REFLEX -P, DN-12, and DIN .

Execution of the scientif ic pr ogr am. The formation of the program was determined by
the parameters of the existing spectrometers and users' demands. The main directions of research

have been almost the same for à few recent years.
Diff racti on. At the IBR-2, neutron diff raction is used to investigate the atomic structure

of polycrystal l ine materials, phase transitions ø crystals under the action of external f ields,
crystals with incommensurable structure modulation, structure of novel materials (HTSC, GM R-

compounds, superprotonics, etc.) , multi layer l ipid membranes, orientational magnetic phase
transitions, texture of rocks, metals and al loys, and internal stresses in bulk samples, composite

and gradient materials.
In 1996, the program for investigations of mercury-based superconductors by neutron

diffraction continued. In the HRFD experiments, precision structural data were obtained. These
allowed the dependence of the superconducting transition temperature on the excess oxygen
content to be determined. This dependence appeared to be à parabolic one with the maximum at
about 0.20 free charge carriers per ÑèÎ í layer, in agreement with the established idea of the
formation mechanism of superconducting properties in layered copper oxides (× Ë .Aksenov,
Å.× .Antipov, À .Ì .Balagurov et al ., Phys. Rev. 1997). Experiments to determine the symmetry
of à low temperature superconducting phase (Fmmm or Cmca from the data in the li terature)
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were conducted with à 1;à~Ñè04.~~ single crystal containing extra oxygen in the miscibil ity gap
region. Figure 1 illustrates the HRFD diffraction spectrum for the [023] direction of the
reciprocal lattice of the crystal . At Ò=10 Ê, one can easily see that peak (023) splits into two
components corresponding to the oxygen-poor (Ð1) and oxygen-rich (P2) phases. The existence
of the (023) peak is the evidence of the Cmca symmetry of the P2 phase because for the Fmmm
space group this peak is forbidden (À.Ì .Balagurov, × Õ è.Pomj akushin, V .G.Simkin et al .
Physica Ñ, 1997).

In cooperation with Institute of Crystallography RAS (Moscow) and Û .Â (Saclay),
investigations of . the magnetic structure of the system U(Pdi ÄFeÄ)qGeq with à complicated
magnetic behavior at Ò( 140 Ê were initiated. The experiments were conducted with the HRFD
diffractometer in Dubna and with the G4.1 diffractometer ø Saclay. À radical change in the
character of ordering of the magnetic moments of uranium atoms in dependence on the
temperature has been detected already at lowest levels of iron doping. So, at temperatures lower
than 65 Ê in compounds with x=0.02, instead of the initial sinusoidally modulated structure à
simple antiferromagnetic structure appears and at temperatures above - 65 Ê, the z-component of

the propagation vector decreases with à j ump from é,=1 to k,=0.76 and continues to decrease as

the temperature increases (Figure 2).
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In the first half of the year (just before the start of modernization) ø cooperation with
the RNC "ÊÃ , on the DN-12 diffractometer for investigations of microsamples at high

pressures, à series of experiments with ammonium gallogenids ND4CL and ND@Br was completed
(earlier, the results for Ì Í äÑ1 were obtained and published (À.Ì .Balagurov et al , High Press.
Res. 14 (1995) 55)). The measurements were performed up to the pressure 35 kbar for ND4Cl
and 45 kbar for ND+ r (Fig. 3). The equations of state, as well as the dependence of the
position parameter of the structure and interatomic distances on the pressure, were obtained.
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The conclusion can be made that the behavior of all the investigated systems is similar in
many respects. The conf i gurat i on of ammonium atoms does not practically change (the length of
the È-D/Í bond remains constant), the distance between halide atoms and ammonium decreases
about linearly with pressure and at à certain pressure, the structural phase transition connected
with ordering of the ammonium orientation in the lattice (Ð; - 25 kbar for ND~ r) takes place.
The important observation was that the molecularity of these compounds decreases as the
pressure increases and at some pressure, the hypothetical phase transition to à ðèãå þ ï structure

might take place.
On HRFD, à program for residual stress investigations was realized in the frame of the

agreement for cooperation between FLNP and Fraunhofer Institute for Nondestructive Testing,
Saarbruken, Germany. Though this is à quite new direction for HRFD, à lot of studies were
performed ø à short time. For details see the experimental report by VË .Aksenov et al . in this

book.
Small-angle neutron scattering. The method is applied for investigations of polyelectrolyte

solutions, polymers, micellar formations, metallic glasses, concretes, and fractals. The goal of
the investigations is to determine the parameters of large scale inhomogeneities and their
behavior in dependence on the external conditions in these substances.

In collaboration with the Institute of Macromolecular Chemistry (Prague), the program of
investigations of amphiphile polymers with the YuMO small-angle scattering spectrometer
continued. .As is known, in water, block copolymers consisting of hydrophile and hydrophobic
molecules form micelles with à surprisingly homogeneous size distribution and, in addition, can
solubilize different organic molecules. In the conducted experiments, the dynamics of the
solubilization process was studied. This appeared possible thanks to an exclusively high
eff iciency of the YuMO spectrometer. Separate small-angle scattering spectra were measured in
10 min (and sometimes, in 2 min). It appeared that in the process of chloroform solubilization,
the change of the radius of à ÐÎ Ì À-ÐÀÀÑ micelle in the course of time strongly depends on
the extent of the initial neutralization of the solution (Fig. 4) (J.Kritz et al , Macromolecules,

1996).
In the experiment with DMPC lipid membrane multilayers, the reason for an increase in

their repetition period in the vicinity of the phase transition temperature which is close to the
critical temperature for lipid membranes, has been clarified. It has been shown that the effect is
mainly connected with an increase in the intermembrane space, i . å., with an increase in the
entropic repulsion in the critical region.

Detailed precision data on the temperature dependence of the length of cylindrical self-

organizing TDMAO (tetradecyldimethylaminoxide) micelles in water solution were obtained. As
it was to be expected, f irst the micelle lengths increased as the temperature increased, then
reached some plateau and, what was totally unexpected, started to decrease at the temperature
above 50' Ñ. The obtained results, as well as the block copolymer results, have yet to be

interpreted (N.Gorski et al , J.Appl.Cryst., 1997).
À large volume of work to study structural changes in tylacoid membranes during the

formation process has been carried out. Dark tylacoid membranes are directly connected with the
fundamental biochemical process of photosynthesis and therefore, to study their structure and,
specifically, the infl uence of external factors on the structural parameters is an urgent problem.
In the conducted experiments, the technique for obtaining standard samples of tylacoid
membranes has been finished î é'. With these samples, we managed to prove the existence of
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structural changes caused by à long exposition to light. The measured effects were analyzed in
the framework of the model of topological structural rearrangement. This allowed us to make the
conclusion that the rearrangement involves the formation of quasicylindrical domains in the
membrane and in the process of formation, the scattering density near the surface of the tylacoid
membrane increases (À.D.Tugan-Baranovskaya et al , Biochem. and Mol. Biol ., 38 (1996) 485).

Neutron optics wi th polarized neutrons. The ðè ãðî çå of the experiments is the
investigation of the micromagnetic properties of matter, determination of the characteristics of
the magnetic f ield interaction with matter, investigation of thin ò î ï î - and multilayer f ilms, and
investigations of open surfaces and hidden interfaces.

Earlier experiments to investigate small-angle scattering and polarized neutron depolarization
in à FepolViqo alloy revealed the existence of two magnetic correlation lengths different by à few
tens of times in the vicinity of the Curie point (Ò,=287 Ê) for this alloy. On the SPN
spectrometer, the first experiments to discover the effects connected with the possible
dependence of the phenomenon on the neutron wavelength were conducted. The measurements
were carried out over à wide temperature range in the vicinity of the transition point at several
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Fig.5. The dependence of the logari thm of the f unction
Ð( ë)/Ð~( ë) on X2 shows i ts li near character wi thout noti ceable

osci l lati on eff ects

~.î
Sam p le FeÄNi„ ( 1.0% Ñ )

Í =2.3 Î å
Ò= 298 .0 Ê
T= 303 .~ Ê
Ò= 3 11.4 Ê -

î . â external magnetic f ields. Clear evidence for the
temperature hysteresis of à magnetically disordered
é à1å àÜî ÷å Ò, and its dependence on the magnetic
f ield has been found. Figure 5 shows the neutron
depolarization as à function of Õ measured for three

temperatures near Ò, . The data are well described
by the function P(k)=Pg(k)exp(-è .ë ) without any

oscil lations. This is the evidence for à complete
disorder of the magnetic induction vector inside the
sample.
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As it was planned for 1996, the first stage
of the REFLEX-P polarized neutron reflectometer

was put into operation and the first test and
physical experiments were conducted. The neutron

beam is polarized by means of an optical system of two high-quality mirrors positioned in
parallel . The mirrors are made by sputtering Fe-Ñî alloy on à Ti -Gd substrate. The achieved
beam polarization over à wide. wavelength range is one of the best in the world for instruments
of its type (Fig. 6). One of the first REFLEX-P experiments was conducted to investigate
neutron refl ection from self-organizing polymeric films, polysteinsulfonate and polyall ilamine
with deuterization of each alternate layer.. The stability of these systems, as well as the
possibility to exert an infl uence on their structural parameters by introducing small molecules
into the interlayer space, was estimated. It was shown that, in spite of the essential rigidity of
the system, this infl uence exists, i .å., steeping . in salt solution will noticeably change the
repetition period of the structure.

I nelasti c neutron scatteri ng. On the IBR-2 spectrometers, the method of inelastic neutron
scattering is used to study the dynamics of atomic motion in molecular crystals, the dynamics of
hydrogen in metals, the dynamics of atoms and molecules adsorbed on the surface of substances,
magnetic excitations in ãàãå-earth intermetallic compounds, the density of phonon states in novel
materials and adsorbed layers, generalized frequency spectra, and stochastic dynamics in metals
and alloys. Investigations of the spectra of elementary excitations in superfl uid Í å are of
fundamental interest in connection with recent theoretical predictions of their properties not
studied experimentally before.

In 1996, the main direction of research with NERA was the investigation of the dynamics
of methyl and ammonium groups in compounds (ÈÍ 4)~30 4, (ND4)qSCN, C(NHq)p q, and
(ÑÍ Ç)2ÑáÍ 4 and solid solutions (NH4)i ÄKÄS0 4 and (ÛÍ 4)) ,ÊÜ,ÁÑÍ in cooperation of the
Institute of Nuclear Physics, Krakow. For solid ð-xylenes, incoherent inelastic scattering spectra
were measures for different substitutions of hydrogen by deuterium: ?) 0=(ÑÍ ~4 Ñ~Í 4,
D4=(CHq)qCqDq, D6=(CDq)qC~ 4, and D10=(CDq)qC434. This allowed modeling of the
rotational potential of methyl groups and the quantum mechanical calculation of the structure of
molecules and their vibrational spectra to be performed. In the first approximation, it appeared
possible to describe satisfactorily the results for all four molecules using one set of atom-atom
interaction potentials (Fig.7) (I .Natkaniec, J.Kalus et al, ECNS-96, Interlaken).
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With the KDSOG spectrometer, inelastic neutron scattering spectra (INS) of
hydrogeneted fullerite C~~ samples were measured in cooperation with the Institute of Solid State
Physics RAS. The samples were synthesized in hydrogen atmosphere at 620 Ê under the
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pressure 0.6 GPa with subsequent quenching to the temperature 85 Ê. After taking the INS
spectra, the sample was annealed at 300 Ê to have the composition Ñä;Í ~4 and its INS spectra
were measured again. In the process of annealing - 1.4Í ~ per C~~ molecule were removed. It
appeared possible to obtain the information about intra- and intermolecular vibrations in the

Ñ~îÈ~4 molecule, while the difference spectrum provided the information about the transition
energies between the rotational states of the hydrogen molecule, in particular, splitting of the
level (Î — ~1) at 14.7 meV due to interaction of Hz with the neighbor molecules CggHq4 was
observed (ÀË.Kolesnikov et al , ECNS-96, Interlaken).

On the DIN spectrometer, experiments to study the effects of |î ï and hydrophobic
hydration, ø particular, diffusive and vibrational-rotational motion of water molecules hydtrating
the Li+ ions in comparison to the motion of molecules of ðèãå water, continued. The comparison

has shown that the intensity of the first translational mode (å=á meV) decreases, the intensity of
the second mode (à=20 meV) increases, and the region of l ibrations remains practically without
changes (À.G.Novikov et al , ECNS-96, Interlaken).

Further investigations of localized states of hydrogen and oxygen in dilute solid solutions
VHÄ, V0», and ÓÍ , Î aimed at the determination of the interinfl uence of p- and s-doping

elements on the local structure of the defect space showed that at low doping concentrations, in
à triple system V-Î -Í , hydrogen is localized in the tetrahedral or "displaced" tetrahedral

positions. For the triple system, à considerable increase of quasielastic scattering possibly
connected with its delocalized hydrogen state was observed.

On DIN-2PI , trial experiments to measure dispersion curves for single crystals of simple
compounds were performed in the cooperation with the Physical Energetic Institute (Obninsk).
For à ï éãî äåï 4ãåå sample of steel (18% Cr, 15% Ni', 10% Mn), the positions of phonons in the

[110] direction were measured. The results were approximated by the model of central forces
taking into account the second coordination sphere. It is seen that the model describes well the
experimental data for the branch Tl over the entire range of momentum transfers and for the L
branch up to q/q =0.3 at least. The experiments have shown that conditions for dispersion

relation measurements in the low-frequency region of excitation spectra exist.

Development activities. In addition to work on the completion of the first stage of the
REFLEX-P spectrometer, intense effort was concentrated on the reconstruction of the DN-12

diffractometer (proj ect SUPERMAN). Âó the end of 1996, we managed to complete the
preparation for positioning of the ï ï ããî ã neutron guide manufactured by the Hungarian firm
"Mirrotron" . In the first quarter of 1997, the neutron guide will be put into operation and this

will allow the background conditions of the diffractometer to be essentially improved, as well as
the neutron fl ux in the region of long waves to be increased.

At HRFD, work to modernize the instrument and extend its possibilities continued. In the
system for control of Fourier chopper rotation, à magnetic type encoder capable of holding
higher radiation load than optical encoders was installed. This will make i t possible to increase
the neutron beam aperture, as well as increase the neutron fl ux on the sample by - 2 times.
À large +90' detector with 20 photomultipliers was installed, tuned, and put into operation. This
detector in combination with the -90' detector put into operation at the end of 1995 will allow

the radial and tangential components of the tensor of internal stresses to be measured
simultaneously without changing the orientation of the sample. At the beginning of 1997, the
second detector at à large scattering angle (20= 152' ) wil l be put into operation and this will

allow the data collection rate from polycrystal samples to be doubled. With support of the
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Institute of Nondestructive Testing (Saarbruecken, Germany), the necessary equipment for
increasing the eff iciency of internal stress experiments was purchased and include à loading
machine, à tensor scanner, and à nitride boron slit system. At present, experiments with the
loading machine are being carried out. The scanner and the slit system will be put into operation
at the beginning of 1997.

The two-dimensional detector with à position resolution - 3 mm for both axes started
operations at DN-2. This detector allows the realization of the three-dimensional neutron
diffractometry of single crystals, i .e. the collection of information in the volume of the reciprocal
space of the crystal without rotating the sample or the detector.

The new position sensitive detector for the SPN spectrometer was tested in real
conditions and will be put into operation ø near future. The parameters of the detector (the
resolution - 1.5 mm and the registration area 40õ120 mm) will ensure effective investigations of
the diffusion scattering of neutrons following refl ection and small-angle scattering for small
momentum transfers (10 -10 À ).

For DIN, an essential decrease in the background over the low energy region has been
obtained with the help of à rotating double collimator operating in phase with the IBR-2 power

pulses.

Scientific program of the Condensed Matter Physics Division in 1996 was performed
in cooperation with the following institutes and organizations:

Bulgaria
Czech Republi c
Ô ÿ~~
Fi nland
France
Georgia
Germany

Hungary
D.P. Republi c of Korea
Poland
Romania
Russia

Slovakia
Swåäåï
Swi tzer land
U.K.
Uzbekistan

Vietnam University; Institute for Nuclear Research and Nuclear Energy (Sofia)
Polytechnical Institute (Prague)
Atomic Energy Authority of Egypt (Cairo)
Technical Center (Espoo)
Laboratoire Leon Brillouin (Saclay); Institut Laue-Langevin (Grenoble)

University (Tbilisi)
Hahn-Meitner Institute (Berl in); Research Center (Rossendorf); University
(Bayreuth); Technical University (Kemnitz); Research Center (Darmstadt);
GKSS (Geesthacht)
Research Institute for Solid State Physics (Budapest)
University (Pyongyang)
Institute of Nuclear Physics (Cracow); University (Poznan);
Atomic Physics Institute (Bucharest)
Kurchatov Institute; Institute of Solid State Physics; Institute of Theoretical
and Experimental Physics; Petersburg Nuclear Physics Institute; Institute of
Physics of Metals; Moscow State University; Institute of Crystal lography
University (Bratislava)
University (Goteborg)
Paul Scherrer Institute (Vill igen)
Rutherford Appleton Laboratory (Abingdon)
Institute of Nuclear Physics (Tashkent)
Institute of Phvsics (Hanoi)

In greater detail, this cooperation is described in the "Topical plan for JINR research and
international cooperation" (Dubna, 11-7160 or http://www.j inr.ru/j inr/plan/).
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1 .2 . N E U T R O N N U C L E A R P H Y S I C S

In 1996, nuclear physics investigations with slow neutrons were carried out on seven
beams of the IBR-30 + LUE-40 neutron source, on the eleventh beam of the IBR-2 reactor and

on the neutron beams of î ë åã sources in Russia, Germany, France, the USA, and China. I t is
necessary to note that the new, valuable opportunities which opened after Russia j ointed ILL ,
Grenoble, have been used effectively: some measurements with cold and ultracold neutrons were
successfully performed. The research program for IBR-30 was formed, taking into account the
time schedule of creating the new neutron source for nuclear physics investigations — the IREN
project. In accordance with this schedule, the IBR-30 + LUE-40 complex has to be shutdown by

the middle of 1997, so it was necessary to concentrate all available resources on the most
important experiments. An extensive program for investigations of resonance neutron induced
fission was realized, as well as traditional investigations of the properties of highly excited states
of heavy nuclei , parity violation effects, and reactions with the emission of charged particles.

1.2.1. EXPERIMENTAL
Parity Violation and Tune-Noninvar iance Eff ects
in the Interaction of Resonance Neutrons with Nuc1åé

The first measurements of some neutron resonances (Å„( 20 å× ) of the pseudo-scalar

correlation (oÄky) between the neutron spin oÄ direction and the fission fragment momentum kÄ
were performed on the POLYANA setup with the polarized neutron beam of the IBR-30. The

specially designed ionization chamber and high intensity of the neutron source allowed us to
measure the energy dependence of the effect for the ~~~U target shown in Fig.1. For the first

time, the P-odd effect in the cross-section demonstrated interference in the energy dependence.
The quantitative analysis of the obtained results was closely related to the multi-level, many-

channel treatment of îáæåã interference effects investigated in FLNP for the resonance neutron
induced fission of the same target nucleus (see section Nuclear Fission for more details).

In the framework of the TRIPLE collaboration, the investigation of the mass dependence
of the mean-square matrix element Ì of the weak neutron-nucleus interaction continued on the

polarized neutron beam of LANSCE, Los Alamos. The measurements of the (oÄkÄ) correlation
were done by the method of capture gamma-ray registration for the Sn and ~~ßÜ isotope

targets. For neutron energies Å„ < 1000 å× , there are 15 and 17 known p-wave neutron

resonances for Sn and Rh nuclei , respectively. Only in three of them for Sn and in two for
Rh, the meaningful P-odd effects (on the level of three standard deviations or higher) were

observed. The results are being analyzed now. The recently completed analysis of the
experimental results obtained in 1995 for the Ag target nucleus yielded the respective Ì
value 2.4+1.7-1.1 meV. This indicates that the mean-square matrix element Ì , has equal values

for nuclei with close level densities.
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À very actual problem for some leading neutron centres is the study of time — non
invariant (Ò-odd) effects in resonance neutron induced reactions. The key diff iculty is large
polarized nuclear targets. Up to the end of 1995, when the high Ð-odd effect was discovered
near Å„ = 3.2 å× for à natural Xe gas target, the only real candidate for à polarized target was à

La nucleus. However, the possibility of utilizing à polarized Xe target is feasible only if the
Xe isotope responsible for the observed Ð-odd effect is odd. In this case, it is conceivable, in

principle, to polarize à Õå gas target by à circular polarized laser beam. The first isotope of the
ð-wave neutron resonance at Å„ = 3.2 å× was identified in the measurement of the (è, gamma)-
reaction for à natural Xe target on the IBR-30 pulsed neutron source. It is Xe with the spin • 13!

3!2. This result opens new possibilities for the experiments.

À new method of studying the time — noninvariant effect in the transmission of polarized

neutrons through à polarized target was proposed at FLNP. It consists of rotating the neutron
polarizer round the target by 180 . The estimated accuracy of the ratio of Ò-odd to P-odd matrix
elements is on the level of 10 if the above-mentioned rotation is realized with à rather -4

reasonable precision of 10 ~ rad. The method requires one neutron polarizing device and is free

at ò àï ó false effects inherent in î ë åã known experimental schemes. The only feasible neutron
polarizer for the proposed method is à Í å polarized filter. In collaboration with the Lebedev ç

Institute, à prototype of such à polarizer is being created. It consists of two aligned
aluminosilicate glass cells f illed with Í å at the pressure 10 atm. The active volume of one cell
is 40 cm with the cross-section 5.3 cm . The first experiments with this device on the neutron 3 ã

beam of the IBR-30 source are planned for the end of 1997.
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Nuclear Fission

of the U nucleus
Essential progress has been achieved in the realization of "full " experiments for

investigating resonance neutron induced fission of the U target nucleus. Due to improvement
of the experimental technique at low sample temperature (Ò- 0.1 Ê), the statistics for measuring
the angular anisotropy of fission fragments À2(Å„) with respect to the target spin orientation was
increased ò î ãå than twice. Thus, the experimental data for À2(Å„) are now available in energy
bins of 0.05 å× with an accuracy of 3 — 10 %, up to Å„ < 30 å× . With the aid of the original
ñî äå for multi-level , many-channel R-matrix analysis,. as well as with the specially modif ied
standard code SAMMY, À~(Å„) data fitting together with spin separated and total fission cross-

sections, and the neutron capture and total cross-sections was carried out. Some of the results are

shown in Fig.2.
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For the f irst time, three fission channels were taken into account: J~K = 3 Î ,
3 .1 and 3 2 for compound-states 3 as well as the interference of the U excited states with 23á

different spins. The presence of the A2(EÄ) data infl uences the results of the analysis, namely, the
signs and values of fission partial amplitudes. It is clear that. the experimental accuracy over the
inter-resonance regions has to be improved in order to have an unambiguous analysis.

Even at this stage of the investigation, the obtained partial f ission amplitudes form à
reliable basis for the quantitative analysis of other angular correlations of f ission fragments
measured recently by à FLNP-PINP collaboration and related with the interference of s- and p-
wave neutron induced fission. As mentioned above, P-odd correlations were first measured in
1996. Also in 1996, the measurements of the left-right (with respect to the plane formed by the
directions of the neutron spin and moment) correlations (see Fig.3) were completed. For
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comparison, in the same Fig.Ç, the previously obtained data for the energy dependence of the
forward-backward correlation (between kÄ and kp) are shown.

16

1ã

â

4

î
à " . -4

-8

~~

()

õ
- -4

á

~~

5 1î 15

NEUTRON ENERGY (eV)

ãî

emi ssi on è the neutr on ò éèñåñé f i ssi on of 2~ U

Irregularities in both dependences take place near unknown p-wave neutron resonances
of U. Fitting of these data is necessary to determine the full set of unknown R-matrix 235

parameters for all p-wave resonances involved. This could be achieved, in principle, if all
necessary parameters of the s-wave resonances are extracted from îáæåã experimental data. À
comparison of the partial fission amplitudes of s-wave and p-wave neutron resonances allows

one to study the parity structure of f ission barriers.

Subthreshold f i ssi on and delayed neutron yi elds
On the basis of the experimental technique described in the previous annual review the

measurements and analysis of the data on the cross-sections and relative yields of prompt
gamma-quanta from the U(n f ) reaction were completed. The energy dependence of the cross- 234

section up to 1 keV was obtained and the neutron resonance parameters up to 300 eV were
found. I t was established that ï î correlations of gamma-quanta yields with reciprocal f ission

~ „„„,áwidths exists and an approximately constant ratio ~ = ~ ó ,. for all observed resonances

22



(within à limit of two standard deviations). This means that the (n,gamma j ) process makes à
negligibly small contribution to the subthreshold neutron induced fission of ~~~Y.

In the course of 1996, the study of delayed neutrons (DN) continued with the aid of à
modernized ISOMER setup. The results for the DN yield from the thermal neutron induced
fission î Ã~~~Ðè were essentially improved due to the use of new metallic plutonium samples (30
and 56 mg). The background connected with the (à,n)-reaction decreased by an order of

magnitude. The measurements of the ratio p of delayed to prompt neutron fission yields for
~~~ßð at thermal energies were performed. Due to à very low cross-section (< 20 mb) even for à
large (40 g) and highly purified (to 10 of ' ~Ó and ~~ Ðè) sample, these measurements were

difficult to carry out. However, à high neutron fl ux of the IBR-2 reactor allowed the p value at
à thermal point to be first obtained with an acceptable accuracy: p=(0.41+ 0.06)%.

Also, the first direct measurements of the time dependence of the DN count rate have
been made for U and Ðè in time intervals of 350 ms. The results are shown in Fig.4.

~

Fi g.4. The experi mental delayed neutr on decay cur ve f or Pu and the cal culated ones usi ng diff er ent si x -gr oup sets ãç"

of constants: Â - R.Õ Tuttl e, Ñ- À .Ñ. Wahl , D - R. W. Waldo et al .

These data could be used to evaluate the contributions of shortest-life DN groups with

the precursor lifetime less than 0.1 s.

Highly exci ted states of nuclei

The coincidence gamma spectra of the (n,2~) for ~1, Í î , ' Lu and Òà target

nuclei with excitation of intermediate levels below the neutron binding energy, were studied. The
probabili ties of primary gamma-transitions and transitions from intermediate to low-lying levels

obtained from the experimental data for these isotopes, as well as for à broad set of previously
investigated heavy nuclei , demonstrate the following general peculiari ties of gamma decay: à)
the dominant role of the vibration excitation modes in the exci tation energy interval
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1-3 MeV; and Ü) the failure of common nuclear models to reproduce the shape (and energy
dependence) of the observed gamma spectra. These results could be interpreted as à strong
evidence of the existence of the phase transition from mainly vibrational excitations to quasi-

particle ones ø heavy excited nuclei .

Radi ati ve resonance neutron capture
On the basis of the modif ied ROM ASHKA setup, spectra of gamma quanta multipl icities

after the radiative capture of neutrons with energies from 20 eV to 2 keV on the In, Sn,
~~~7, ~~~Ëè, and 39Ðè targets were measured on the sixth beam of IBR-30. The spins of the
neutron resonances of the ~ Sn and ~~~Åè compound nuclei were obtained. . From the

measurements of the multipl icities of gamma-quanta emitted after f ission and radiative capture in
î „ /

the ~~U target, the ratios + = / î were extracted for 72 resolved resonances and energy groups

below 1 keV. These data allows one to resolve the contradictions between the à values obtained
for the resonance region and those from experiments ~è é critical assemblies.

Neutron capture by ~Ñà at thermal and thermonuclear energi es
The thermal cross-section of the Ca(n,y) Ñà reaction was measured at the BR1 reactor

in Mol , Belgium. It was obtained by the registration of y-quanta from the reaction, as well as
from the decay of Ñà using à set of Compton suppression Í Ð Ge detectors. The result is
0.982+-0.046 Ü. This value is about 10% lower than the previously measured one, Our

experimental error is also three times less.
The cross-sections of the same reaction were measured at the Van-de-Graaf accelerator,

Karlsruhe, Germany, by the method of fast cyclic activation at the neutron energies 25, 151,
176, and 218 keV. The enrichment of the Ñà sample was 77.87%. The respective results were
751+68, 331+40, 306+31 and 304+31 ðÚàãï .

The astrophysical reaction rate extracted from our data does not depend on temperature
and is equal to N<ov>= 1.2 õ10 cm ï þ Ã s .

Neutr on induced r eact ions with char ged par t icle emission
For the f irst time, the cross-section of the Cl(n,ð) S reaction was measured at thermal 35 35

energies by the time-of -fl ight method using the neutron beam of the IBR-30 source. Dif ferent

from previous measurements, which were done by the activation technique, the original
ionization chamber was used to register the emitted protons. The obtained result 575+13 mb

considerably exceeds the previously publ ished ones.

I n v e s t i g a t i o n s w i t h u l t r a c o l d n e u t r o n s

T h e f i r s t s t a g e o f t h e t e s t e x p e r i m e n t s h a s b e e n c o m p l e t e d w i t h t h e h i g h - d e n s i t y u l t r a c o l d

n e u t r o n ( U C N ) s o u r c e a t t h e Â Í Æ p u l s e d r e a c t o r , V N I I E F , S a r o v . T h e r e s u l t s sh o w t h e

o p p o r t u n i t y f o r a n e s s e n t i a l i n c r e a se i n t h e o b t a i n e d U C N d e n s i t y , w h i c h i s n o w o n t h e o r d e r o f

5 0 n / c m ç . T h i s v a l u e , e v e n a t t h e p r e l i m i n a r y s t a g e , a p p e a r e d t o b e c l o s e t o t h e U C N d e n s i t y

a c h i e v e d a t t h e m o s t p o w e r f u l U C N s o u r c e i n I L L , G r e n o b l e , F r a n c e .

T h e f i r s t e x p e r i m e n t s s t u d y i n g U C N u p - s c a t t e r i n g i n t h e v e l o c i t y r a n g e o f 10 - 2 0 0 m / s

w e r e c a rr i e d o u t o n t h e M A N A G R e x p e r i m e n t a l s e t u p c r e a t e d i n 19 9 5 a t t h e Ï 1 r e a c t o r ,

G r e n o b l e , i n c o l l a b o r a t i o n w i t h P I N P , G a t c h i n a . T h e r e s u l t s s t i m u l a t e d t h e m o d e r n i z a t i o n o f t h e
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i n st al l at i o n , w h i c h w i l l b e c o m p l et ed b y t h e b eg i n n i n g o f th e n e x t ex p er i m en t al r u n ø th e

sec o n d q u ar t er o f 19 9 7 .

I n th e f r am e o f th e F L N P — K u r c h at o v I n st i t u t e , M o sc o w — I L L M el b o u r n e U n i v er si t y

co l l ab o r at i o n , t h e f i r st ex p er i m en t s w er e c ar r i ed o u t o n à p r ec i si o n t est o f t h e n eu tr o n w av e

d i sp er si o n l aw u si n g an o r i g i n al m et h o d b ased o n th e F ab r i - P er r o t i n t er f er o m et r y . T h ese

m easu r em en t s c o n f i r m th e f easi b i l i t y o f t h e t ec h n i q u e an d a l l o w t h e ac t u al sen si t i v i t y o f t h e

m eth o d to b e est i m at ed . T h ese ex p er i m en t s w i l l b e c o n t i n u ed ø 19 9 7 at I L L .

1.2.2. TH E ORE TI CA L

The contradiction between the results of two experimental groups reporting different
values of the n-e scattering amplitude extracted from transmission and diffraction measurements
was analysed. I t was shown that in the transmission experiments, important corrections due to
the difference between the coherent scattering length and the scattering amplitude were not taken
into account. In the diffraction experiment, it was pointed out that scattering by à crystallite is
not necessarily proportional to the coherent cross section. For à sufficiently large crystallite, it is
proportional to the coherent scattering amplitude. Thus, it is necessary to measure the
distribution of the crystallites in the given sample, which had not been done. Therefore, for now,
neither experimental value for the è-å scattering amplitude can be taken as reliable.

An analytic derivation of the extended (generalized) Hartry-Fock potential (EHFP) and

the real part of the nucleon optical potential for finite spherical nuclei have been obtained, taking
into account the structure of the free nucleon-nucleon interaction. It is shown that in finite
nuclei, the real part of the nucleon optical potential constructed on the basis of the EHFP has
more complicated radial , isotopic and energy dependences, and the form of the spin-orbit term in

comparison with phenomenological optical potentials. In calculations based on the proposed
approach the realistic scale of the spin-orbit potential was first obtained without the use of

relativistic nuclear models. The essential role of the gradient terms of the EHFP in forming the
optical potential was revealed.

1.2 .3. M E TH OD O L O G Y

N ew m et h od of n eu t r o n sp ect r a g en er at i on at st a r t em p er at u r es

T he m ethod o f M ax w el l i an neutron spectr a gener ati on (cr eat i o n) i s p ro po sed w i th à

var i ab l e tem per atur e i n th e r ange of 10 -50 k eV . T o ob tai n th e necessar y spectr a, th e r eacti ons

L i (p ,è ) and Ò(ð ,n ) as neutro n sources and à gr aph i te or l ead m oder ator o f spec i al co nf i gur ati on

can be used . T he cal cu l at i on of the setup p ar am eter s and M onte-C ar l o si m ul at i on of th e neut ron

spectr a hav e been car r i ed o ut . T he f i r st ex p er i m en ts w i th th e new neutron so ur ce ar e p l anned f or

the m idd l e o f 199 7 .

Test exper iment on the UGRA setup
The f irst stage of testing of the UGRA setup has been completed and the test

measurements at planned vacuum were performed. I t was conf irmed that the accuracy necessary
(î measure the electric polarizabi l i ty of the neutron can be achieved. The problem of ò î ãå stable
and effective detectors has to be sol ved (î start data taking.
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1 .3 . A P P L I E D R E S E A R C H

In the reported year, analysis of methodological possibilities for analytical and radiation
investigations on the IBR-2 channels continued. In particular, the directions of scientif ic research
and the present state of the instruments and their equipment on channel 11 (BPC) were
discussed. Earlier plans were to use the channel mainly for biophysical experiments and dynamic
neutron radiography. Recently, the ï ø òî ã neutron guide forming the thermal neutron spectrum
on channel 11 (one of the first channels at IBR-2) has been successfully used for investigations
ø the physics of delayed neutrons by the group of Yu.$.Zamyatnin together with the NAA
sector staff . This work has got f inancial support and is developing successfully. At the same
time, experiments to investigate residual stresses in materials (À.Ì .Balagurov and J.Schreiber)
have à claim (also financed) on channel 11 with à mirror neutron guide. These two directions
form the scientif ic activity on channel 11. In this situation, à compromise has been made by
proposing the creation of à split neutron guide system instead of the old system of collimators

and one neutron guide.
In the reported year, experimental investigations were carried out in several directions.
On the IBR-2 radiation channels of the pneutransport facility REGATA, NAA

investigations of the distributions of heavy metals and îáæåã elements in environmental obj ects

and novel materials were conducted.
The NAA sector, in cooperation with Romanian scientists, completed the biomonitoring

stage of heavy metals and î ë åã elements in industrial and adj acent areas in Romania under the
auspices of the European proj ect "Í åà÷ó Metal Atmospheric Deposition in Northern Europe" .
The data on the Ñè, Cd, Pb, V, Cr, Fe, Ôã', Zn, and As contents (the Pb and Cd contents were

determined by the method of atomic adsorption (AAS) in Norway) were accepted by the
Organizing Committee for publication in European Atlas for 1996. I t is the first time the
obtained experimental information on 37 elements, including ãàãå-earth and toxic elements, in
addition to the above enumerated elements, has allowed à complete picture of the technogenic
effect on the environment of the heavy industry centers and gas- and oil-refining plants of

Romania to be obtained.
Under the auspices of the bilateral agreement with the Polish Republic "Determination of

Elemental Composition of Aerosols by INAA as à Tool for Evaluation of Environmental
Pollution" , an analysis of air f ilters taken from Warsaw and Krakow was conducted to determine

the main pollutants and finishing off the method of analysis by different types of f ilters. The
analysis has shown that Krakow experiences à strong infl uence of the most developed industrial
region in Poland, the Katowice region.

Investigations of the moss, peat, and soil samples collected above the Pole circle in
Norway and Finland were completed. The analysis of peat drills to the depth of 50 cm allows
changes in the element composition of distant air transfers over à long historical period to be
detected. Analysis of halogen contents over the Arctic Ocean - European continent transacts has
allowed the role of marine components in atmospheric aerosols in Scandinavia to be determined.

The important directions of research connected with monitoring of different ecosystems
in Russia, in particular, the Murmansk region and central Russia (ecosystems of the Volga and
Oka rivers), and the atmosphere in West and East Siberia were conducted in cooperation with
ecologists from the Kola Scientific Research Center of the Institute of Industrial Ecology of the
North of RAS (the town of Apatity), The Institute of the Lithosphere of Earth (Moscow), and
the Institute of Chemical Kinetics and Burning of the Siberian Branch of RAS (Novosibirsk).
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On the basis of the analysis of 160 samples of soi l and pine needle taken in the vicinity
of the plant for production of phosphorus ferti l izers ø the town of Apatity and the adj acent
areas ø the M urmansk region, the source of environmental pollution with à number of elements,
including ãàãå-earth elements (REE), La, Ñå, Nd, Sm, Åè, Tb, and Yb, was identif ied. The REE

concentration is very high in A patity . These results are extremely important because for the
present, the role of REE and their infl uence on ecosystems and animal l ife is yet l i ttle studied.

For monitoring of ecosystems of central Russia (the basin of the V olga and Oka rivers)
samples of soi l , plants and sediments were analyzed. The data on the concentrations of 30 to 45
elements in 150 samples were submitted to the Insti tute of the L ithosphere of Earth of RA S
(M oscow).

The element analysis of atmospheric aerosols (ÀÀ ) with dif ferent dispersion compositions
from West and East Siberia was conducted wi th the aim of à complex investigation of their
properties and characteristics. The NA A analysis of 500 ÀÀ samples yielded the data on ÀÀ
compositions in dif ferent areas of the Novosibirsk and Baikal regions (Novosibirsk, Kliuchi ,
Karasuk, L ake Chany, L ake Baikal , etc.) important for clarifying the similarities and pecul iari ties
of À À compositions on the regional and local levels and studies of year ' s and seasonal changes

in the dynamics of the ÀÀ element composition. The obtained data were submitted to the
Insti tute of Chemical K inetics and Burning and wil l be used for the formation of the data bank
on ÀÀ in Siberia, determination of the sources of antropogenic pollution to estimate the ÀÀ
effect on the environment, vegetation and animal world, as well as on the health of local
population.

Òî investigate radiation-resistant materials for new detectors, the nature of radiation dying

centers, and the structure of defects, the fol lowing work has been carried out.

Single crystals of ÒÁ å, Tll nSe2 and InSe superconducting compounds with à strongly
anisotropic lattice structure were synthesized and grown by the method of orientational
crystall ization.

With the REGATA faci l ity at IBR-2, crystals of TISe (p11=p1=1 10 ohm ñò ) and TllnSe2
(p11=p1=2 10 ohm ñò and p11=p1=5 10 ohm cm) were irradiated with à fast neutron fl uence 4

1.5 10 ï ñò and 1.5 10 ï ñò to investigate the infl uence of radiation defects on the 16 -2 1ò

anisotropy in electric conductivity and the parameter " à" of the tetragonal crystal lattice.

The heterotransi tions TlSe - Ò11ï Áå2 (110) were obtained by the method of l iquid epi taxy.

Áî ò å of their physical properties were investigated. I t is shown that the volume charge region is
displaced relative to the metall ic boundary of the transition towards the ÒÏ èÁå2 substrate. I t has
also been shown that heterotransitions are sensi tive to 'ó-n-radiation.

The new method for intercalation of anisotropic crystals has been developed. We applied
for the RF patent and i t was granted.

Distributions of dif ferent admixtures in à ï èò Üåã of minerals (topaz, beryl , ol ivine) were
studied and their correlation with dying centers before and af ter neutron irradiation at IBR-2 was
found.

À cycle of neutron diffraction experiments was conducted at the reactors in BENSC
(Berlin, Germany), FNIFKhI (Obninsk, Russia), and FLNP JINR. Õ-ray experiments were
carried out in the University of Kiel and Munich (Germany) and the data on Bragg diffraction
and diffusion scattering on single crystals of the ZrOq - YgOg system (3, 12, 30 mo1%) were
obtained. On the basis of calculations, models of defect structures accounting for short-range and
long-range orders have been suggested.
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N E U T R O N D I F F R A C T I O N ST U D Y O F

ST R U C T U R A L C H A N G E S I N A M M O N I U M H A L I D E S

N D ~Â ã A N D N D 4C l U N D E R H I G H P R E SSU R E

À .Ì .B A L A G U R O V , D .P .K O Z L E N K O , Â .N .SA V E N K O

I ' I .N P , J I N R, 14 1980, D u bna, R ussi a .

V.Ð.GLAZKOV, × .À.SOMENKOV
RRC "Kurchatov Insti tute", 123182, Moscow, Russia,

The ammonium halides N~ Br, N~ C1, N~ I and their deuterated analogs
have attracted à great deal of attention ø the scientific literature. They show à
ï ø ï Üåã of phases" and the order-disorder phase transition (Õ-transition) was
proved to be of great interest' .

Structural changes in ammonium halides ND4Br at pressures up to 45 êÜàã
and ND4C1 up to 35 kbar have been studied with the DN-12 (ÈÒãàñ(î ò å~åã ~. The
samples were placed between sapphire anvils~ ~, , which were used to create the
pressure. The sample volumes were 2.5 mm3. Two ring-shaped detectors (16

independent Í å-counters in each ring) 800 and 700 mm in diameter were used to
gather the scattered neutrons. The scattering angles were 45' and 90' ; the diameter

of the incident beam was 2 mm. All the experiments were performed at ãî î ãï
temperature. The pressure was measured by à ruby fl uorescence technique.

À orientational phase transition from the phase in which the ammonium
tetrahedra are randomly oriented (CsC1-type cubic structure, space group Pm3m)
into the phase in which the ammonium tetrahedra are oriented ø parallel (CsC1-
type cubic structure, space group Ð-43m), for ND4Br at the pressure 26( Ð( 31 kbar
and ND4C1 at the pressure Ð<13 kbar was observed, in agreement with the previous
investigations by îáæåã methods.

The obtained equations of state with the ones for nondeuterated systems
NH4Br and NH4C1 obtained by piston-displacement technique are shown in fig.1.
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Position parameter, N-D bond length and D-Br (D-Cl) interatomic distance

as functions of pressure are shown in fig.2.
Under pressure, in both systems the distance between halide ions and the

molecular ammonium þ ï decreases. The N-D bond length remains nearly the same

but shows à tendency to grow.
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I nt roduction
Putting into operation in 1992 of high resolution Fourier dif fractometer (HRFD) [ 1] at the IBR-2

pulsed reactor has al lowed to begin realization of the residual stress investigation program in bulk
samples for industrial applications [2] . HRFD includes the following equipment: four detectors at
the scattering angles of 190' ( the solid angles of 28 and 7 msr) and + 152' (the solid angle of 80 msr

each), 4-axis (õ,ó,z,ñî ) neutron scanner for simple experiments, two multi -sli t radial coll imators with
gauge volume resolution of 2 mm for both +90' -detectors, load testing machine and nitride boron
slit systems. In nearest future 5-axis (õ,ó,z,â ,Q) "HUBER" goniometer wi l l be used for ful l strain
tensor measurements. High neutron fl ux at the sample position (- 10 n/ñò ~/s) and high d-spacing
resolution (b d/d= 1.10-ç at 20=+ 152 and 4.10- at 26=+90 for d=2 À) of HRFD gives à possibi l ity

for precise strain measurements within reasonable beam time. À combination of the time-of-fl ight
technique and two-detector system at the scattering angles +90' allows one to measure à large

number of refl ections simul taneously in two mutual ly perpendicular directions. W ith the help of
these detectors measurements of residual stresses were performed in some samples for the industrial
application.
Research program is realized in the frame of the agreement between FLNP, Dubna and FINT,
Saarbr0cken. This report describes some experiments for residual stress investigation performed at
HRFD during last 2 years.

Austenit ic steel tube with à welded fer r it ic cover
Shape welding is an interesting alternative method for manufacturing, but the existence of
uncontrollable residual stress distributions in welded materials prevents its wide appl ication. On the
other hand, shape welded ferri tic layers on austenitic tubes can help suppress stress corrosion
because these layers produce compressive stress states on the austenitic tube. The analysis of
residual stresses through the ferri tic weld into the austenitic material can be helpful for the
optimization of the corresponding welding technique.
Seven layers of the ferri tic steel with 135 welding traces and à total cover length of 1100 mm were
welded on à 15 mm thick austenitic steel tube with an outer radius of 148 mm. The outer radius of
the whole manufactured two-layer tube was 168 mm. The sample with the size of 10x30x35 mm'

was cut from this tube (f ig. 1).
Two orthogonal strain components can be measured simultaneously by two detectors at the
scattering angles î ( +90' . Since the aim of the study was to compare the data obtained by neutron

diffraction method with those by the destructive turning out method and the theoretical predictions
by the f inite element method, i t had sufficed ñî measure strains only in two orthogonal directions of
the scattering vector Q . In our case, these were the radial (å„ ä) and tangential (å, ) strain
components. Strain scanning in à radial direction (õ-axis) across the weld to à depth of 2 mm from
the surface of the sample was conducted with the neutron scanner. To form the direct beam, à boron
nitride diaphragm with à sl it of 2 mm wide by 20 mm high was instal led at the exit of à mirror
neutron-ð èäå. Òî set the scattered beams at +90' , di aphr agms with à sl it width of 2 mm were
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instal led at à distance of 42 mm from the center of the diffractometer. The gauge volumes formed
by these diaphragms wåãå 2.1õ4.5x 19.4 and 2.1õ2.6õ 19.4 mm3 for the +90 and the -90 detectors,

respectively .
From experimental data it is easy to calculate the di fference between the tangential and radial
components of the stress tensor a~ -aÄ~=E(1+v) ' (å, -å„ ä) (under the elastic model assumption).

For the ferri tic part (à -phase), good agreement of the neutron data with the results of î áæåã methods
was found (f ig.2). For the austenitic part (ó-phase), disagreement is obviously due to uncontrol lable

infl uence of Ï .kind microstresses on the neutron results.
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Fig. 2. The dependence of î ~ -aÄq on the
coordinate õ, where õ=Î corresponds to the

transition layer.

Fig. 1. The investigated sample and the
(õ,ó,z) sample-related coordinate system.

In summary it should be noted that the f irst neutron dif fraction investigations of residual stresses in
shape welded tubes yielded sati sfactory results. Qualitative and even quantitative agreement with
the destructive turning out method results, as well as the FEM calculations can be acknowledged.
However, in subsequent investigations à more complete analysis of the residual stress state can be
expected. It is planned to measure all three stress components with à larger tube segment. For this
purpose, the so cal led èï àòó-method wil l be applied using Õ-ray and neutron dif fraction techniques.
In addition, i t would be useful to determine the elastic constants for the both phases by carryi ng out

à tensile test experiment.

Neutr on elastic constants
Austenitic stainless steels are widely used because of thei r high corrosion resistance and toughness.
High resolution neutron dif fraction was applied to estimate the mechanical properties of austenitic
stainless steel and to determine neutron elastic constants of the given material . The examined
material was an austenitic stainless steel X6CrNiTi 1810 of the fol lowing content (wt %): Ñ - 0.04,
Si - 0.44, M n - 1.14, Ð - 0.033, $ - 0.004, Cr — 17.74, Ni — 19.3, Ti - 0.35. The investigated sample of

austenitic steel was subj ected to à load in situ in the neutron beam, using à special purpose testing
machine. The elastic strain was measured for di f ferent crystal planes (hkl), paral lel and
perpendicular to the applied load direction (fig. 3). From the slopes of the strain-stress l inear

dependencies the elastic modules E~) and Ei as à function of the anisotropy factor
,=(1~~Ê~+1,~1~~-k~1~)/(1~~+1~~+1~)~ were obtained (f ig. 4). The strains determined from the lattice

parameter changes by the Rietveld prof ile refinement technique and corresponding to the anisotropy
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f actor Ã~ö -— 0.2 are also included. The el astic constants St t , Stq and Á.ä w ere cal cul ated i n the f rame

of the H i l l model which assumes taking of an ar i thmetic average of the Reuss and V oigt model
values and gives the resul ts very close to the K roner model v alues. T hus, the fol l ow ing val ues were
obtained : Á ö — 6.70õ 10 ~ M Pa-' „ S t~ — — -2.24õ 10-~ M Pa-' , and S~~ -— 12 .43x 10 ~ M Pa ' .
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Fig. 4. Dependence of the elastic modules E~~
and E~ parallel and perpendicular to the
applied load versus the anisotropy factor Ãöä.

Fig. 3. Stress-strain relationships for di f ferent

refl ections (hkl) measured in direction parallel
and perpendicular to the applied load.

Austenitic steel samples with different degree of low cycle fatigue
The infl uence of applied cyclic load on the materials mechanical properties is of great current
interest. In order to investigate residual stress evolution à series of the austenitic steel samples with
different degree of low cycle fatigue was studied. The cylindrical samples produced from austenitic
stainless steel X6CrNiTi 1810 (see above) were subj ected to à number of tensile-compressive
loading cycles with à maximum plastic deformation of + 0.6% at the frequency of 0.1 Hz. The
number of cycles corresponding to the sample failure was N =1020. As is well known, as à result
of thermal treatment or plastic deformation, austenitic stainless steel undergoes à phase transition to
the tetragonal martensitic phase. The tetragonal distortion value for the martensitic structure
strongly depends on the carbon content. In our experiment due to à low carbon content only the
diffraction peaks characteristic for à martensitic cubic structure were registered. An increase in the
.martensite volume fraction was observed at an 'increase in the cycle fatigue degree N/Ì ,„ (fig. 5).

The data were obtained from the Rietveld profile refinement. The residual strain for both phases
was measured in the longitudinal and radial directions. It was assumed that the stress field
distribution in the sample had the cylindrical symmetry. The stresses calculated from the (311) and
(220) refl ections for austenite and martensite, respectively, are shown in fig. 6. For an austenitic
matrix, the elastic constants determined from the previous experiment were used and for martensite
were taken from the literature. It is necessary to note that stresses in austenite are mainly
compressive while stresses in the martensite phase are tensile.
The analysis of the diffraction peak broadening point to à partial relaxation of estimated
microstresses as the fatigue degree increases. Most likely this phenomenon is connected with à
growth of microcracks in the bulk of the material . For à ò î ãå brittle martensitic phase, this effect is
more pronounced in comparison with austenite. Usually after plastic deformation the martensite
phase produces à structure of oriented plates or laths. Therefore martensite texture formation during
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phase transition can be expected. Indeed the registered neutron dif fraction spectra from austenitic
fatigued samples shown texture presence and its variation in dependence of the fatigue degree.
Consequently further detai led researches will be devoted to the quantitative analysis of the texture
evolution in dependence of fatigue degree and its infl uence on the residual stress distribution.
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Fig. 5. Dependence of the martensitic volume
fraction versus the fatigue degree. The l ine
serves as à guide for the eye.

Fig. 6. Phase stresses and microstresses
versus the fatigue degree

Other exper iments
The functionally gradient materials (FGM ) as well as composites are very promising type of

advanced materials with enhanced properties. It is obvious that the mixture of materials with rather
di fferent parameters of thermal expansion is fol lowed by the appearance of residual stresses, which
have ñî be control led. At the HRFD the structural changes and the variation of the residual stresses
in di fferent W-Cu and SiC-M oSi> gradient samples, prepared by an anode oxidation of porous
electrodes and î áæåã methods, were studied. The samples were scanned by neutron beam with
spatial resolution of - 1 mm in gradient direction. The tungsten and si l icon carbide volume content

and macrostress component changes were estimated from Rietveld profi le ref inement.
Another interesting type of material studied at HRFD are composites with A l inf i l tration in

porous À120 3 matrix (the matrix porosity degree was 15%, 25% and 35). The analysis of A l
dif fraction peak intensities revealed sharp texture presence for this phase whi le in the matrix phase
the preferred orientation was absent. The total profi le refinement results which corresponds ñî
averaging on al l (hkl ) directions are compared with ones obtained from separate dif fraction peak
processing, which enables to estimate the intergranular stress fl uctuations.

Òî obtain information on the stress state at the interface of à Si -chip on à À120 3 substrate the
neutron and Õ-ray di ff raction results were combined. The residual stresses in À120 3 plate are due to
the housing of the Si-chip by an epoxidic layer. The results f it quite wel l with the FEM simulation.

Refer ences
[1] V .L .Aksenov, À .Ì .Balagurov, × .G.Simkin, Yu.V .Taran, V .À .Trounov, V .À .Kudrj ashev,

À .P.Bulkin, V .Î .M uratov, P.Hiismaki , À .Tii tta, Î .A ntson. The new Fourier di f fractometer at
the IBR-2 reactor : design and f irst results. Proc. of ICANS-X II (Abingdon), 1993, vol . l , ð.124.

[2] V .L .Aksenov, À .Ì .Balagurov, × .G.Simkin, Yu.V .Taran, V .À .Trounov, V .À .Kudrj ashev,
À .P.Bulkin, J.Schreiber. On determination of residual stresses with the high resolution Fourier
diffractometer at the IBR-2 reactor. Applied Crystal lography, Proc. of X V I Confer. (Cieszyn),

World Scientif ic, 1995, ð.120.

38



I N V E ST I G A T I O N O F Y p.óÐÈ î .çÂ À ãÑ U çÎ ~+õ ST R U C T U R E

U N D E R PR E SSU R E S U P ÒÎ ) 3 G PA

× .N .N arozhnyj ' , À .Ì .B alagurov , Â .N .Savenkob, , D .V .Shepty akov ~, V .Ð.G l azk ov '

' Insti tute f or High Pressure Physi cs, Troi tsk

FLNP, Joint Insti tute f or Nuclear Research, Dubna
'Russian Sci entif i c Center "Kurchatov Insti tute", Moscow

~

We have studied the powder sample of Yp qPrp qBaqCuqOq+Ä (further, Y(Pr)-123),

prepared in the Institute for high pressure physics (Troitsk). The content of an extra oxygen in it
was close to 0.9. Later this value as well as the stoichiometry of the compound were proved to
be realistic from the point of view of neutron diffraction at ambient pressure in different
scattering regimes (forward, perpendicular and back scattering) and were fixed to the exact
values at all the refinements at high pressure.

We used the sapphire-anvils high pressure cell (designed at the RRC "Kurchatov
Institute") to create the desirable pressures at the sample. The pressure was measured by

detecting the displacement of the ruby luminescence lines; the uncertainty of these
determinations was 0.05 GPa (0.5 kbar).

The experiments with the sample were carried out at the DN-12 [1] time-of-fl ight
diffractometer specialized for microsample investigations at the IBR-2 pulsed reactor in Dubna.

For each pressure, the neutron diffraction patterns were collected at two different angles
simultaneously (usually near 45' and 90' ). Besides that the whole series of measurements at
ambient pressure were ò ë å at different scattering angles from 45' to 138' (covering the range

of ñ/ëö from 1.0 to 5.0 Å) on à sample with à volume of approximately 20 mm in order to
purify the peculiarities of the original structure (stoichiometry of the compound, thermal
parameters of different atoms). As all the refinements at ambient pressure gave practically
identical results these values were fixed to the ideal values at all the refinements at high
pressure. The experiments in the high pressure cell (sample volume <2 mm ) were carried out at

pressures of 1.5, 2.8 and 3.3 GPa in the regions of Èöä f rom 1.8 (î 5.0 Å (at scattering angle
20 =45' ) and from 0.95 to 2.56 Å (at scattering angle 90' ). The later regions of the diffraction

patterns were processed with the Rietveld method as containing the greater number of the Bragg
refl ections.

Rietveld ref inement treatments of the diffraction patterns obtained at zero pressure at the
DN-12 diffractometer were used to estimate the values of the initial lattice parameters and the

atoms coordinates in the structure. The treatment of data obtained at high pressures gave us the
information about the structural changes caused by applying the high external pressure to the
system. À view of parts of the Rietveld refinements for the Y(Pr)-123 structure at zero pressure

and at pressure 3.3 GPa are shown in f ig. 3. Detailed results of the diffraction pattern treatments
at pressures Î , 1.5, 2.8 and 3.3 GPa are presented in the table l .
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correspond to the posi ti ons of the calculated Bragg peaks. ,

T ab l e
Refined structural parameters of Y(Pr)-123 ceramics at different pressures,

Instrument: DN-12. 20 =90 deg.

P a r am et e r 3 P r e ss. 15 kbar
90'

3.787(3)

3.844(5)

11.462(18)

166.855
0.95 — 2.56

0.7

0.3

0.176(3)

0.355(2)

0.158(3)

0.376(5)

0.369(7)

0.9

28 kbar
90'

3.768(4)

3.827(5)
11.38(18)

164.101
0.95 — 2.56

0.7

0.3

0.168(3)

33 k bar
90'

3.769(3)

3.827(3)

11.380( 15)

164 .626
0 .95 — 2.56

0 .7

0 .3

0 .165(2)

0 k bar
45' , 90 ' , 138'

3.824(3)

3.863(4)

11.563( 12)

170.8 10
0.93 — 4 .35

0.7

0.3

0 .181(2)

~

0 .359(2)

0 .163(2)

0.374(5)

0.378 (4)

0 .9

0 .358(2)

0 .155(3)

0.379(4)

0.369(7)

0.9

0.356( 1)

0 .155(2)

0 .378(4)

0.377(4)

0.9

The obtained dependencies of the latti ce constants on pressure are presented in the figs. 4
and 5. As it can be seen from the table 1, the only changes in the structure visible within the
experimental and statistical errors are the displacements of the Ba atoms and of the oxygen Ol
atoms ø barium-containing planes. The dependencies of this coordinates on pressure are

presented in the fig. 6. It is obvious that the compressing of the structure corresponds ñî the
prior compressing of the crimped BaO plane. The absolute value of this splitting reduces by
almost 45% under the pressure of 3.3 GPa.
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Fig. 2. Dependencies of latti ce cori stants à and Ü of
Y(Pr)-123 structure ersus pressure.

Fi g. 3. Dependence. of latti ce constant c of Y(Pr)-.123
structure versus pressure.

~

Fig. 4. Dependencies of the z-coordi nates of Âà and 0 1
atoms i n Y(Pr)-123 structure versus pressure.
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Heyrovsky Sq.2, I á2 06 Prague
FLNP, JINR, 141980 Dubna Russia

I t has been known for some time that amphiphil ic block copolymers consisting of one
hydrophil ic hand one hydrophobic block form micelles with relatively narrow size ø aqueous
media. The abil ity of these micelles to solubil ize various hydrophobic organic molecules,
which has been studied by several techniques, is one of their important and interesting

properties.
SANS has proven to be an extremely useful method for the structural studies on the

micellar systems, including various aspects of the solubil ization phenomenon. This technique
provides not only the parameters characterizing micel le as à whole (mass, radius of gyration)
but also an information about its internal structure (radius of micelle core and shell) . These
parameters are varying during solubil ization can therefore be used for the description of this

process.
Full understanding of the solubilization phenomenon is not possible without studying

of its kinetics. The SANS technique can be employed to this purpose, if the scattering data
can be taken rapidly enough. The YuMO TOF SANS spectrometer at the JINR, Dubna is an
excellent instrument for such studies.

This short experimental report is not aimed at the full description of the solubilization
of hydrophobic compound in the micellar solution. Rather it is an illustration of the potential
of the YuMO spectrometer.

Experimental
M icel les formed by poly(methyl methacrylate)-block-poly(acrylic acid) (ÐÎ Ì À -PAAc)

copolymer in DqO were studied. The copolymer concentration was 3.6®10 g/ml . The ÐÀÀ Ñ

component was neutral ized to various degree by adding NaOH. The solutions were placed in
the optical cel l s with à path length 2mm. K inetics of the solubil ization of chloroform into the
micellar solutions was followed in à time-resolved SANS experiment performed on the YuM O

spectrometer.
Results

The copolymer forms micelles with ÐÎ Ì À core and ÐÀÀÑ corona in aqueous media.
Solubilization into these micelles was studied for six samples with various degrees of
neutralization simultaneously. The exposure time was 2 minutes per one spectrum. The
resulting scattering curves provided the radii of the micellar cores for the intitial solutions and
their variation with progressing solubilization of chloroform. The results for three degrees of
neutralization are shown in Figure 1. In the absence of solubilizate the core radius decreases
with increasing degree of neutralization à . However, preliminary NMR measurements suggest
that ÐÎ Ì À cores are in frozen state. Thus it is likely, that the actual size of the cores is
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independent of u. This discrepancy can be explained by à partial adhesion of the inner part
of the corona chains (PAAc) to the PMMA core. To check this hypothesis we plan to perform
similar measurements on the copolymer samples with one labelled block. Progressing
solubilization of chloroform is refl ected by increasing radius of the micelle core. For example,
for à=Î the radius starts from the initial value of 78 À and reaches the saturated value of 93 À

within two hours.
The described experiment shows that the YuMO spectrometer is à powerful instrument

not only for the static studies but also for the time resolved experiments with the temporal
resolution in the order of à minute. This is true even for not too strong scatterers like for
example the dHute solutions investigated here.
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Fig.1 Variation the micellar radius during solubilization of chloroform into PMMAËPAAc
micelles at chosen degrees of neutralization à . The mean radius was determined by the fitting
of the experimental SANS data to the theoretical scattering curve of homogeneous spheres
with à Schulz-Zimm distribution of radii .
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B I L A Y E R T H I C K N E SS I N E X T R U D E D U N I L A M E L L A R

D I A CY L -P H O SP H A T I D Y L C H O L I N E L I P O SO M E S: SA N S ST U D Y
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F acu l ty of P ha r m a cy , Com eni us U ni ver si ty , 832 32 B r a ti sla va (Sl o vaki a )
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Thickness of the lipid bilayer ø biological membranes profoundly affects properties of
transmembrane proteins. For example, the (Ñà-Mg)ATPase from muscle sarcoplasmic reticulum
displays maximum activity at particular bilayer thickness; the activity decreases in thinner or
thicker bilayers [1], the sodium channel ø nerve membranes is blocked at decreased bilayer
thickness smaller than optimal [2], etc. Determination of the bilayer thickness d is thus very
important for the biophysical characterization of parameters infl uencing the membrane protein
structure and function. In the present work we determined the bilayer thickness in large
unilamellar liposomes prepared from 1,2-diacyl-sn-glycero-Ç-phosphocholines (diCÄPC, è is the

number of carbons in acyl chain) using the small angle neutron scattering (SANS). The
liposomes are frequently used for the reconstitution of membrane proteins [1] .

Lipids were from Avanti . Unilamellar liposomes were prepared by the extrusion method
in DqO [3]. SANS was performed on the YuMO spectrometer on the pulsed IBR-2 reactor in
JINR Dubna. 1 was calculated from the gyration radii of bilayers obtained from the

ÔKratky-Porod plots " of SANS intensities in the range of scattering vectors
0.001 Å- <Q <0.006 Å- as desribed in [4).

The values of d are shown in the Table and compared with the the transbilayer phosphate
spacing dpp in small sonicated diCÄPC lipo+ mes measured using the small angle Õ-ray
scattering by Lewis and Engelman [5] . d and dpp correlate well within..the error of methods
used. The thickness of the bilayer increases linearly with n.

è (' Ñ )

È

À~ã

12 (20)
32.4+0.2 À
30.5+1.0 À

14 (36)
34.2+0.2 À

34.0+1.0 À

16 (44)
37.3+0.2 À

37.0+1.0 À

18 (60)
39.8+0.2 À
40.5+1.0 À
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C r i t i c a l F l u c t u a t i o n s o f L i p i d M em b r a n es

V.1.Gordeliy, V.G.Cherezov
FLNP, JINR, 141980, Dubna, Russia

Fluctuations are vital in biological macromolecules such as proteins, DNA and RNA.
Fluctuations of biological membranes also seems to be important for some processes ø living
cell . When immersed in water lipid membranes form closed bilayer vesicles, performing small
thermal undulations, governed by bending modulus of the membrane. These fl uctuations can be
highly enlarged by increasing the temperature or by approaching to the temperature of main
phase transition. Melting of hydrocarbon chains in lipid membranes is f irst kind phase transition,
which temperature is closed to the critical point. Near to this point in-plane density fl uctuations
are enhanced giving rise to decreasing of bending modulus and consequently to increasing of
undulations.

Recently an anomalous increase ø repeat distance of fully hydrated multi layer
membranes from DMPC near phase transition temperature was observed [1, 2] . Such behavior
was explained by increasing of intermembrane distance due to enlarged undulation repulsion
near the critical point. However this can be argued by alternative possibility of increase in lipid
bilayer thickness in intermediate region [3, 4] .

We performed simultaneous measurements of temperature dependencies of both
multilayer repeat distance and lipid bilayer thickness by small-angle neutron scattering.
Experiments were held on small angle instrument YuMO of pulsed reactor IBR-2. Single lipid
vesicles were obtained by extrusion of multilayer vesicles through filter with 100 nm ðî ãå size.
[5] . Temperature was raised by successive steps 0.2' Ñ, temperature fl uctuations do not exceed
0.05' Ñ. Repeat distance was determined from diffraction peak and bilayer thickness was

obtained from radius of gyration as described in [6]. Intermembrane distance was calculated as
difference between repeat distance and bilayer thickness. Results are shown in Fig.1. I t can be
seen from this figure that it is the increase in intermembrane distance which is responsible for
the anomalous increase in repeat distance near the chain-melting phase transition temperature.

This supports the hypothesis on decreasing of membrane bending modulus due to the enhanced
in-plane density fl uctuations in the vicinity of critical point.
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Fig.1. Temperature dependencies of à) multi layer repeat distance.
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The inelastic neutron scattering spectra were measured at 85 Ê for the sample of
hydroful lerite quenched àï åã à synthesis at 620 Ê under à hydrogen pressure of 0.6
GPa, and then for the same sample with à hydrogen content decreased by 1.4
hydrogen molecules per C~o molecule after à 35 h annealing at 300 Ê .

Ðèãå Cgp fullerite has simple cubic lattice at ambient pressure and Ò<255 Ê
[1] . The lattice type changed on hydrogenation. According to the neutron and Õ-ray

diffraction data [2] , the C~~HÄ molecules of both quenched and annealed samples of
hydroful lerites at Ò=85 Ê formed à bcc lattice with the lattice parameters of about
12.00 and 11.72 À, respectively . The colour, crystal structure, and latt ice parameter of
the annealed sample agree with the earlier data for Ñ~îÍ ~~ [3] . The lattice contraction
observed on annealing at 300- Ê indicates that hydrogen released from certain lattice

sites rather than from ÜèÜÛ åû ï the crystal .
The sample measured by IN S was collected of à few pel lets and weighed 0.62 g. The
quenched sample was measured first, then annealed at 300- Ê for 35- h and measured

again. The background was determined in à separate empty can measurement and
subtracted from the experimental data. The data were transformed to the á (ñî ) spectra
of generalized vibrational density of states versus energy transfer .

Fig.1 shows the á (â ) spectra both of quenched and anneled sample states
together with the spectrum of à 3.2 g sample of pure C~~ measured at 77Ê .

Fig.1 The generalized vibrational
densi t y of states of àèåï ñÜåà
Ñó>Í ,(Í ~) t 4 and àï ï åà1åñÃ ÑòîÍ ,
samples measured at 85 Õ, the diff erence
'(Í ~) t ä between these (è î spectra

è hich represents vi brati ons of i ntersti ti al
molecular hydrogen i n the quenched
hydrof ul leri te, and the spectrum of pure
Ñ~î , measured at 77 Ê

~
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The sprectra of the annealed
sample and pure C~~ are much similar
in the range 0-8 meV of intermolecular
vibrations. Fig.2 provides the better
evidence of it. This indicates that Í
atoms in the annealed Ñ®~Í „ ÿæï ð1å
are chemically bound to C6O cages. An
astimation from the areas under the
G(m) curves for the anneled CgpH and
pure C~~ in the region below 8meV
gave à correct value of õü24.

In the range 25-110 meV of
radial intramolecular modes in pure
Cgp the spectra of the hydrofullerites
exhibit peaks at 30, 38,56 and 70 meV.
Compared to ðèãå Ñ@>, the peaks are
drastically shifted in energy and have

Fig.2 The same as in f igure 1, in the different relative intensities. This
neutron energy transf er range 0-15 meV means that hydrogen strongly affects

the intramolecular Ñ-Ñ interaction. At
â > 110 meV, one largebroad peak centered at â =155 meV is observed in the spectra
of both C<pHÄ samples. Folloving the spectrum interpretation for hydrogenated
amorphous carbon [4] we attribute this peak to Ñ-Í bending modes.

The diff erence between the spectra of quenched and annealed hydrofulleriets
(Fig.1,2, bottom and fig 3) is quite anlike tree î ë åã spectra. The difference spectrum
is evidentently due to åõñåû " 2.8 Í atoms per C~~ in the quenched sample. The

observed dissimilarity together with the lattice contraction on annealing suggest that
these Í atoms are not chemically bound to the C~~ cages and occupy interstitial in the
Üññ Ñ~îÍ ~4 Iattice.

4

Fig.Ç The diff erence spectrum f rom
Fig.1 represented on à larger scale.
The ar rows shows transi ti on energies
between rotati on states of à f ree
hydrogen molecule wi th the gi ven
rotati on auantum numbers.

As seen from Fig.3, the peaks in the difference spectrum at 12,18.30 and 45
meV can be reasonably well explained whithin the rotator model of molecular
hydrogen [5] . The model energy states are given by E(J) =B J(J+I) , where Â=7.35
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meV and Ó is the rotational quantum ï ø ï Üåã. The peaks at 30 and 45 meV agree with
the ( 1 — ý2) and (Î — +2) transitions. The latter has low intensity because it corresponds
to the transition between two rotational states in parahydrogen molecules which are
coherent neutron scatterers [5] . Two peaks at 12 and 18 meV are assumed to result
from splitting of the (Î — ý1) at 14.7 meV due to interaction between H~ and nearby
CgpHg4 molecules. Simi lar splitting of the (Î -+1) peak to à pair of peaks at 12.5 and

16 meV was observed eal ier in the IN S spectrum ofmolecular H~ trapped in
amorphous carbon [4]
1. Heiney P.À . et al 1992, Phys. Rev.Â 45, ðð 4544-7

2. K olesnikov À .1., Antonov V .Å., Bashkin 1.0 ., Cornel l Ê ., M oravsky À .P.,
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4. ÐÇ.R.Honebone et al Chem. Phys. Lett. 180, ð.145 (1991)
5. L .D .L andau and Å.Ì .L ifshitz, Quantum M echanics (Oxford: Pergamon Press,

1965), ð.6 1 6.
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Hydrogen bounded networks formed by water molecules in clathrate hydrates are
stabilised by guest molecules and à direct comparison of filled and empty structures is not
possible [1] . À remarkable exception is the clathrate-like phase of (Í ãÎ +Í å), whose ð-Ò phase

diagram and crystal structure were recently studied [2,3] . Atoms of Í å can be enclosed ø
cavities of the ice II water molecule network without considerable change in its geometry. The
Í å content — õ, where x is the fraction of occupied cavities, varies with pressure and the phase is
stable when Ð>2.8 kbar (õ=0.62) [3] . The crystal structure of helium clathrate is close to that of
ice II and is also orientationally ordered.

Our investigation of the water dynamics in the (Í ãÎ +Í å) system were performed with
the help of the GCA-10 gas compressor used for neutron scattering studies of condensed matter
under high pressure [4] . Inelastic incoherent neutron scattering (IINS) spectra of (Í ãÎ +Í å)
system were measured on the NERA-PR spectrometer [5] at à helium pressure of ñà. 1 and 3
kbar for different temperatures. The IINS spectra obtained at 1 kbar of helium pressure at 270 Ê
and 236 Ê correspond to liquid water and ice Ih, respectively. Then the pressure of ' the helium

gas was increased at 270 Ê up to 3.28 kbar. The subsequent IINS spectra obtained at the
following temperatures: 271-270 Ê, 256-253 Ê, 253-249 Ê, 249-239 Ê, 239-236 Ê, 236-235 Ê

and 115-114 Ê, indicate the freezing temperature of the (Í ãÎ +Í å) system at ca. 239 Ê. At
cooling, the helium pressure was stabilised at ñà. 3 kbar. The IINS spectra of H~O and
(Í ~Î +Í å) at Ð=Ç kbar close to freezing temperatures are presented in Fig. 1. One can see that
the water compressed by helium gas at ca. 3 kbar does not freeze to ice Ø at ñà. 255 Ê but
remains in à liquid state down to ca. 239 Ê.

The phonon density of states G(E) obtained from the IINS spectra of (Í ~Î +Í å) in the
solid phases at Ð=1 kbar and Ò=236 Ê and at Ð=Ç kbar and temperatures of 236 and 115 Ê,
respectively, are presented in Fig. 2. One may conclude that the G(E) spectrum of (Í ~Î +Í å) at
1 kbar and Ò=236 Ê corresponds to ice Ih. The G(E) spectrum of (Í ~Î +Í å) at 3 kbar and
Ò=236 Ê is similar to the G(E) of ice II and this similarity enhances with decreasing
temperature, as one may see in Fig. 3. The G(E) spectra obtained at the same pressure for ice Ø
at 250 Ê and (Í ~Î +Í å) at 236 Ê are also presented in Fig. 3.
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Fi g. 1
Compari son of IINS spectra at à hydrostati c pressure
of Ð=Ç kbar f or i ce I I I at 250 Ê wi th à li qui d and
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The aim of this work: using inelastic neutron scattering method, to perform the
analysis of diffusion and vibration-rotation motions of water molecules hydrating Li+ þ ï

in comparison with ðèãå water molecules.
-. The experiment has been performed on 2Ì lithium chloride solution and on ðèãå

water. It has been carried out with the use of DIN-2PI double time-of-fl ight spectrometer
operating on à neutron beam of the IBR-2 pulsed reactor (Frank Laboratory of Neutron
Physics, JINR, Dubna)[1] . The 1ø éà1 neutron energy, Ep — — 3 meV, allowed to have the
resolution, ~ p = 0.14 meV. The neutron scattered :spectra have Úååï recorded at eleven
angles in the range from 11' to 134 .

In the course of data processing we supposed the infl uence of ÑÃ ions on the dynamic
properties of water molecules could be neglected [2].

RESU L T S: QU A SI -EL A STI C SCA TT ERIN G

Òî get the resul ts, concerning with quasi-elastic scattering, the fol lowing steps

have been done:
— from the total S(g ,å) the ef fects of multiple and inelastic scattering have been removed.
— the experimental quasi -elastic scattering law, Þä,~(Ä ,E), obtained for Î = const. by inter-

polation procedure has.been transformed into the form for Q = .const;

- Sqp<(Q,å) for solution studied was approximated by superposition of two lorentzians [3] :

~

Ob Å ~ / 2 é — à Þ Å / 2
Ý ÿ Q ,å

(ÜÅ 2 / 2) + Å

where: ËÅ; are the FWHWs of the Lorentzians corresponding to the scattering on .the
molecules of hydration and bulk water, e - the share of hydration molecules in solution;

R(g ,å) is the spectrometer resolution function. Sign Ý means the convolution operation.
For the analysis of the FWHM of the Sq.,i(Q,å) natural line the model of mixed

diffusion [41 has been used:

å õð ( — 2W )

0 0

b Z Q ) = 2É

0

(2)
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Here,òî - residence time, Dg is the coef f icient of continuous (col lective) dif fusion, D is the

total coef f icient of sel f-dif fusion, åõð(-2W) is Debye-W ai ler factor çê =u~ä ~ where ur is

the mean-square amplitude of molecular vibrations.

~

Fig.1. The FWHM of quasi -elastic scattering law natural line f or ðèòå water (one

by model (3).

T h e ex per i m en tal F W H M S f or pure w ater (one l oren tzi an appr o x i m at i on ) and f or

so l u t i on ( tw o l o rentz i an app ro x i m at i on) ar e sh ow n o n F i g . 1.

F or FW H M of p ur e w ater m od el (2) g i v es f o l l ow i n g p ar am eter s: D = (2 .2 +

0 . 1)x l 0 cm / s, D ~ = (0 .8 + 0 .05 )õ 10 cm / ê, ò r, = 3 . 1 + 0 .5 p s.

F or F W H M o f hy dr ated w ater these p ar am eter s ar e: D ~ = (0 .95 + 0 .0 5)õ 10

ñò ~/ s, D p~ ( Î ' 79 + 0 .0 5)õ 10 cm / s, ò î 25 + 10p s.

T he D ~~ ob tai ned i s eq ual to D = 0 .8õ 10 ~ñò ~/ ü ach i ev ed i n [5 ] . ò ö ~ i s i n agr eem ent hy d -5 2 • • Ëó ñ1

with the results of Hertz (ò" > 20ps [5]).

The share of hydration lorentzian in the common square under quasi-elastic peak à
= 0.15 + 0.05 corresponds to four molecules in hydration shell of Li+ þ ï .

RESULTS: INEL ASTIC SCATTERING
The analysis of the inelastic component of S(Q,â ) has been aimed to get the general -

ized frequency distribution (GFD) of proton for water molecules in ðèãå water and solution
studied.
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Fi g . 2 . G ener a li zed f r eq uency di st ri b u ti on of w a ter m o l ecu l es.
Ô- ð èòå w a ter; Î - hy d r a ti on w a ter of L i + i o n

The procedure of GFD extraction for hydration molecules from inelastic neutron

scattering experiment data involved fol lowing steps:
- the double-di fferential scattering cross-section (DDSCS) of pure water has been sub-

tracted from DDSCS of solution. The f irst has been taken with the weight equal to the
relative fraction of bulk water molecules in 2Ì solution, determined during the analysis of
quasi-elastic component of solution studied (rl = 0.85). So we get the DDSCS of hydration

water.
- the Î Í ) for hydration water has been extracted from its DDSCS obtained above. The

method we used for this purpose has been developed and tested on pure water (details and

corresponding formulas see in [6]).
Fig. 2 presents the f inal GFD's we got for ðèãå water and hydration water . GFD ex-

tracted corresponds to the region of intermolecular interactions for water molecules
(2meV( e( 175meV ), and it does not include dif fusion and intramolecular degrees of free-

dom.
A s fol lows from Fig. 2:
— the intensity of the f irs translation mode (with the location about ep = 6 - 7 meV) corre-

sponding to bending of the 0 -0 -0 angle is decreased more than twice;

- the intensity of the second translation mode (ep = 20meV) assumed to be connected with

Í -bonds stretching is increased.
- the l ibration region of GFD (with maximum at ep = 60meV ) wi thin the l imits of ex-

perimental errors we consider as un-changed one.
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LATTICE AND Ì ÅÒÍ ÓË GROUPS DYNAMICS IN SOLID
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Solid p-xylene, Ñ~Í 4(ÑÍ ~)2, provides à relatively simple example of methyl group

rotation within à weak potential caused ø à1ï 1ó by intermolecular interaction. This kind î Ã
interaction also determines the lattice dynamics. The expcriincntal and calculated phonon density
of states G(E) for protonated p-xylene are presented in Fig. 1. The lattice dynamics model,
based on é å"6-åõð" atom-atom potential set of parameters'fitted to the lattice dynamics of solid

benzene [ 1], can not satisfactorily explain the dynamics of the p-xylene crystal . The modified set
of potential parameters reproduce the experimental amplitude weighted phonon density of state
G(E), quite well, what allow onc to study the coupling î Ã é ñ internal methyl rotation with the

lattice modes [2].
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neutron energy-loss mode using the ÕÅÊÀ-PR inverted geometry multicrystal spectrometer [4]
at the IBR-2 high fl ux pulsed reactor. The IINS spectra measured for 14 scattering angles
between 20 and 160 degrees were transformed into the amplitude weighted phonon density of
state G(E) using à one phonon scattering approximation. The calculated and experimental G(E)
spectra for differently deuterated p-xylene molecules are compared in Fig. 2.

From the results presented in Fig 2. one can conclude that atom-atom potentials

satisfactori ly reproduce the modif ications in the lattice dynamics and internal rotation of the
methyl groups caused by deuteration. By decreasing the potential depth for the Í or D atoms of
the methyl groups with their neighbouring atoms, we are able to obtain, for one set of potential
parameters, the correct energies for the torsional vibrations and to show how they are coupled to
the lattice modes. However, this procedure weakens the direct molecule-molecule interaction.
The calculated cut-of f f requencies of the acoustic translational phonons, at ca. 45cm , are lower - 1

than their experimental value of ca. 60 cm . Thus, the atom-atom potential model has rather - 1

l imited applications in the study of 1î ~ 4 ãåöèåï ñó rotational dynamics of molecular groups in
crystals.

[ 1]. G. Tadei, Í . Bonadeo, Ì .P. Marzocchi, S. Califano, J. Chem. Phys., 58 (1973) 966.
[2]. J. Kalus, Ì . Monkenbush, I. Natkaniec, M. Prager, J. Wolfrum, F.Worlen,

Mol. Ñãóù(. I iq. Cryst., 268 (1995) 1-20.

[3]. Ì . Prager, W I.F. David, R.Ì . Ibberson, J. Chem. Phys., 95 (1991) 2473.
[4]. I. Natkaniec, $.1. Bragin, J. Brankowski, J. Mayer, Proc. ICANS XII,

Abingdon 1993, RAL Report 94-025, × î 1. 1. ð.89-96.
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P h on o n d isp er si on cu r v es i n F e- 18 Ñ ã- 10 M n - 15N i F C C st eel

S.À .D ani Iki n ' , , Å Ë, Yad r o wsk i

' I nsti tute of Physics and Pow er Engineering, Obninsk , Russi a

Austeni tic Fe-Cr-M n(Ni) al loys are of interest because intersti tial nitrogen stabil izes
the FCC structure and improves the strength, toughness and corrosion resistance. The
Nitrogen effect on the interatomic interactions in austenitic steel was studied earl ier for
polycrystal l ine samples by inelastic neutron scattering [ 1] . Òî obtain detai led information on
the force constants, measurements with single crystals are necessary to be conducted. So far
the di f ficulty was to producing large single crystals of nitrogen austenitic steel .

Phonon dispersion curve measurements were started with an austenitic Fe-18Ñã-
10Ì ï -15Ni steel single crystal containing ï î nitrogen additions. First, the lattice parameter
was measured. For this purpose the chopper in the spectrometer DIN-2PI [2] was removed
and the time-of-fl ight diffraction spectrum of an oriented crystal was measured. The lattice
parameter equals à=0.359 nm for the (200) plane at the scattering angle 2Æ 128.87' . The
mosaic spread of the crystal was estimated to be as large as 40' . This is commensurable with

an angular divergence of the neutron beam.

Dispersion curve measurements were performed with the multidetector spectrometer
DIN-2PI. In the measurements, we used the geometry with the wave vector of the scattered
neutrons k coinciding with the selected symmetry direction which does not pass through the
origin of the reciprocal space. With this method, we measure phonons with à wave vector in
the desired symmetry direction for the selected scattering angle Î . The value of kp and the
crystal orientation are defined by the crystal structure and Î .

For the optimal choice of experimental conditions, we performed model calculations
with dispersion curves for à invar al loy FeQ7Niaq of [3] . We performed 13 di f ferent scans.
The number of phonons measured in one scan varied from 2 to 4, the measuring time was
from 2 hours for low frequency phonons to 10 — 12 hours for phonons with q/ö =- 0.5. In the

measurements we used simultaneously 15 - 30 detectors, but for the lattice dynamics analysis

only phonons with the wave vectors in the [110] direction were selected.

Figure 1 shows the results obtained for à Fe- 18Cr- 10M n- 15Ni steel . Only two phonon
branches, L and Ti are shown because for the(100) reciprocal plane S(K,ñî )=0 for theTq

branch. The maximum frequencies of the L and Ti branches are in agreement with the peak
positions in the vibrational frequency distribution of the polycrystal l ine al loy — 23 and

32 meV [1] .

The experimental data were analyzed in the frame of the model of lattice dynamics
with considering the central force interaction for the first two neighbours [3] . For two
measured dispersion branches it is possible to determine the force constants for the f irst
neighbours à,=V" (r ,) and b,= Ã (ã,)/ ã, , and the sum of the force constants a~+b~ for the

second neighbours. The fi tting procedure gives the fol lowing values: à~ — — 3.899+0.0 12, bi —=

0.198+0.008 and à~+Ü~=0.109+0.0 16 (x 10 dyn/cm). To determine à~ and Ü~ additional

measurements of the [110] T> branch or phonon dispersion in î ë åã symmetry directions
should be performed.

Figurel shows that the calculated dispersion curves are in good agreement with the
experimental data for the transversal branch Ti and longitudinal phonons for q/q < 0.4. The
difference for high-energy L-phonons (ËØ 32 meV) may be connected with à simplification
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of the dynamic model used or the incoherent scattering background. For the al loys studied the
incoherent cross section is signi ficant due to the presence of Ni and Cr. Therefore, for this
energy region it was diff icult to distinguish the peaks due to coherent scattering.

References:

[ 1] × .G.Gavril iuk, S.À .Danilkin et al ., Izvestij a RAN, M etal l i , 5 (1995) 51.

[2] Neutron experimental faci li ties at JINR, User Guide, Frank L aboratory of Neutron
Physics, Joint Institute for Nuclear Research, Dubna, 1992, ð.24.
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Fig.l . Phonon di spersi on curves è a Fe-18Cr-10Ì ï -15Ni steel. • - experiment; — model.
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P O L A R I Z E D N E U T R O N S I N À M A G N E T I C A L L Y

N O N -C O L L I N E A R L A Y E R
R E F R A C T I O N O F

× Ë . Aksenov' , Å.Â. Dokukin' , S.V. Kozhevnikov' ,
Yu.V. Nikitenko' , À .V . Petrenko' and J. Schreiber

ü

The refraction of polarized neutrons ø à magnetic 1àóåã in relation to the neutron wavelength,
the magnitude and direction of an external magnetic f ield, has been investigated experimentally.
The effects of space splitting of the polarized neutron beam and .the interference of neutron
beams with different spin states have been observed and measured.

1. Introduction
So far the investigations of magnetic layers of matter using the refl ection or transmission

of neutrons have been restricted to the' case when the magnetization vector is collinear ñî the

external magnetic field. In this instance, for the non-polarized neutron beam in à magnetic layer
the double refraction takes place [1] . But owing to the internal anisotropy and the shape
anisotropy of the sample the magnetization is non-ñî llø åàã to the external magnetic field
(magnetically non-collinear layer). In the magnetically non-coll inear layer the effective
magnetization vector Ì ä~ — — Ì — Q(MQ), where Ì is the magnetization vector, and Q is the

transfer momentum, is non-collinear to the external magnetic field, and the neutron transition
from one spin state to another (i .å., from one Zeeman sublevel in à magnetic field to another) is
realized [2] . As à result, the effects of beam splitting(the refracted non-polarized neutron beam

splits into four beams) and interference of polarized neutron beams take place [3,4] . At present,
the beam splitting effect has been detected [5,6] when studying the ï åØãî ï refl ection from the
magnetic film placed in à magnetic field at an angle |3. In the transmission geometry this effect
has been used to determine the width of domain walls in crystals [7] . In the present paper the
refraction of polarized neutrons in à magnetic layer in relation to the neutron wavelength, the
magnitude and direction of the external magnetic field, is investigated.

2. Exper imental details
The investigations have been conducted at the polarized neutron spectrometer at the IBR-

2 reactor. À scheme of à complete polarization analysis [2] has been realized. The angle f3
between the direction of the magnetic field and the sample plane was set within 0+90' . The
divergence of the neutron beam ih the horizontal plane' was +0.1 mrad, and the grazing angle of

the beam incident on the sample was 0=3.17 mrad. The investigated sample was à magnetic
layer produced by evaporation sputtering of FeSiA1(Si-4.4at.%, Al-9.6at.%)on à ceramics

substrate(10x20x l mm ). The thickness of the layer was 5pm and the coercivity was 3.50 e.

3. R esu l ts an d d i scu ssi on

F i g ur e 1 pr esen ts th e i n teg r al i n w avel ength ( 1 : 12 Å ) coun t v er sus the gr az i ng angl e 0 „
of the tr an sm i tted beam . I t i s seen f r om th e f i g ure that f or f3= 70 ' as co m p ar ed w i th p= O' à

6 0



~

î
II I
(Ë

Ñ
Ý
î
î

Ý

~~

2
å „ . m r a d

Fi g. 1. The dependence of the i ntegral neutron i ntensi ty
1(ñî èï ~l çåñ) on the grazi ng angle Î ,„ ï 1 ~3=0' (à) and
70' (Ü) f or the "— — " (curve 1), " + + " (curve 2),

+ "(curve 3), " + — "(curve 4) beams.

~

Fig. 2. The spectral dependence of the intensi ty
1(Õ) at 0,„=2.8 mrad, p=70' and Í =4.6kOe f or
the "— — "(curve 1), "+ + "(curve 2),
+ "(curve 3), "+ — "(curve 4) beams.

decrease in intensity of the "— —" and "+ +" refracted beams (peaks at the left) can be observed.
At the same time, the "+ —" and "— +" beams appear; the first one is on the right of
the "— —" beam, and the second is on the left of the "+ +" beam. The distance between the "— +"
and "+ —" beams at the detector is 1.4 mm (ËÎ „ = 0.535 mrad). This result is interpreted as the

observation of the generation of new beams at ~3~~0. The experimental data is represented as the
difference of the squares of the grazing angles of the "+ —" and "— +" beams ËÎ = Î ~ ~

— Î ~ + . The observed dependence ËÎ (mrad ) = àÍ (1ñÎ å)ë (Å ) (Õ is the neutron wavelength, à

is the proportionality coefficient) is in agreement with the concept of beam generation associated
with the existence of the transition between the Zeeman sublevels in the external magnetic field
Í . For Í =4.6kOe and 6.8 kOe, however, the à coefficient is 0.23, which is 20% less than the
theoretical value à=8ò ð/ Ü = 0.294 (m is the neutron mass, ð is the neutron magnetic moment, h ã

is the Planck constant). The spectral dependence of the neutron intensity at Î ~ — — 2.8mrad is

illustrated in Fig.2. It can be seen that the transmittance for all beams has à maximum at some
wavelength values Õ;„, where ö = +, —. ËÕ = (X+ — Õ+ ) oc Í in the range of values
Í =l —:6.8 kOe. The conducted measurements of the transmittance in relation to the angle p in the
interval 0+90' at Í =4.6 kOe have shown that as p increases the transmittance of the "+ +" and

"— —" beams decreases, and the transmittance of the "+
—" and "— +" beams increases. The spectral dependence
of the transmittance of the "+ +" beam is presented in

Fig.3.

î .ã

~

Ò,

~

î ë

~

Fig. 3. The spectral dependezzce of the transmi ttance Ò++(Ë) of the
"+ + " beam at 8Ä=2.8 mrad, Í =á.8kOe and ( =70' . The

arrows denote the wavelengths at which the transmi ttance
has local maxi ma.

The transmittance oscillations whose period decreases
as the neutron wavelength increases up to 1=1.6 Å can
be easily seen. This behaviour is explained by the
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interference of the "+" and "-" states of the neutron in the layer in the range of wavelengths

from 0 to the boundary wavelength ë|;,„=1.6À (Õö,„ is the wavelength upper l imit below which
the "+ +" neutron transition on the first interface is realized).

Refer ences

[1] D. Hughes, Ì . Burgy, Phys. Rev. 81 (1951) 498.
[2] R.Ì . Ì î î ï , Ò. Riste and W.Ñ. Koehler, Phys.Rev. 181 (1969) 920.
[3] V .Ê. Ignatovich, Letters to JETP 28 (1978) 311.
[4] N.Ê. Pleshanov, Z.Phys. 94 (1994) 233.
[5] Î .P. Felcher, S. Adenwalla, V .Î . De Haan, À.À. Van Well, Nature 377 (1995) 409.
[6] D.À. Korneev, V .I . Bodnarchuk, V.Ê. Ignatovich, Letters to JETP 63 (1996) 900.
[7] Î . Schaerpf , Physica Scripta 24 (1988) 58.

6 2



À .Ð.K obzev , Î .À .N i k onov

Dubna, Russia

Ì .K u l i k , J . Z u k , Í . K r zy zan ow sk a, Ò.Ë. O ch a lsk i
Insti tute î~ÐÁóêãñç, Ì àï à Curie-Sklodowska Universi ty,

Lublin, Poland

1 . I N T R O D U C T I O N

Porous si l icon has been à subj ect of intensive investigations since the initial demonstration of
efficient visible photoluminescence in this material by Ü.Ò. Canham in 1990 [1] . The progress in research
on porous Si was reviewed recently [2,3] . Emission from porous Si is completely diff erent from that
observed in bulk crystall ine Si , where the weak near-infrared luminescence associated with the indirect
band gap of 1.1 å× has been known for à long time. For porous sil icon, à large Äblue" shi ft of the

fundamental absorpt ion edge has been reported. Spectacular optical properties of porous si l icon are
generally attributed to the spatial conf inement î Ã photo-excited carriers in nanometer-sized Si quantum
wires or dots [1-3] .

There are however, some other mechanisms of l ight emission in ðî ãî ì si l icon. One of them has
been linked to the Å' centre in ß Î ~ (an oxygen vacancy with unpaired electron) and proposed to explain

strong blue emission observed in porous si l icon, when excited with ultra violet l ight or protons [4] . It
would be interesting therefore, to estimate oxygen content on à large (up to 1000 m~ cm~) surface of

porous si l icon.

2 . E X P E R I M E N T

The samples used in à present experiment were prepared from p-type (111) silicon wafers of 10
L cm resistivity. The porous layers were formed by anodization in à 48 % HF-ethyl alcohol solution at à
current density of about 20 mAcm ~. The technology of preparing porous sil icon was described in [4] .

The thickness of the porous layer was about 5 pm, as determined by interferometric microscopy.
Both non-destructive nuclear methods ERD (Elastic Recoil Detection) and RBS (Rutherford

Backscattering Spectroscopy) have been used in the investigation the depth element profiles in porous
silicon. The measurements of RBS and ERD spectra have been carried out at EG-5 accelerator in the
Frank Laboratory of Neutron Physics.

In the RBS experiment the detector was positioned at scattering angle 170' with respect incident
beam. The surface of sample was tilted to the þ ï beam at the angle 60' . The detector resolution was 15

keV for 5.5 MeV à-particle. We have overcome the difficulties of the RBS method in the investigations
of the concentration of light element (0 ) along with the heavier (Si) and used in this case the nuclear
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reaction '~0 (à ,à)'~0 to profile oxygen directly [5] . The elastic nuclear resonance at 3.045 MeV is

particularly suitable, because it has à large back scattering cross section ( 17 times greater than for
Rutherford scattering ) and à width of resonance is about 10 keV . The measurements have been
performed in à such way, that the energy of incident beam of ions Í å was changed in small increments
in the range from 3.04 MeV to 3.20 MeV. The backscattering spectra were collected for everything
energies. So the resonance shifted from surface into 5000 nm for highest energy and we had measured
the oxygen profile in detail over the range î áì åðé above.

The ERD spectra have been investigated for both porous and crystalline silicon. The 2.5 MeV
Í å ions were incident on à solid target at an angle of 15' with respect to surface of the sample. The

scattered Í å+ ions were absorbed in stopper aluminium foil of 9.5@m thickness. In contrary the

recoiling nuclei (protons) lost only à part of the full energy and were collected by à detector positioned
at an laboratory scattering angle of 30' away from the direction of incidence.

3 . R E S U L T S A N D D I S C U S S I O N

The typical spectra of Í å ions scattered from the sample of porous si l icon are presented in Fig. l
for two initial energies. The peak of the resonantly scattered Í å+ particles rides over the background

non-resonant scattering from oxygen. This background, in turn, sits on à top of the continuum of the
elastic scattering by si l icon nuclei in the porous layer of the investigated sample.

Energy [MeV] The peak for 3.047 M eV
0.80 1.20 1.60 2.00 4Í å ions has m ore sharp right

0 edge because the resonance
Energy of the incidence beam entered to É å target partially in

this case. À shift to depth of the
peak of oxygen resonance with
increasing the initial energy of
bombarding particles is observed
since Í å ions reaches of the
resonance energy at the
increasing depth . À square of the
peak is proport ional to an oxygen
atom concentration for the given
depth.
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see t h e y i e l d Í å i on s sc at t er e d
F i g . 1 . Sp ec t r a î Ã ~Í å' b ac k sc at t er ed b y p o r o u s si l i c o n sam p l ~ b y S i at o m s . T h e b ac k g r o u n d f o r

t h e sp e c t r a l r eg i o n s a c c o r d i n g t o

su r f ac e l ay er s i s ab sen t i n t h i s

c ase . T h e e le m en t c o n c en t r at i o n s ar e o b t a i n ed w i t h h el p à c o m p u ter c o d e [ 6 ] a f t er m o d e l l i n g ev er y th i n g

sp e c t r a u si n g o n e j o i n t m o d e l o f th e sam p l e .
T h e E R D sp ec t r a o b t a i n ed f o r t h e c r y st a l l i n e si l i c o n an d p o r o u s si l i c o n sam p l e ar e sh o w n i n F i g .2

A t à sp ec t r u m f o r c r y st a l l i n e si l i c o n o n e c an see t h e p eak n e ar t h e ch an n e l n u m b er 4 6 0 . T h e y i e l d o f t h i s

p eak i s ÷ åòó sm a l l , as c o m p ar ed t o t h e o n e f o r t h e p o r o u s si l i c o n l ay er . I t m ean s t h at t h e h y d r o g e n
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atoms present only at the surface of silicon. Since ðî ãî ì silicon has the vast specific surface the yield
of the recoiling hydrogen atoms for the porous sample is substantially more than for crystalline and
depth profile extends at à whole depth available for the measurement.

~

Fig. 2 . ERD spectra î Ãporous and crystal l ine Si

The depth profiles of the different elements and pores in the porous silicon layer were calculated
in two steps.. In the first step, the depth profile of hydrogen in the porous silicon was determined on à
basis of the ERD spectrum. Than these data were used in the calculations of the depth profiles of other
elements (Si,O) and pores by modelling of twelve RBS spectra with the help of à computer code[6].
These results are shown in Fig. 3. À special element was included in the model of à sample what we
attributed with the pores. It did not scatter Í å ions and had very small stopping cross sections. This
procedure gives possibility to account the presence the pores in solid with first approximation only.

The concentration of Si atoms is the smallest (- 20 %) in the subsurface region and gradually
increases with à depth up to 75% (Fig. 3). The ðî ãî ì Si layer is non-homogeneous, with à porosity
(after anodization) ranging from about 50 % close to the surface to less than 10 % at à depth of 1600 nm
and slowly decreases up to almost zero for the depth 4000 nm. À concentration of oxygen is less than
30% for whole thickness of ðî ãî ì silicon layer. À ratio Ñ~;/Co increases from 1.2 at surface to 3.2 with
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the growth à depth to 5000 nm. Therefore, it can be assumed, that the Si wires in porous si l icon are
covered with sil icon oxide layers. M oreover the hydrogen atoms, which are present ø porous sil icon
after anodization, probably , appear as H~O.

So, the performed investigation of
depth profiles of everything
elements and pores in porous
silicon strongly indicate, that there
are enough amounts of oxygen to
explain à spectrum of luminescence
by excitation of the E' centre in

ß Î ~.
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The advent of analytical techniques for the simultaneous determination of à great number
of elements has created an enormous interest for multi-element studies in environmental
sciences. Instrumental neutron activation analysis (INAA) has shown to be useful for à
number of sample types of interest in environmental studies, and should find more extensive
use in this area. Epithermal neutron activation analysis (ENAA) has certain advantages over
the conventional INAA for many trace elements in terms of improvement in precision and
lowering of detection limits, reduction of high matrix activity and fission interferences if any.

Since Brunfelt and Steinnes [1] reported the first multi-element study on sil icate rocks
using ENAA, this technique soon became à routine tool in many earth science laboratories.
ENAA was early shown to exhibit an excellent multi-element capability in the case of coal

and coal fl y ash [2].
Two areas of' environmental analysis seems to deserve particular attention when the

feasibility of ENAA relative to non-nuclear multi-element techniques is to be discussed: the
analysis of airborne particulate matter, and the related subject on analysis of biomonitors of
atmospheric deposition: Analyses of airborne particulate matter is à case where ENAA should
be particularly useful . This is mainly due to the fact that the total mass of the aerosol
collected on à filter sample is often rather small , and thus favours direct instrumental
techniques rather than those depending on dissolution of the sample prior to analysis. Air
filter analysis therefore seems to be an area where INAA hardly can be replaced by any non-
nuclear analytical technique at the present state of the art. Comprehensive texts on INAA of
airborne particulate matter have appeared in the literature [3, 4]. The elements that form the
major activity upon neutron activation of aerosols are ÷åòó much the same ones as in the case
of. silicate rocks and fl y ash. This means that the advantages of using epithermal activation
should also be similar, provided that the induced activity is sufficient to yield satisfactory
counting statistics. As shown by Landsberger [5] this is indeed the case for several trace
elements of importance in studies of long range atmospheric transport. In the opinion of the
authors this is an area where much remains to be done, and at JINR, Dubna, ENAA is now
being used in several proj ects involving the analysis of aerosol fi lters. À similar case where
ENAA has shown strong performance is in the analysis of mosses used as biomonitors of
atmospheric deposition. Mosses have been used in Norway since 1977 on à regular basis to
monitor atmospheric deposition of heavy metals in à nation-wide grid. The analytical
approach used from the beginning was INAA, supplemented by atomic absorption
spectrometry for the elements Pb, Cd, Cu, and Ni . Prior to the survey in 1990 it became
evident that ICP-MS, which had then become available, was able to produce results of
acceptable quality for all elements of first priority, and has therefore been used since then in
the regular monitoring work.

During the same period, work has continued to test the feasibility of î ë åã analytical
techniques for the trace element determination in moss. In particular the use of ENAA was
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investigated employing the IBR-2 pulsed fast reactor in Dubna, which is characterised by à
particularly high fraction of resonance and fast neutrons ø the total spectrum. By this means
the determination of 15 elements (Zr, Sn, Hf, Òà, W, Au, Th, and eight REE) previously not
detected in such samples was demonstrated [6], and the relative merits of ENAA and ICP-MS
in moss analysis were discussed on the basis of an intercomparison exercise [7]. ICP-MS
laboratories are now capable of producing apparently satisfactory results for about 55
elements in mosses. The corresponding figure for ENAA is around 45. In 40 cases both
techniques can be used, and for à maj ority of these elements it is difficult on the basis of
present evidence to give preference to one technique or the îáæåã. In 7 cases (Sc, As, Sb, Hf,
Òà, Au, Th) ENAA is j udged to be the preferred technique, whereas ICP-MS seems
preferable in 5 cases (Sr, Sn, Âà, Ñå, Nd). Four elements (Cl, Br, I, Se) could only be
determined well by ENAA, whereas the reverse situation applied for another 14 elements (Li ,
Cu, Ga,Ge, Y, Cd, Òå, Pr, Dy, Í î , Er, Tl , Pb, Bi). The choice of either multi-element
technique thus depends on the purpose of the investigation and the priority of elements. It
should be added that the simultaneous determination of the halogens Cl , Br and I, which is
rather straightforward by ENAA ø mosses as well as ø several other environmental sample
types, is hardly possible at all by any existing non-nuclear technique at the levels concerned.
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G .G .B u n at i an , × .G .N ok ol en k o , À .Â .P op ov , G .S.Sam osv at , Ò .Óè Ë .'ãåéó à1ñî ÷à

Lately, an intense discussion has been developing concerning t he discrepancies in

the ï å — scat t ering length dat a obt ained from various experiment s and, consequent ly,

t he cont roversial est imat ions of t he neut ron mean square charge radius based on Ü„ ,—

values. Having originated wit h Foldy [1] à long t ime ago, the experiment al quant i ty Ü„ ,

is presumed to consist of two t erms

4 å bF + s|, ,,

where Üð is t he Foldy scat t er ing length caused by t he neut ron anomalous magnet ic
moment p int eract ing with t he elect ron elect r ical fi eld, and Ü| is t he scat ter ing lengt h -

as t hough rendering an interact ion between t he neut ron internal charge st ructure and

an elect rical fi eld (st r ict ly speaking, t he charge density giving bir t h t o t his field) . The

fol lowing notat ions are used
1 Ì å6~ = — — ( ò' )

( ò;„ ) = J ò p(r )dr ,

where Ì is the neut ron mass. From this, t he expression

< ò;„ > : bF ) f rn86.4(Ü„ ,

appears. T he experiment al bÄ, est imat ions exist ing in current l i terature are concent rat ed

in the proximity of t he two fol lowing values:

- 1.59 ~ 0.04) 10 ~ f m [2] , [3] ,

~

— 1.31 Å 0 .03 ) 10 ~ f m [4] , [5]4 å

E v en t u al l y , t w o est i m at i on s of t h e qu an t i t y ( r 7 ) need t o b e d i scu ssed ;

< ò;„ > 0 .0 10 ~ 0 .003 f òòÐ [2] , [3) ,

+ 0 .014 2 0 .003 f m ~ [4] , [5]< ò; „ >

W hile ï î model of t he nucleon st ructure yet leads to à posit ive neut ron mean square

charge radius, t he Garching group [5] and the group t hat measured bÄ, by means of
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l i qui d ~~~P o at Oak R idge [6] have gi ven up account ing for t he Foldy -t erm (t he fi r st using

vague argum ent s [7] and t he l at t er w i t hout any ex planat ions at à11) , t hereby reducing

t he defi n i t ion of t he neut ron m ean squ are charge r adius t o t he expression

ÇÚ( ò' ) bÄ,
ò å~

Under such circumst ances, we are forced to face t he primary sources of t he problem and

glance over t he hist ory to fi nd t he gist of t he quest ion.

Í åãå, from t he very fi rst , i t is necessary t o determine t he genuine relat ion between

the measured ne — scat tering lengt h and t he nucleon st ruct ure. In our opinion, t here is à

cert ain misunderst anding of t his quest ion [8] and we believe it wil l be inst ruct ive t o t race

back how this relat ion is acquired in various approaches. A s t he ne — scat tering length

is obt ained from slow neut ron scat ter ing in t he fi eld produced by atomic elect rons, t he

neut ron interact ion wi t h an elect romagnet ic fi eld wi ll be described fi rst .

À free nucleon, as well as any free part icle with spin 1/ 2, is descr ibed Úó t he Dirac
equat ion. Yet t he " external fi eld" » concept is l imited and, general ly speaking, unten-

able. In fact , even for an elect ron it self , t he Dirac equat ion in t he face of an external

elect romagnet ic fi eld À = (Ô, À )

é = ( ñà ( ð — — À ) + p m c + å Ô ) ô , . ä ô å ã

Ot ñ

é — = ' È ô , . ä ô

Ot

~

where p', = — ( — '„ ) — ' " + ... is t he elect ron anomalous magnet ic moment .

I t is t o emphasize here t hat in account ing for t he radiat ive correct ions, t he coeffi cients

prefi xed t o A H and to divE and þ [Å x p] are modifi ed in diff erent ways: t he anomalous

7 1



magnet ic moment p', Üàç been added t o t he magnet ic moment ' in t he t erm cont aining

Í , whereas à twofold quant i ty has been added t o t he coeffi cient s in two lat t er t erms.

T hus, i t is qui te impossible for even an elect ron to obt ain eq. ( l a) from eq. (1) , t hat is,

Ñî account for t he elect ron int eract ion wi th quant um fi elds (t he radiat ive correct ions)

merely by replacing the magnet ic moment of t he point -l ike part icle in the Dirac equat ion

by t he tot al magnet ic moment t hat incorporat es the anomalous one as wel l .

In à general form , the behaviour of à part icle with spin 1/ 2 can be described in à

formal way by means of t he relat ivist ic and gauge invariant equat ion [1], [9]

~

[ñ(ð „ ó"

é = Í ô
Bt

— À )[cn ( p

where we rest rict ourselves to account ing for t he fi rst order t erms in fi eld À and the
D 'A lamber operat or [ ] only ; here Å is t he spin operat or and F " " is t he elect romagnet ic

fi eld t ensor . T he lowest approximat ion in 1/ ñ runs as fol lows

i h — = Í ô , . ä ô

Dt

~~

Í - (ð ( y p ) cr H —
2Ì ñ

~~~~

2Ì ñ 2Ì ñ - - - - -- ' 4M c 2Ì ñ

In ÿèñÜ à purely phenomenological approach, t he empirical ly int roduced parameters

ð, e render both t he internal st ruct ure of à part icle and it s interact ion wit h à vacuum

of the elect romagnet ic and ot her quantum fi elds, which are not t aken int o account in

the Dirac equat ion (1) . T he physical meaning of t he quant ity p emerges unambiguously

as t he coeffi cient prefi xed Ñî A H in eq. (2à) . Consequent ly, i t is understood to be
t he " nucleon anomalous magnet ic moment " , complet ing the magnet ic moment '," of

à point -l ike part icle wit h spin 1/ 2, mass Ì and charge å. Yet , according (2à), t his

empirical ly int roduced quant i ty p shows up to det ermine not only t he int eract ion of t he
part icle wit h à magnet ic fi eld, but wit h an elect rical fi eld Å , as well : t he " Schwinger

interact ion" (next t o last t erm in eq. (2à)) and the " Foldy int eract ion" [1] (last t erm in

(2à)) . Cert ainly, expression (1à) for an elect ron (p = p', ) corresponds completely with

t he general phenomenological equat ions (2) , (2à) .

As far as the parameter à is concerned, ï î unambiguous conclusion about i t s physical

content s can be drawn immediat ely from eqs. (2) , (2à). T he fact t hat ~ is incorporated

side by side wit h the terms cont aining p in t he coeffi cient prefi xed Ñî divE (R ) = — D R

(2a)+ 2ð ) þ [Å õ ð ] [ ê 4 -

~ã

ð,,3 ( Å Í — ã'à Å ) + p M c + åÔ — ñ~ . )Ô + æ [ ~ À ]ô , (2 )



Ô(Ê ) = — 4òð, (R ) in eq. (2à) (ð, (R ) is t he charge density inducing t he elect ric fi eld)

does not const rain t he equat ion

(here ð„ — is t he density of t he charge dist r ibut ion inside t he nucleon), cont rary to what

was presumed in [1] , [8] , and [10] , as well as in some other publicat ions. In such à

phenomenological approach, t his quant ity c is, as à mat t er of fact , à 6t t ed-paramet er

that is al lowed t o t ake any value, including ëåãî .

T he interact ion represented by the last t erm in eq. (2à) resul t s in t he Born amplit ude

of neut ron scat tering (å = 0)

/ ÿ å ( × )

in t he fi eld, induced by t he charge density ð, (R ) , and in part icular by t he charge dist r i-

but ion of t he at omic elect rons, t he at om being nailed down (bound) . W it h the quant it y

p being equal t o t he experiment al value of t he neut ron anomalous magnet ic moment , and

the quant ity à is assumed t o Úå equal t o zero, t he ne — scat t ering lengt h î „ , = — f Ä, (Î ) / Z

proves t o be equal to t he value Ü„ , = — 1.468 10 ~~cm , coinciding wit hin à small er-

ror wit h up t o dat e experiment al resul t s [2] - [7] . T his is evidence that t he e value is

small . However , pursuing this phenomenological approach, ï î rigorous conclusion about

t he nucleon st ructure can be acquired through t his resul t . Cert ainly, as i t was already

emphasized long before [1] , an approach can not been asser t ed as expedient if t he ñî åé -

cient s assigned to describe the nucleon st ructure are int roduced purely empir ically and

are never gained through any more-or-less general and profound physical t heory or , at

least , à model .

A s point ed out above, account ing for radiat ive ñî ããåñé î ï ÿ for t he elect ron i t self

modifi es the coeffi cient s by Í and by di vE in É Êåãåï 1 ways. A ll t he more, when the

nucleon, being à much more complicated composi te system , interact s wit h an ext ernal

elect romagnet ic fi eld, it s st ruct ure can not be t aken into account merely t hrough modifi -

cat ion of t he Dirac equat ion, in part icular , through replacement of t he point -l ike-part icle

magnet ic moment by t he tot al one, including t he anomalous one as well . At t his t ime,

because of the lack of à r igorous, t horough theory, t he nucleon st ructure is invest igated

in t he framework of various approaches and models.

T he considerat ion of t he magnit ude of t he ne-scat ter ing ampl it ude in t he framework

of t he Cloudy Bag Model Ñ Â Ì [11],[12] does nothing proport ional t o t he p di vÅ (l ike

(4)) cont ribut ion t o the ne — scat tering amplit ude. By the way, it might be inst ruct ive
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here to point out t hat t he quest ion about t he " Foldy term" in t he elect ron — nucleon int er-

act ion has never ar isen, whi le t he Lamb shift is invest igat ed in eit her t he ordinary or ø

the mesonic atoms (see, for exam ple, [13]) . On t he ot her hand, in t he framework of t he

phenomenological Foldy approach [1], t he ne — scat tering amplit ude is expressed through

t he quant it y p according to eq. (4) , yet nothing can be concluded immediately about t he

hidden physical sense of t he quant ity à, namely t hat t his approach is only phenomeno-

logical . Foldy himself , suggest ing eq. (3) as being t he plausible physical represent at ion

for the quant ity à, had, as à mat ter of fact , only designated such an int erpret at ion, but

never made any concise st at ement s. Instead he referred Ñî experiment s Ñî disent angle

the physical meaning of t he quant ity c. For years, in successive works, t he quant ity à has

been assumed to be exact ly equal t o t he value of t he second moment um of t he nucleon

charge dist r ibut ion (3) , ï î new or addit ional argument having been managed at all .
Obt aining < r ~ ) wi th high precision experiment ally wil l promot e, in our opinion,

t he development and improvement of t he various models now suggested for describing

t he nucleon, ignoring for t he moment t hat t hese approaches are apparent ly not yet in

posit ion Ñî provide an accuracy bet ter t han 10%. Beyond quest ion, any t heoret ical

approach must be able to successful ly describe not only one charact erist ic of t he nucleon,

but t he maj or ity of t he fol lowing, simul t aneously : < ò ) , p , ò ó , äÀ, and so on.

T herefore, i t is desirable to obt ain t he values of à11 of these quant it ies from experimental

data wit h equal precision. Specifi cally, t he < ò ) value needs to be known t o the same

accuracy as the values of p , äÀ and so fort h.

On t he ot her hand, exact determinat ion of the à value wil l enable us to j udge t o what

degree the anomalous magnet ic moment incorporates à11 the main feat ures and peculiar-

i t ies of t he neut ron st ruct ure whi le descr ibing, according to aforeci ted phenomenological

approach, t he behavior of à neut ron in an external elect romagnet ic fi eld. If t he à value

proves to be very small , almost negl igible, an amazing and int r iguing conclusion will be

inescapable: t hat t he spect acular phenomenological approach really does exist in which

t he anomalous magnet ic moment t horoughly renders t he st ruct ure of t he neut ron as i t

int eract s wit h an external elect romagnet ic fi eld. T he goals of fur ther experiment al in-

vest igat ions are Ñî obtain t he Ü„ , value wi t h bet ter accuracy than before and t hat t hese

measurement s wil l not require signifi cant correct ions in t he processing t heir result s.

T he research described in t his publ icat ion was made ðî çÿ û å in part by Grant

RFS000 from t he Internat ional Science Foundat ion and by Grant s 94-02-03118 and 96-

02-16538 RFFI .
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E N E R G Y D E P E N D E N C E O F F I SSI O N F R A G M E N T A N G U L A R
A N I SO T R O P Y I N R E SO N A N C E N E U T R O N I N D U C E D F I SSI O N O F ~~~C

W Ë .F u r m an ~~, , N .N .G o n i n ~~, , J .K 1ï ï an ~~, Y u .N .K o p ac h ~~, , L .K .Ê o z.1o v sk ó ~~,

À .Â .P o p o v ' , Í .P o st m a~~„ D Ë . T am b o v t sev

1) FLNP JINR ,Dubna, Russia
2) RRC IPPE, Obninsk, Russia
3) IP SAS, Bratislava, Slovakia
4) TU Delft, Netherlands

The investigation [1] of energy dependence of fission fragment angular
anisotropy in slow neutron induced fission of the U aligned target was continued at
the pulsed neutron source IBR-30 of the FLNP. The measurements were performed
using à new dilution refrigerator with improved target consisting of two mosaics of
monocrystals of uranyl rubidium nitrate mounted onto à copper backing, cooled down
to à temperature of - Î .1 Ê to ensure an alignment of uranium nuclei . The processing
of both new and earlier obtained [1,2] data was realized by à new algorithm, when the
relative angular anisotropy Àã was obtained as function of the neutron energy for each
experimental run separately and thereafter averaged over all runs. The absolute scale of
the A~ values was chosen from à comparison of our average value with the one from
[3]. The statistical accuracy was about 3-10 % for the energy bins of 0.05 å× in the
region 0.04-10 å× .

The results [3] interpreted Úó the authors under the assumption that the angular
anisotropy coefficient Àã could be defined for à given resonance Õ by the formula

~

where the factor gp is determined by the Racah and Clebsch-Gordan coefficients,

which depend only on spin J and its proj ection Ê on the fission axis of the compound
state under consideration. The contribution of the specific state Õ is defined only by the
ratio of the partial Ãß to total Ã~~~ fission widths. As à result î Ãthe analyses [3,4] it

was concluded in [4] that in the s-wave resonance neutron induced fission of U only
fission channels with Ê=1 and Ê=2 are open for both compound state spins J=3 and 4.
At the same time for states with J=3 an admixture of the channel Ê=Î is possible.

The new approach to the theoretical description of fission process using the
microscopic representation of fission fragment channels and their convolution to the
observed JK-channels led to the modified formulae for differential fission cross-
sections induced by slow neutrons [5] :

ä î „, ( Å )
(2)

~~

w her e

— ", ~ , g S' (î ~ - êó
ê

(3)~ ãî

i s the total f i ssion cross-section and
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takes place due to an alignment of the target nucleus spin I . Í åãå symbols f z and
Pz(cos 0) denote the al ignment coefficient [3] and the Legendre polynomial
respectively. In (2) - (4) the gz and G are the statistical and geometric normalization

factors defined by

ð = (2J + 1)Ë (21 + 1) and
15I

,/(ã~+ 1)I (I + 1)(2I + 3) '

and k = ( 2mE/ h~ )" ~ is the wave number of incident neutrons. Symbols U(

1Þ 1Ã 2;Ë ) àï ä Ñô „ are the Racah and Clebsch-Gordan coeff icients . The
dynamics of the reaction is included via the S-matrix elements S'( Ij - + Ê/ ) which

define the probabil ity of à transition from the entrance neutron channel characterized
by the orbital 1 and total 1 angular momenta of the neutron to the f ission channel JK (

for more detai l , see [5] ) .

With the aid of formulae (2)-(4) it is possible to define the angular anisotropy
of fission fragments in à consistent way as

~ óã( ~ )

«~óî ~Þ
À, ( Å ) =

This formula allows one to assume that due to the interference of di fferent
resonances the À 2(Å) value is determined not only by the partial and total f ission
widths of the nearest resonance, as in formula (1), but depends essential ly on the partial

ampl itudes Ã,' ~ of al l neighboring resonances. Besides, one should expect an

infl uence of the effects from the interference of s-wave neutron resonances with

dif ferent spins on the behavior of the À 2(Å).
For the analysis of the experimental data on the À 2 (Å) values à special code

was developed with the S-matrix parametrization proposed for the ENDF/B-V I library :

(6)

For neutron induced f i ssion w e have',

'7 )

(ô~ Î for the f i ssion channel , as show n in [5] and

w here
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,)ã ,)ã ,
2 ~ Å» — Å — !'Ã~„ I 2ó - ê )„ , = 6 (9)ññ '

The function À ~ ( Å ) was calculated by formulae (2) - (9). The fission channels
with Æ = 30, 31, 32, 41 and 42 were included in the calculations. Doppler broadening
and the resolution function of the spectrometer were taken into account, as well . W ith
the aid of the described procedure our data on the Àã(Å) in the neutron energy range
from 0.1 up to 10 å× were analyzed together with the data [6] for 0.04 - 1.5 eV . In the

calculation, 22 resonances were taken into account : 16 resonances in the energy
interval under investigation plus 2 "negative" resonances and 1 resonance above 10 å×

for each spin, respectively .
We have made an attempt to fit simul taneously as the o~ (E) and the À ã(Å)

values in energy interval 0.1- 10 eV as well as the spin-separated f ission cross sections
ñ ' „ ( E ~ and ~z, ( E ) for neutron energy 0.1-1.9 å× with the fixed positions , neutron

and total radiative and fission widths of the resonances under 1ï ÷åêéäàéî ï taken from
[7] . The ENDF/Â-V I data fi le for o~ (E) and data from [8,9] for spin-separated cross
sections ñò"„( Å ) were used. We varied f irstly only signs and relative weights of à

partial f ission ampl itudes for al l resonances mentioned above. It turned out to be
impossible to fi t the À ~(Å) dependence in the framework of this procedure. Thus al l
parameters of negative resonances and total neutron and f ission widths of some
positive resonances were Äreleased" and new f it has be done taking ñàãå of the

consistent description of the integral and spin-separated f ission cross sections.

Fig. 1 shows the results of the À ã(Å) f itting where the points and curves
represent, respectively, the experimental data and two variants of the f it. The
calculations show signif icant sensitivity of the À ã(Å) to small variations of as neutron
and as well as fission amplitudes and their signs. One of the main conclusions which
has to be made i s that the effects of interference between resonances have really
strong infl uence on the structure of the À ~(Å). The effect of interference of resonances
with dif ferent spins is also essential . The calculations demonstrate 10-20% variations
in the À ã(Å) behavior after including of the JJ' terms in the o ~ ( compare the solid

and dotted l ines ø Fig. 1). It is worth to note that hi-square values per point (

including the î rp and ~óß data) are 0.96 and 2.08 wi th and without accounting for
the JJ' terms, respectively .

The "Ê-anatomy" of the Àã f itted values is represented in Fig. 2 where

contributions of di fferent Ê proj ections ( summed over J ) to the total À ~ (Å)
dependence are apparently shown. It is clear that very pecul iar energy dependence of
the À ã(Å) function is the result of à rather irregular behaviour of its Ê-components.

So it is obvious that the previous idea [3] , that one can attribute à À~~, value ( 1) to each
resonance Õ connected only with i ts f ission widths, is hardly correct since for any
given energy the À ã(Å) is Äformed" by à group of neighboring levels.

A fter this analysis very important problems sti l l remain. They are the question
of uniqueness of the fi tted parameter set and the consistence of these calculations with
the description of the neutron capture and transmission data. It is necessary also to
include in the fitted data the spin-separated f ission cross sections for neutron energy up

to 10 å× . In any case, the analysis outlined above permits, in principle, to extract
unambiguously the partial f ission amplitudes of s-wave neutron resonances and gives
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The dependence of the angular correlation between spin orientation of target 2350 nucleus
and fission fragment momentum on neutron energy. Experimental data: circles - present

work, the fit: solid line - with JJ'-interference, dottted one - without it .
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an appropriate basis for the quantitative analysis of the forward-backward, lef t-right

and Ð-odd correlations of fission fragments measured recently [ 10] .
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5 . N E U T R O N SO U R C E S

5 .1 . T H E I B R -2 P U L SE D R E A C T O R

In 1996, the reactor operated for 2450 hours in 10 cycles for physical experiments,
Detailed information on the operation of the reactor is presented in Tables 1 and 2.

T able

State of t he r eactor (as of D ecem ber 1, 1996)

ß î V alueParameter
(from the start of reactor operations)

3 1136
'otal operation time for physical experiments, hrs.

590 8 1

~

T otal energy generated, Ì à ã è .

~

5234ÐÎ -2R total operation time, hrs. .

(inclusive of operating time during tests)

~

M aximum fl uence on the reactor j acket in the

center of the acti ve core:
( 10~~ n/em~1

for Å„ > 0.8 MeV
for Å„ ) 0.1 MeV

1.11

2.58

~

M ax imum f uel burning, (% 4.77

~

T otal number of emergency shutdow ns 36 7
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The fuel-element assemblies (FEA) were successfully reloaded to achieve equal fuel
burning in the succeeding years of reactor operation. Seven central FEAs with maximum
burning, were moved to the periphery of the active zone and two FEAs were taken out of the
reactor for investigations in à specialized laboratory. The current state of the active zone after
reloading the FEAs is illustrated in Fig.1.

c e nt r a l FEA s

- p e r i p h e r a l FEA s

- n e w F EA s

c as s e t t e s - s i m u lat o r s

~

Fig.1. Cartogram of loading the cassettes i nto the cells i n 199á

The dynamic characteristics of the IBR-2 reactor were studied in connection with the
instability of the reactor operation which was noticed at the end of 1995 in the power range
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1.6 — 1.8 MW and at à coolant fl ow rate of 90 m /Ü. At the power rating of 2 MW, the

operation of the reactor was stable. By increasing the flow of sodium to 100 m é , the instability
was removed. The change ø the dynamic characteristics is caused by variation of the "fast"

component of the power coefficient of reactivity, which is either à result of the change in
thermal conditions causing the FEAs to bend (reloaded ø 1993) or is due to fuel burn-out.

The reactor dynamics were studied following the reloading in 1996. The preliminary
results have shown that in its dynamic parameters, the reactor corresponds to its early stage of
operation and is steady over the whole power range and at à coolant fl ow rate from 80 to 100
m /Ü. Measurements of the IBR-2 dynamic characteristics will be continued in 1997.

The reactor noises were investigated to diagnose the state of the operating reactor and to
study the character of the changes in noises from different transient processes (see Figs.2 and 3).

~

4

Cf

9 0

~

0 .5 .0 1 .5

Pow er, MW/

2 .0

In 1996, the airtightness of the TVELs (fuel elements) was monitored by the gamma-
activity of gaseous fission products (mainly Xenon-135) in the argon cavity of the expansion
tank of Contour I . The activity was measured at the end of each reactor cycle at à power of 2
MW with à Na(I) scintillation detector. The observed activity of Xenon-135, amounting to an
average of 6000 Bq/1, is caused by surface contamination of the TVELs by plutonium and it
remained constant over the whole period of observations. The results of the measurements in the
reported year are given in Table 3.
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T able 3

A ct iv i tv of Õå-135 (Â Î Ë)Date

29.12.95

26.01.96

23.02.96

22.03.96

19.04.96

26.05.96

17.06.96

25.10.96

22.11.96

Cycle #

8300

4500

6000

4800

6600

5500

6200

4900

7800
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The low and steady level of activity (less than 10 ÊÂñ1Ë) points to the fact that the TVEL

cases are hermetical ly sealed.
The control of admixtures in the sodium coolant gives additional information on the

airtightness of the TVEL s (by the occurrence of nonvolati le f ission fragments) and on the
processes of corrosion ø the sodium Contour (by the emergence of admixtures of iron, nickel ,

chromium, etc.).
The main long-l ived activity of the sodium samples from Contour 1 (after the decay of

sodium-24) is due to sodium-22, which has remained constant at à level of 3 — 6 kBq/g since

1989.
The results of the measurement of possible activity in the sodium samples from Contour

I , taken before the summer shutdown on July 17, 1996, are presented ø Table 4.
T able 4

R adioact ive N ucl i de

~

Activity Bq/g

2.7 10Sodi um - 22

< 1C esi um - 137

~

< 1

~

M anganese- 54

C ob al t -58 < 1

~

C ob al t -60 < 1

~

Z i nc-65 3.0

~

As can be seen from the Table, the control admixtures of sodium practically have not
been detected at the sensitivity level of the control techniques used. As of the beginning of
1997, the sodium in Contour I is free of fission products and corrosion admixtures.

In 1996, work to construct à cryogenic moderator (ÑÌ ) for the IBR-2 reactor continued

in accordance with the work schedule. Unfortunately, because of the financial difficulties, the
plant-manufacturer was shut down ø November 1996. As of December 30, 1996, the cryogenic
moderator is 50% complete.

In the framework of the IBR-2 modernization proj ect, the "Agreement on Realization of
the Plan for Upgrading the IBR-2 Reactor in 1996-2005" has been drawn up and approved by

the main contractors NIKIET, GSPI, and VNIINM as to the dates and amount of work to Úå
done. Tables 5 and 6 present schedule of the work for the IBR-2 modernization.

In 1996, in accordance with the Agreement, the following documents were drawn up:
1. technical proposal for IBR-2 modernization, where the basic technical solutions are specified;
2. design specification for the modernization of the PO-3 movable refl ector of IBR-2;

3. design specification for the TVELs.
Contracts for drawing up the technical proj ects for the modernization of IBR-2 and the

production of TVELs, as well as for working drawings for the PO-Ç, were concluded.
Unfortunately, deficit f inancing and delays in funding the IBR-2 modernization proj ect

(about 25% of the plan) resulted in the suspension of work in all areas of the modernization
proj ect.

~ ~ã



T able 5

Schedule of wor k f or t he I BR -2 r eact or m oder n izat ion $staae I )

I B R-2 operation for physical

~

ex p er i m ents

A cti ve zone (new loading) :

~~

— tests

~

ÐÎ -3 movable refl ector :

— desi gn

— m anuf acture

— tests

~

M ain equipment (reactor

j acket , CES, stationary

refl ectors, etc.) :

— desi gn

— m anuf actur e

~~

Cryogenic moderator :

— m anuf acture

— tests

~~

GPP-2 reserve control desk :

— assem b l y

~
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T able 6

Schedule of w or k f or th e I B R-2 r eactor m oder n izat i on (stage I I )

~

U nloading the active zone

~

D ismantl ing used equipment

Reactor j acket2.1.

2 .2 . ÐÎ -2R

2 .3 . Control and emergency
systems (CES)

A ssembly of the new

equipment:

~

Reactor j acket3.1.

~

ÐÎ -33 .2 .

~

3 .3 . C E S

~

Phy sical startup

~

Pow er startup

Operation for physical

experiments

~

1 14



5 .2 . T H E I R E N P R O J E C T

The nr oiect status. Following the recommendations of the JINR Plenipotentiary
Committee (M arch 1993) the JINR Directorate adopted the decision, approved at the 76th
Session of the JINR Scienti f ic Council June 1994), to construct the new modern source of
resonance neutrons for investigations ø fundamental nuclear physics. The completion date
(physical startup date) is the end of 1997 - the beginning of 1998. The IBR-30 analogous

scheme, üå., the combination of à powerful l inear electron accelerator and à subcritical
multiplying target, was chosen for the new neutron source. The new IREN faci l i ty will
permit the neutron energy resolution to be increased by an order of magnitude at à double

increase in luminosi ty.

In 1996, because of deficit f inancing, à considerable delay ø fulf i lment of the

IREN proj ect has to be noted. Nevertheless,
• manuf acture of TV EL s was started at the M AJAK Industrial Enterprise — the cores

have been made and worked with à high degree of precision from metall ic plutonium,
the VNIINM produced 25% of inserts from tungsten diboride;

proj ect of the IB R-30 di sassembly has been completed f or the most part ;

design specification for the LUE-200 equipment complex has been drawn up and

agreed to with GSPI ;

progress has been achieved in creating à full-scale stand of the LUE-200 accelerator, —
the Ì -350 modulator created on the basis of the OLIVIN station has been assembled,

the first signals from the modulator to à load simulator were obtained (July 1996);
further work was suspended because of the shortage of funds on electric energy;

~

at the LUE-40 accelerator the elements of the beam diagnostics and thermostatic
control systems for the LUE-200 accelerator were tested;

~

general scheme of the LUE-200 vacuum system and à full-scale stand has been

developed in collaboration with VAKUUM (Prague, Czech Republic); the manufacture
of the vacuum equipment for the electron gun and the LUE-200 stand, which is to be

shipped to FLNP in February 1997 on account of the Czech dues to JINR, has been
agreed to and started;

~

in the FLNP Design Bureau the drawings of à draft arrangement of LUE-200 including
the first section with à buncher, an intermediate segment and the second section have
been elaborated;

~

th e á th S essi o n o f t h e P r o g r am A d v i so r y C o m m i t t ee o n N u c l ear P h y si c s r ec o m m en d ed

ñî p r o l o n g ò åò å 0 6 - 4 - 0 9 9 3 - 9 4 / 9 6 t i l l 19 9 9 an d to adj u st t h e w o r k sc h ed u l e o f t h e

I R E N p r oj ec t t o t h e c o m p l e t i o n d ate at th e en d o f 19 9 9 .
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6. M E A SU R E M E N T A N D C O M PU T A T I O N C O M PL E X

Research within the é åë å was carried out in ful l accordance with the proj ect
"Development of the FLNP Information and Computation Complex" .

In 1996, the main efforts of the department ' s speciali sts and f inancial resources were

directed toward developing the FLNP local computing network (L CN). The network equipment
and software necessary to switch over to data-transfer rates of up to 100 Mbit s in the main
LCN segments, and primarily in the segment of the IBR-2 experimental setups, were purchased.
À ï ø ï Üåã of Õ-terminals were bought, in addition to those already available. This wil l make it
possible to signif icantly increase the ef f iciency of the servers and workstations of the SUN-

cluster .
Main work to design, construct, and put into operation the VME measuring systems at

the NERA-PR, HRFD, and NSVR spectrometers has been performed. At the maj ority of the
spectrometers, standard equipment for regulating the temperature of the samples under study was
put into service. Development of the detector and unified electronics of the data acquisition and
accumulation systems in VME standard for the position-sensitive detectors (PSD) at the YuMO
and DN-2 spectrometers has been completed. At present, the equipment is being constructed and
adj usted. Financial diff iculties, however, have seriously reduced the pace of executing work.
Since September 1996, there have been ï î funds to manufacture multilayer printed circuit
boards, to pay the concluded contracts, and for current expenses. This has automatically resulted
in corresponding delays in the introduction of new developments.

Nevertheless, in 1996, we ensured the steady running of the experiment automation
systems at IBR-2 and IBR-30, and made significant progress in all directions in the creation of
new measuring and control systems for the spectrometers and in the development of the
information and computation infrastructure of the Laboratory.

Detector electronics. In 1996, à large amount of work to create electronic blocks for
PSDs, helium neutron counters, and semiconductor detectors was performed:
1 À stand for studying gas PSDs with high-resistance wires was designed and

constructed on the basis of à personal computer. It consists of two spectrometric tracks, two
ADCs, and à ÊÊ-009 ÑÀÌ Àß crate-controller. The software that makes it possible to
accumulate amplitude spectra from each ADC and spectra of the sum of two signals (also in
the chosen window), as well as to calculate the position codes and accumulate position
spectra with several values for the maximum number of channels, was developed for the
stand. Work for studying the characteristics of the annular PSD at the YuMO spectrometer
was carried out with this stand, and the starting data to design electronics were obtained. At
present, the design of the charge-sensitive preamplifier and spectrometric amplif ier has been
completed and, at the moment, sixteen blocks of this kind are being constructed for eight
wires of the detector. À mechanical construction for mounting the preamplif iers onto the
case of the annular PSD was designed. But because of still unclarified problems with the
detector, we failed to obtain satisfactory amplitude spectra and the required angular
resolution for all wires of the detector. For lack of financing, the contract for the
manufacture of à set of eight two-channel ADCs has not been fulf illed.

ô The prototype of the two-channel time-ñî -digital converter (TDC) using hybrid
microcircuits ("ñÜàãäå-to-time converter") was constructed for the two-dimensional PSD of

the DN-2 spectrometer, which is based on à multi-wire proportional chamber with à cathode
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delay lø å readout. The TDC digitizes the time intervals between the formed anode signal
and the cathode signal from the end of the delay lø å and, ø this way, determines neutron
coordinates. This TDC is constructed in the form of à double two-channel device with

ranges of : 500 ns with à scale for 512 channels to determine the x coordinate of the neutron
and 250 ns with à scale for 256 channels to determine the y coordinate. In 1996, using this
equipment, physical measurements with the two-dimensional chamber were conducted on
beam 6 of the IBR-2 reactor . The following results were obtained:

• integral nonlinearity of both TDCs ( 0.2%;
• intrinsic resolution over the whole range is 1 channel , i .å., 0.5 mm over the ÷î 1ø ï å of

the chamber;
• conversion time for the x coordinate = 5 pü, and for the y coordinate = 2.5 pç.

A t present, the standard block of the TDC-2 with the indicated parameters has been
constructed and tested. The TDC-2 block has two data outputs: one to the connector on the

front panel , and one in paral lel to the ÑÀÌ Àß bus.
The engineering specif ications were prepared for the manufacture of the one-channel

TDC-1 for four ranges of measurement: 50 ns, 100 ns, 512 ns and 1000 ns, for time

measurements with the spectrometers of the Scientif ic Department of Nuclear Physics.
For the Õ-ray PSD, the analog processor block from the industrial device RKD- 1

was adapted to ÑÀÌ À ß construction and adj usted. The À Ê- 1024 ADC was also constructed

and adj usted. The interface to connect i t to the VM E crate is presently being designed.
The detector equipment of the NERA -PR spectrometer, which includes 50 channels

of electronics for picking up signals from the helium neutron counters, and the NIM -ÒÒÜ

converter blocks with à l ight diode display, have been put into operation. Each channel
contains à charge-sensitive preamplif ier , an ampl if ier with active signal shaping, à

comparator, and à NIM driver .
Thirty simi lar detectors equipped with electronics have been adj usted for the SKAT

~

setup ,
The prototype of the 8-channel preamplif ier for the 128-component detector system

of the DN-12 spectrometer has been designed, constructed, and tested. The characteristics of

the detector were measured with à neutron source. Using the results of the measurement, the
detector electronics for DN-12 were constructed and tested on the stand with à neutron

source.

~

Ô W ork to moderni ze the detector electronics of the ROM A SH K A setup has been

ðåãÃî ï ï åé .
ô T en preampl i f iers f or the Si -detectors of the setup w i th polari zed nuclei have been

designed and are being constructed.
1 W ork to adj ust the electronics of the anti -Compton spectrometer i s i n progress. T he

electronics f or the 16-channel neutron detector of the U GRA setup are being designed and

constructed.

Ô T he prototypes of new A D Cs (tw o types) w i th 1024 and 4096 channel s have been

constructed. T he main characteri sti cs have been measured and the engineering speci f i cations

for producti on samples are being drawn up.

Data acquisi t ion and accum ulat i on system s. The archi tecture of the uni f ied systems i n
V M E standard for acqui ring and accumulating data f rom the IB R-2 spectrometers has been

developed. T hese systems are based on à l imi ted but functional ly complete set of i dentical (f rom
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the viewpoint of hardware) blocks used for registering and accumulating data, which realize
distinctions in parameters and in the correction and preliminary data processing procedures, that
are specific to each spectrometer. This is accomplished by means of microprograms, electronic

tables, etc.
For any spectrometer, the data acquisition and accumulation system has four basic blocks.
Interf ace block: intended to receive data from PSDs, add the neutron time-of-fl ight code

to the position code, synchronize read/write processes, and provide intermediate data storage ø
the FIFO memory and further data transfer to the processor block, etc.

Block f or encoding the point detector number: writes the detector number by parallel
position codes into the intermediate FIFO memory, followed by determination of the binary code
of the detector using the priority encoder.

Processor block: calculates position codes (using ADC codes from both ends of the high-

resistance wires of the annular detectors), corrects for the geometric location of the detectors,
forms addresses for the histogram memory, executes control over VETO signals, and counts the
number of pulses from monitor detectors, etc. This block is based on the high performance
TMS320C40 signal processor with à large address space (32 bits), fl oating-point arithmetic
(execution time is 40 ns), six communication ports with à data-transfer rate of 20 Mbytes/s, two
internal buffers with dual-port access, two independent buses to connect the external memory,
and so on. The processor block includes two buffers with à capacity of 1 Mbyte which store all
of the data from the spectrometer detectors from one cycle of the reactor. Thus, for example, the
data in the current reactor cycle are written to buffer 1, while the data from the previous cycle
are copied from buffer 2 to the DSP internal memory for computations and for transferring the
processed data to the histogram memory. In this ñàâå, the processor is not involved ø data
1ï ðè~/î è(ðè~; these operations are executed via communication ports and built-in DMA co-
processors. In the processor block, the function of encoding the neutron time-of-fl ight (the

number of channels to 64 Ê and the ï ø ï Úåã of time scales to 4; the channel width is entered in
table form and can be chosen for any scale . from 50 ns to 128 pâ, graduated in 50 ns) is

realized.
H i stog r am m em ory: h as à tw o-por t conf i gur at i on to pr ov i de access f or b oth the p r ocessor

b l ock and the V M E b us. T he stor age capaci ty can Úå i ncr eased f r om 2 M b y tes (w h i ch i s

suf f i ci ent f or the m aj or i ty o f spectrom eter s) to 64 M b y tes ( th i s v ol um e i s necessar y f or D N -2)

by b ui l di ng i n addi t i onal m em or y ch i p s or b y u si ng sev er al b l ock s. B oth th e addr ess sp ace an d
m em ory dep th (up to 32 b i t s) can b e enh anced . T he m em ory h as an em b ed ded p r ogr am -

adj ustab l e tab l e f or page addr essi ng . T h e m em or y access t i m e i s n ot ò î ãå th an 50 0 ns, the

m odes of oper ati on are: + 1 to th e content o f th e m em ory cel l or + 1 to th e cur rent addr ess.

T h e f o l l ow i ng w ork has b een carr i ed out at the I B R - 2 spectr om eter s:

Ô I n th e repor ted y ear , at th e N SV R spectr om eter , th e V M E - stand ar d data acq u i si t i on

sy stem w as i n successf u l oper ati on . W ork to dev el op th i s sy stem , speci f i cal l y i n th e

f ram ew ork of the E PSI L O N and SK A T pr oj ects, h as been per f o rm ed .

Ô T he eq ui pm ent and sof tw are f or the data acq ui si t i o n and accu m ul at i on sy stem i n

V M E stand ard h as been put i n to ser v i ce at the Ì Å Â.À -PR spectr om eter .

1 A t the H R F D spectr om eter , the equi pp i ng o f the V M E -sy stem h as b een com p l eted .

T he sub sy stem f o r r eg i ster i ng l o w - resol ut i on spectr a ( i n cl ud i ng the ÒÑ Ñ -6 t i m e-to -code

conv er ter , h i stogr am m em ory w i th à cap aci ty o f 2 M b y te, b l ock f o r encod i ng th e detector

num b er w i th 16 i nputs, sof tw are, etc .) , h as been f u l l y adj u sted . F o ur D SPT M S320C 5 1-b ased
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RTOF-analyzers were constructed and adj usted, and tests for accumulating high-resolution

spectra were conducted. In the near future, the system will be put into operation.
Ô Equipment in V M E standard has been designed and constructed for the SAX Õ-ray

dif fractometer. In October 1996, the system was turned over to the programmers to adj ust
the sof tware. The multi -parameter measuring system for the ionization chamber with two
grids, used in experiments at IBR-30, was adj usted and put into operation.

Sample envi r onment contr ol systems. The control equipment of the step motors for
goniometers, neutron scanners, shutters, devices for changing samples, etc., is an important part
of the above-mentioned VM E-systems at the NSVR, NERA -PR and HRFD spectrometers. This

equipment is based on the developed unif ied power amplif ier blocks and standard input/output

registers.
The system for acquiring analog parameters for dif ferent types of sensors has been

developed and tested.
The prototype of the block for control l ing the neutron choppers, which is based on the

Ê 1816 BE31 microprocessor controller , was constructed. The microprograms for the control ler
and the service software for the PC of the operating personnel were wri tten. A t present, tests on
the beam are nearing completion and the preparations for the manufacturing of these blocks for

all choppers are being made.
The Euroterm standard temperature regulators were put into operation at the Y uM O,

SPN, DIN-2, and DN-2 spectrometers. The low-level sof tware to connect the Euroterm

regulators to the PCs and × Ì Å-based equipment was designed. A t à ï ø ï Üåã of spectrometers,
these temperature regulators have Úååï mounted and are ready for operation. The delays are

caused by the acute shortage of programmers.
The system for correlation analysis of the power pulses of the IBR-2 reactor and for

measuring the vibrations of the movable refl ector has been completed. Work to create à system
for monitoring the power pulses of the reactor and the condition of the shutters has been

performed. The operation of this system is being tested.
Softwar e for data accum ulat ion and contr ol systems of the spect r ometer s. The PC

software for à ï ø ï Úåã of spectrometers has been upgraded.
The low-level software was designed for the × Ì Å system at the NERA -PR spectrometer.

I t comprises modules for the motor control equipment, for exercising control over the data

accumulation system, the parameters of the spectrometer and the devices for controll ing and
maintaining à constant temperature at the samples (Euroterm-902/906, ÜÒÑ-60). These programs

make it possible to control the experiment in interactive and automatic modes. The automatic
mode is real ized by creating à command f i le and executing i t by the standard interpreter of the
OS-9 — Shell operating system.

At the HRFD spectrometer, the low-level software for the equipment for accumulating

low-resolution spectra and equipment for controll ing the motors of the mechanical uni ts of the
dif fractometer was designed for the VM E-based system.

The software of the NSV R spectrometer has been considerably developed and upgraded.
The prototype of the unif ied control system for the spectrometers was developed for the

× Ì Å-based systems under the OS-9 real -time operating system. This makes i t possible to

conf igure the control software of à specif ic spectrometer from the set of control and interface
modules realized according to certain rules. The program manager plays à key role in this
software. I t provides the connection between the interface and control modules by means of the
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Sockets mechanism using ÒÑÐËÐ protocol , synchronizes access to the control modules, controls
the state of the elements of the spectrometer, and checks the access to them for correctness. It
also controls the user's rights to operate the system, manages the system configuration (inclusion

or exclusion of spectrometer devices from the working configuration), and provides information
on the state of the system as à whole and specific devices or subsystems.

The developed technique for programming the control modules allows one to use the
same modules for the control systems of different spectrometers without making any changes,
but only adjusting them to the specific configuration and parameters of the devices and
subsystems. The new modules design does not require that the modules written previously be
changed. The software as designed enables one to use the modules ø both interactive and
automatic modes. For this purpose, we use standard solutions accepted by the UNIX and OS-9

operating systems that make the realized solutions compatible with îáæåã platforms and operating
systems, since the software is available in all modern operating systems.

The interface program modules are realized on the SUN SPARCStation 2 (20) and make
it possible to control the system in interactive mode. They also can be used as commands to
design the interpreted program for measurements in automatic mode. In the future, this new
software will allow us to realize à graphic user interface on SUN SPARCStation. The ÒÑ1./TK
package is to be used for this purpose.

Development of the SUN-cluster and network infrastructure. In the reported year, work
to install , support, and service the hardware and software of PCs and workstations was carried
out. In particular, the system software was reinstalled or corrected on more than 80 PCs. Disks
where defects were detected were excluded from the SUN-cluster configuration and new disks

with larger capacities were included by correcting the system configuration on the SUN stations
accordingly.

Six Õ-terminals were adj usted and integrated into the SUN-cluster. À number of them

were not only integrated into the local network, but were also put into service as the console
terminals of × Ì Å-systems. The system programs of the SUN-cluster were modernized or

ñî ï åñ1å~1 to provide better protection of the system against unsanctioned access, as well as new
versions of à number of program products (Ì ÀÊÅ, GHOSTSCRIPT, EMACS, ÒÑÊ/TK,
PEARL, etc.) were installed. The software for the network printers was upgraded on the basis of
the experience gained during à year of service. The software supporting the terminal mode and
the mode of IP connection via the PPP protocol was designed to obtain remote access to the
SUN-cluster machines via modems.

New commercial software packages (PV-WAVE ÷.6.04, POWERVIEW, XILINX) were
installed on the SUN-cluster machines and software support of the above-mentioned products is
being provided. For the Ð'×-WAVE package, freely distributed additional libraries were installed.

These libraries make it possible to save images created by PV-WAVE as files in the standard

graphic formats (specifically, GIF), which can be used to create files in the HTML format for
the Web.

On the basis of the PV-WAVE package, software to access, visualize, and treat neutron
spectra accumulated at different spectrometers of the IBR-2 reactor was developed. In particular,
software to import neutron spectra was designed for 14 spectrometers. In addition, à general data
format for neutron spectra was developed, which also includes the parameters saved along with
the spectra by the different data acquisition programs running at these spectrometers. The
parameters are divided into two groups: the so-called spectrum parameters (used directly in the
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treatment of spectra) and the comments to the spectra (an extendible set of text parameters).
Also among the component parts of this format are the spectrum statistic errors and the current
accumulation of Õ-coordinates, which can assume the values of time-of-fl ight channels,
wavelengths, transfer momenta, etc. While importing spectra from any of the 14 spectrometers
into the PV-WAVE package medium, the data structure is formed in accordance with the
developed data format, which is transparent to treatment procedures and can be saved on disk
(and read out later) when exporting data ø the general format. The proposed data format can be
considered as an intermediate between the formats available at the IBR-2 spectrometers and the
Í ÀÐÅÇ (NEXAS) international neutron data format under discussion at the present time. The
developed set of 24 procedures for treating spectra includes arithmetic and special operations,
specifically, the conversion of spectra to different coordinate systems. Each operation is
accompanied by à recalculation of the statistical errors for the resulting spectrum.

The designed software is available to any user of the FLNP SUN-cluster via the graphic
user interface of Ð× -'ÊÀ× Å Point&Click 2.20 and the command interface of Ð× -WAVE
Advantage 5.5 and 6.0. Short illustrated userguides for the packages of the PV-WAVE family

and the developed software are available on the Web at:
http:/nfdfn.j inr.ru/fl nph/pv/pv info.html.
The information system on the activity of the Laboratory, as well as the means of

presenting information materials on Web, were also further developed.
The channels of the IBR-30 reactor (IREN) and the spectrometers of the Scientific

Department of Nuclear Physics were connected to the Ethernet network. The proj ect to change
the FLNP "backbone" network over to the Fast Ethernet standard with data-transfer rates of up

to 100 Mbit s was worked out. Based on the purchased network commutators CISCO 5000 and
CISCO 2800, as well as the network adapters (10/100 Mbit/s) for SU# ype machines, work to
switch over the "backbone" and servers to the Fast Ethernet standard has begun. The completion

of the first stage of this work will signif icantly improve the intra-laboratory traffic and decrease
the response time of computers of the Laboratory SUN-cluster.

It should also be noted that traffic to ÓÑÒÀ and on to the outside world will remain as
before because the proj ect to switch the JINR "backbone" over to the ÀÒÌ standard was not

financed in 1996.
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ÒÍ Å CONDEN SE D M A T T E R D E PA RT M EN T

H eadSub-D ivision T i t le

× . Y u .Pomj ak ushi nG roup N o .1 H R F D

À Ë . B esk r o v ny iGroup N o.2 D N -2

Â .N .Sav enk oG r oup N o .Ç D N - 12

Ê ËË 1åò åóåãGroup N o.4 N SV R

Ì .À .K i sel evG r oup N o .5 Y U M O

Group N o.á SPN - 1 Y u.V .N iki tenko

D .À .K orneevGroup N o.7 REFL EX

1.N atk ani ecGroup N o.8 N ERA -PR

Group N o.9 K D SO G À .Óè.M uzychk a

Group N o.10 E G -5 À .Ð. K ob zev

G r oup N o ,

~

Å .S .K uzm i nA utomati zation

T H E NU CL EA R PH Y SI CS DE PA R T M E NT

Su b -D i v isi on H ead

G roup N o . 1 Polari zed neutrons and nuclei V .Ð.A l f i m enk o v

G r oup N o .1 À .Â .Popo vN eutron spectroscopy

G r oup N o .Ç N uclear reactions Y u.S.Z amyatni n

Group N o.4 Ó è .À .A l ex andro vProperties of the neutron

G r oup N o .5 Proton and à -decay Óè.Ì .Gledenov

À .Ì .SukhovoyGroup N o.á Properties of y-quanta

Group N o.7 Î .Ð. GeorgievRadiation capture of neutrons

Group No.8 U l tra-col d neutrons V .N .Shv etsov

Group N o.9 N eutron structure G .S.Samosvat

Group N o.10 Y u.N .Pokoti lovskyRare reactions
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7.2. U SE R P O L I C Y

The IBR-2 reactor usually operates 10 cycles à year (2500 hrs. total) 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 facil ities of IBR-2 are open to the general scientific community. The

User Guide for neutron experimental facilities at FLNP is available by request from the
Laboratory's Scientific Secretary.

Condensed matter studies at IBR-2 have undergone çî ë å 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:

3. 5 e~ t~r n~ ~ti~
Chai rman — À .I .Okorokov - Russia

1. ?) Í ä ~ñ~~
Chai rman — × .À .Somenkov - Russia

2. Inelastic scattering
Chai rman — Janik - Poland

4. Small angle scattering
Chai rman - Ü.Cser - Huneary

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 Beam 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 filled 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

(~ ï~ <ÛÃ~~~;
Dr. V.Si kolenko, Frank Laboratory of Neutron Physics
Joint Insti tute f or Nuclear Research
141980 Dubna, Moscow region, Russia
Tel.: (+ 7)-095-926-22-53, (+ 7)-09621-65096, Fax: (+ 7)-09621-65085; (+ 7)-09621-65882;
E-ò àé: çé î 1åï ® ïÄ ò òãè
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7.3 . C O N F E R E N C E S A N D M E E T I N G S

In 1996, F L NP organi zed the f ol l owi ng meeti ngs:

IV International Seminar on Interaction of Neutrons with
Nuclei (ISINN-4)

A pr i l 27 - 30 . D ubna

Ì àó 21-23
Üù å 18-20

Dubna
D»hna

2 ~ I n ternat i onal Sem i n ar on R el ax or F er roel ectr i cs
International Seminar "Polarized Neutrons in Condensed

Matter Investigations
IV Russian-French Seminar on the Application of

Neutron and Synchrotron Radiation for Condensed
Matter Investigations

~Çàëï å 24 - Çè1ó 2 Novosibirsk-

Irkutsk

~

I n 199 7, È Ë Ð wi l l organi ze the f ol lowi ng meeti ngs

D iA naInternational Seminar "Structure and Properties of
Crvstalline Materials" SPCM

M arch 4-7

Ì àó 13- 16 D ubna

~

× International Seminar on Interaction of Neutrons with
Nuclei ISINN- '

Ì àó 26-29

~

National Conference on Õ-ray, Synchrotron, and Neutron
>nvestieations (R SN-971

June 2-4

Dubna-

M oscow

Dubna

~

International Workshop on Data Acquisition Systems for
Neutron Exoerimental Facilities (DANEF'97)

~

International Seminar "Neutron Analysis of Textures and

Stresses NTSA,

June 23-27 D ubna

7.4 . C O O P E R A T I O N

L ist of V isi tor s f r om Non-M em ber States of J I NR in 1996

N am e Or gani zat i on Dates
10/01- 16/02

18/01-27/01

22/01-26/01

( ; ount r v
~ Æ à1é åã Germany

Swi t zer l and

FRZ , Rossendorf

>G.Â î é åã ~ ~~' . % 11ù åï

Í .B arthel Wacker-Chemic GmbH,

Burehausen

~ Germany

Ð.Soal thof f T U Clausthal ~ Germany

~ Germany

29/01-16/02

07/02-22/02, J.-Í .Schreiber Ins. f . zerstoerungsfr . Pruef .,
Dresden

Í ,-á . Â rok m ei er T U Clausthal

S.H ai le

Germany

USA

07/02-09/02

10/03-22/03University of Washington
Seattle
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11/03-22/03

15/03-22/03

22/03-26/04

31/03-04/04

28/03-28/04

01/04-30/04

01/04-30/04

~ 09/04-21/04

I L L , Grenoble× .Passiouk

Í Ç.L auter

Ê .Walther

Ò.Gutberlet

Ì .Rudalics

Â.M eftah

Ì .A zzoune

Ì .Hempel

i F r ance

IL L , Grenoble ~ France

Germ any

Germany

A ustri a

A lger i a

A l geri a

Germ any

FRZ , Rossendorf

U ni versi ty , L eiozi g

U ni versi ty , L inz

RN , D rar i a

CRN , D rari a

Ins. f . zerstoerungsfr . Pruef .,

Dresden
1/04 - 14/04Ins. f . zerstoerungsfr . Pruef .,

Dresden

G er m anyJ.-Í .Schreiber

13/04-17/04

13/04- 17/04

17/04- 19/04

11/05-17/05

12/05-24/05

14/05-24/05

19/05-27/05

~ Germany

( Germ any

France

~ T he N ether l ands

( s pain

Germ any

Germany

U ni versi ty , B ayreuth

U niversi ty , B ayreuth

IL L , Grenoble

N PB , Eindhoven

U ni versi ty of B arcelona

J.Kalus
Ì .-G.Roetlein

Í Ç.L auter

Î .Reefman

Ì .Ü.M estres V ila

Ê . Walther
J.-Í .Schreiber

FRZ , Rossendorf

Ins. f . zerstoerungsfr . Pruef .,
Dresden

I L L , GrenobleÍ Ç.L auter

V . Passiouk

, Î .Schaerph

Å.Steinnes

Ê .Rahn
Í .-W .Schaeben

Î .Verdie
M ohamed M ounir
Saad El-Din

Jonghwa Chang

Guinyun K i

! France

France

France

Norway

USA

0 åï ï à~

( France

) Egypt

I L L , Grenoble

04/06-14/06

04/06- 14/06

17/06-23/06

13/06- 17/06

18/06-25/06

[ 07/07- 19/07

22/07-24/07

15/08-12/09

Ï .Ü, Grenoble

U niversi ty of T rondheim

U niv . of Rhode I sl and

TU , A achen

Ecole Centrale

:ai ro U ni v er si t y

South K orea 18/08-21/08

18/08-21/08
A ERI , Seoul

Pohang Univ. of Science and

Tech.

South K orea

U ni v ; Germany

.orway

UK

18/08-25/08

11/09- 15/09

17/09-18/09

13/ 10-30/ 10

24/ 10-25/ 10

04/ 11-15/ 11

04/ 11-15/ 11

04/ 11- 15/ 11

04/ 11- 15/ 11

10/ 11-17/ 11

11/ 11-21/ 11

1~

D.D.Surmeli

Å.Steiness T rondheim U ni versi ty

PL EV SOU ND L td., L ondoni ü' .A hm ad

T U , ClaustahlD.Schmidt

Ò.Bhatia

Ì .Betzl
W .Boede

Ð.Reichel

Ê .Wal ther

Ò.Gutberlet
J.-Í .Schreiber

! (germany

U SA

German÷

L A N L , L os A lamos

FRZ , Rossendorf

FRZ Rossendorf

FRZ , Rossendorf G er m any

FRZ , Rossendorf

U ni versi ty , L eiozi g G er m anv

Ins. f . zerstoerungsfr . Pruef .
Dresden

G erm any
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7.5. E D U CA T I O N

T h e U n i v er si t y C en tr e (U C ) af f i l i a t ed w i th t h e Jo i n t I n st i t u t e f o r N u c l ear R esear ch an d

b ased o n t h e f ac u l t i es o f t h e M o sc o w S t at e U n i v er si t y an d M o sc o w E n g i n eer i n g P h y si c s I n st i t u t e

ad m i t s, f o r c o n t i n u at i o n st u d i e s , u n d er g r ad u at e stu d en t s o f th e l ast t w o y e ar s o f st u d y i n h i g h er

ed u c at i o n i n st i t u t i o n s w h o h av e at t en d ed i n t r o d u c t o r y sp ec i a l i z ed c o u r ses o r l ec t u r es i n t h e

f o l l o w i n g t o p i c s : p ar t i c l e p h y si c s , n u c l ear p h y si c s , i n v e st i g at i o n o f c o n d en sed m at t er at n u c l ear

r eac t o r s an d acc e l er at o r s, r ad i at i o n b i o l o g y . T h e sec o n d a n d th i r d sp e c i al i z at i o n s ar e i n l i n e w i t h

r esear ch p er f o r m ed at F L N P , w h i c h h as at i t s d i sp o sal à g o o d ex p er i m en t al b ase f o r b o t h sec t o r s

c o m p r i si n g th e t h e I B R - 2 r eac t o r an d t h e I B R - 3 0 b o o st er p u l sed n eu t r o n so u r c es .

T h e ed u c at i o n c o u r ses an d p r ac t i c al t r ai n i n g f o r th e st u d en t s af f i l i at e d w i t h F L N P h av e

b een o r g an i z ed , t o à l ar g e e x ten t , t o p r ep ar e sp ec i al i st s i n n e u t r o n p h y si c s f o r b o th th e

L ab o r at o r y an d f o r î áæåã R u ssi an n eu t r o n c en tr es .

A s an ex am p l e i l l u st r at i n g t h i s a i m , w e p r esen t th e l i st o f c o u r ses t au g h t b y l ec t u r er s o f

th e C o n d en sed M at t er P h y si c s C h ai r o f th e U C ( H ead : P r o f .V .Ü .A k sen o v ) :

— t h eo r et i c al m eth o d s i n c o n d en sed m at t er p h y si c s

- m eth o d s o f i n v est i g at i o n o f c o n d en sed m at t er at n u c l e ar r eac to r s an d ac c e l er at o r s

- f u n d am en t al s o f n eu t r o n p h y si c s an d n eu tr o n so u r c es

- m et h o d s f o r st r u c tu r e an al y si s o f i d eal an d r e al c r y st a l s

- sy n c h r o t r o n r ad i at i o n sp ec t r o sc o p y o f so l i d m at t er

- i n fl u en c e o f r ad i at i o n o n so l i d - st ate p r o p er t i e s

- m e th o d s o f ex p er i m en t al d at a p r o c e ssi n g .

À n u m b er o f l ead i n g F L N P sc i en t i st s t ak e p ar t i n d el i v er i n g t h ese c o u r ses . E ac h st u d en t
i s al l o w ed ac c ess t o t h e L ab o r at o r y ' s c o m p u t er n et w o r k . A n o b l i g ato r y c o n d i t i o n f o r su c c essf u l

c o m p l et i o n o f th e 4 th y ear i s th e c ap ab i l i t y t o u se m o d er n p er so n al c o m p u ter s . E ar l i er , st u d en t s

w er e i n c l u d ed i n t h e r esear c h g r o u p s l ed b y t h ei r i n st r u c to r s , w h i c h m ad e i t p o ssi b l e f o r

u n d er g r ad u ate stu d en t s w o r k i n g o n th ei r t h ese s t o t ak e p ar t i n p r ep ar i n g o r p er f o r m i n g

ex p er i m en t s .

I n 19 9 6 , t h e t eac h i n g p r o c ess at U C c o n t i n u ed su c c essf u l l y . T en st u d en t s w h o h ad th ei r

U C t r ai n i n g c o u r se at F L N P w er e em p l o y ed b y J I N R o r o th er sc i en t i f i c c en t er s i n R u ssi a .

T h e C o n d en se d M at t er P h y si c s C h ai r g av e g r ad u at i o n c er t i f i c at es t o i t s f o u r th g r o u p o f

st u d en t s i n t h e r ep o r ted y ear . T h i s g r o u p h ad 9 st u d en t s , m ak i n g t h e t o t al n u m b er o f st u d en t s
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who have graduated from the Chair , 39. Two of them have been employed by FLNP and who
have renewed the staf f of the FLNP Scientif ic Department of Condensed M atter Physics to à

noticeable degree.

7 .6. PE R SO N N E L

D ist r ibut ion of the Ì àø Staff Per sonnel per D epar tm ent as of 31.12.96

n ees

Per m anent per sonnelD epar tm ents Cont r acts

~

Å . & T , St .

1

Å . É Ò St .

5.5

~

S.

34 .5

15

39 .5

23

2

Nuclear Physics Department
Personnel of the Directorate

~~~

Condensed Matter Physics Department
Personnel of the Directorate

~~~~

5

17

Physical and Technical Research Sector
Activation Analysis Sector

Personnel of the Directorate
2 5

~

1

3

2

6

Department of Electronics, Computers
and Networks

Personnel of the Directorate

~~~

IREN Department
Personnel of the Directorate

Nuclear Safety Sector

17

40

3

7

IB R-30 D eoartment

IB R-2 D epartment

1 2

1 1

1

6

8

1

1 7

48

22

~~~

3 1

~

Technical services:
Mechanical and Technical Department
Electric and Technical Department

Personnel of the Directorate
Central Experimental Workshops,
Design Bureau,
Tool and Cleanin~ Services

~

Management Services
Personnel of the Directorate

~

4 1 (7.8%) 4 83 .5 (92 .2% )

T o t a l 524.5 (100 % )

C o m m e n t : S . - S c i en t i st s , Å . & Ò — E ngi neer s é T ech n i ci an s, St . — Staf f .
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Per sonnel of the D i r ector ate as of 31.12.96

P e o p l e

3

1

3

ã

4

ã

C oun t r y

A zerbai Ian

A rm eni a

~ B ulgar i a

I Ger many

I Georgi a

[ êã~æ
I K azakhstan

M ongol ia

Pol and

Romania

Russi a

Slovak i a

U k raine

U ni ted States

V ietnam

ã

9

5

~ç

~

7.7. FINANCE
Financing of the FLNP Scientific Research Plan in 1996

In % of FLNP
budget

Financing plan,

$ th.
3731.9
2002.9
1242.1
399.5
87.4

T hem e Expenditures
for 12 months, $ th.

No.

3169.9

2020 .2

600.7

437.9

111.1

84

100

48

109

127

Condensed m at ter physics
-0864-

-085 1-

- 10 12-

-0975-

~

115

109

123

1199.0
598.1
600.9

1034.1
548.8
485.3

N eut r on nuclear physi cs
-0974-

-0993-

I I

Elementar y par t icle physics
-1007-

Ø
13 .2 2355.6

Relat ivist ic nuclear physics
-1008-

I V
36

91
13.7

4395.8

38.1

4809.7l y T O T A L :

T he par t of the J I N R budget assi gned to FL N P ( % )

Y ear

1992

1993

1994

1995

1996

Plan

21.70

16.70

16.80

19.0 1

19.9

Fact

13.30

14 .70

13.00

18.20

18.7
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Celebration of the 40th anniversary of JINR. Director of the Frank
Laboratory of Neutron Physics × Ë. .Aksenov (right) and Director of
the Flerov Laboratory of Nuclear Reactions Yu. Ts.Oganessian (left)
presented with the Officer' s cross, the order of merit of Poland.

FL N P D eputy D irectors W Ë.Furm an (l ef t) and À .V .B elushk in (ri ght) .



Prof . G .B auer prepares f or the neutron scatter ing experiment .

Î .B okuchava and V .Sikol enko adj ust the sample on the HRFD di f f ractometer .



T he REFL EX -Ð spectrometer commissi oned in 1996.

Prof . V .Som enkov demonstrates the hi gh pressure cel l s for the D N - 12 spectrometer .



Prof . J.Schreiber and G .B ok uchava adj ust the loading machine.



Î .N ekhaev instal l s the container f or ul tracold neutron.



~

The performance of the FLNP amateur theater devoted to the 40th anniversary of JINR.
The scenario and direction by Ü.Ê.Kulkin.

~
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