
P R E F A C E

We would like to introduce the report of the scienti fic activity of the Frank
Laboratory of Neutron Physics for 1995. The first part is à brief review of the
experimental and theoretical results of investigations ø condensed matter physics, nuclear
physics and applied research. The second part presents the investigations which
characterize the main directions of research in greater detail . The reader can receive à
more complete picture of the research carried out in the Laboratory from the list of
publications for 1995 following Part 2.

In 1995, the Laboratory Directorate paid special attention to the Laboratory's basic

facilities. On 27 March 1995, the IBR-2 reactor resumed regular operations with à new
movable refl ector, PO-2R, the third movable refl ector since the IBR-2 startup. The
concept for modernization of IBR-2 for the period from 1996 to 2005 was elaborated.

Considerable advance has been made ø the real ization of the proj ect for à new
source of resonance neutrons - IREN - which is to replace the IBR-30 booster, currently
in operation. Solution of the problems associated with the ful fi lment of obligations for
constructing the main parts of the accelerator by the Institute of Nuclear Physics, Siberian
Branch, Russian Academy of Sciences, and the transferrence of the nuclear fuel needed
the multiplying target by the Ministry of Atomic Energy of the Russian Federation
created the necessary conditions for à successful execution of the Proj ect in 1998.

Further development of the User Policy continued, aimed at attracting à larger
number of physicists, chemists, biologists, and specialists in materials science (î ñàï ó out
experiments at the IBR-2 reactor. User Committees were formed for the four research
directions: diffraction, small-angle scattering, inelastic scattering, and polarized neutrons
(refl ectometry and depolarization). The first call for proposals resulted in 76 applications
requesting 406 experimental days on 7 of the 12 IBR-2 spectrometers.

The financial situation in the Laboratory did not change noticeably in 1995. The
basic facil ities and technical infrastructure were financed from the JINR budget as in
previous years. Instrument upgrades and the scientific program were provided for mainly
from financial contributions in the frame of JINR-FRG and JINR-Hungary agreements for
cooperation, as well as from other åãî ð 'û ï ç 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 difficulties its host country is currently
experiencing.

V.L .Aksenov
Director

21 February 1996
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1 .1 . C O N D E N S E D M A T T E R P H Y S I C S

1 .1 .1 . E X P E R I M E N T A L

After the movable refl ector at IBR-2 was successfully replaced by à new one in March
1995, physicists of the Department of Condensed Matter Physics (SDCMP) resumed
investigations in condensed matter physics by neutron scattering methods with all of the IBR-2

spectrometers. At present, experiments are being carried out with 10 spectrometers: HRFD,
DN-2, NSVR, DN-12, SNIM-2, YUMO, NERA-PR, KDSOG-Ì , DIN-2, and SPN-1. At the

REFLEX spectrometer, the adj ustment stage is nearing its completion, test experiments have
started, and the first physical experiments have been conducted.

As previously, the program in condensed matter physics was divided into four main
directions of research: diffraction investigations of ordered structures, investigations of large-
scale inhomogeneities by small-angle scattering, neutron-optical investigations of surfaces and

magnetic phenomena, and investigations of atomic dynamics in solids by the method of inelastic
neutron scattering.

Neutron difYraction. The program initiated in 1994 for investigating novel mercury-
containing superconductors continued. The work involved: precision investigations of Hg-

compounds and accompanying structures with HRFD, in si tu experiments to reveal the influence
of oxygen stoichiometry on structure with DN-2, and the infl uence of high pressure (up to 50
kbar) on the structure of Hg-1201 and Hg-1212 compounds with DN-12. The investigations were
carried out in cooperation with MSU, Moscow (Å. V. Antipov's group) and RRC KI , Moscow
(× . À. Somenkov's group). From the results of the HRFD measurements of HgBaqCu04+~

compounds with different oxygen contents in the base plane (z=0), namely, ó=0.05, 0.11, 0.12,
and 0.18, precision structure data (including measurements at Ò=8 Ê) were obtained and the
influence of oxygen stoichiometry on the value of Ò, was refined. The experiment using à
sample with ó=0.05 was repeated on the 3T2 diffractometer in ÜÜÂ (Saclay) and yielded
practically coinciding results. Figure 1 shows the dependence of Ò on oxygen content for Hg-

1201. The oxygen at site (1/2,1/2,0) is actually à doping atom and by changing its concentration,
one can obtain any level of doping.

À monocrystal of Åà~Ñè04ù was used on HRFD to investigate the phenomenon of
macroscopic phase separation in the Bmab and Fmmm phases arising at à low temperature. This
is connected with the diffusion of non-stoichiometric oxygen through the volume of the crystal .
The high resolution of HRFD allowed not only the splitting of the diffraction peaks to be
observed (Fig.2), but also the dimensions of the coherent Fmmm phase areas to be estimated.
These dimensions appeared to be different in the directions of the b- and c-axes and were:
Lb=1490 +/- 60 Ì ., L, 1020 +/- 20 À.

On HRFD, the first experiments to measure internal stresses in composite materials were
conducted together with IFzP, Germany.

On DN-2, investigations in the real-time mode (diffraction and small-angle scattering) of

metall ic copper oxidation revealed new peculiarities of the process. Decomposition of the ÑèÎ
oxide film (initially covering the copper granules) occurred at 210' Ñ, while copper oxide in à

massive state decomposes only at Ò>1050' Ñ. Simultaneously with the decomposition of the

oxide film, an anomalous extension of the metallic copper lattice was observed. At 210' Ñ, à

sharp increase in the small angle scattering over the momentum transfer area, corresponding to
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Fi g .1 The dependence of the super-

conducting transition temperature
on the value of y for HgBaqCu04+y
compounds. Experimental points
are approximated to the conditional
parabolic dependence.
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Ò,=38 Ê as measured with the
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the dimensions of 100 — 200 À, was observed and the diffraction lines from ÑèçÎ , and later from

ÑèÎ appeared. The sequence of these events allows one to assume that the oxidation mechanism
of finely dispersed metallic copper covered with à ÑèÎ film is an explosive type.

Small-angle neutron scatter ing. In the reported year, à large ï ø ï Üåã of proposals for
experiments with the YUMO small-angle scattering spectrometer were received. In addition,
investigations in the frame of long-term j oint programs continued with the participation of

Germany, France, Slovakia, Czechia and Hungary.
In the experiments conducted together with Germany, glass with CdSp eqÄ — type

admixtures, which radically change the properties of the glass, was investigated. The dimensions
of defects arising in the glass, whose radii of inertia appeared to be equal to 27 À, were

determined.
Investigations to study the structure of particles formed in the process of thermotropic

micelle-lamellar transitions were begun. This direction of research is connected with the
fundamental problem of the mechanism of self-assembly in membranes, as well as with the
applied problem of studying the infl uence of bile salts on biological membranes.

Measurements of DMPC — Sodium Cholate (NaCh) and DPPC — NaCh were performed

with small-angle spectrometers in Dubna and Budapest. Structures of particles in the initial and
final stages of the thermotropic transition were determined. Figure 3 shows small angle
scattering spectra from micelle, created from high NaCh concentrations at ãî î ò temperature.
Division of the lipid-detergene system into two phases under the action of temperature was
discovered. In this ñàçå, the upper phase in DMPC — NaCh mixtures has à scattering anisotropy
which is evidence of self-orientation of the formed particles.

F i g .Ç The Guinier plot of DMPC in à NaCh mixture at ãî î ò
temperature. The slope of the curve corresponds to the radius of
inertia of 25.7 À.

Experiments to investigate the infl uence of external pressure on the properties of
C>4DMAOIC>4TMABr-based self-organizing micelle systems were continued in cooperation with
the University in Bayreyth, Germany. Phase transitions were observed at Ò=28' Ñ and Ò=52' Ñ
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for pressures of 1.5 and 2.3 kbar, and the first phase diagram of this system was constructed. On
the basis of general principles, it was demonstrated that the change ø entropy connected with
phase transitions is negative, -i .å., the entropy of high pressure phases is lower than the initial

phase entropy and, thus, they are better ordered.
Polar ized neutron investigations ø neutron optics. Experiments to investigate the

reflecting properties of periodic multi-structures built of Åå and Åå layers were started on 56 57

SPN-1. It is expected that such layers will be an effective neutron monochromator.
Refl ectrometric measurements of à new type composite material , polymeric lamellar

structures with inclusions of -Fe~0~ particles with sizes of about 40 À, were conducted. The
purpose of the measurements was to obtain data about the distribution of inclusions over

structure and the possibility of lamellarity violations.
The stage of neutron reflectometry studies (together with the University in Meinz,

Germany) of the formation process of multilayer polyionic films obtained by precipitation from
electrolytic salt solutions, was completed. The obtained data convincingly proved the periodic

nature of the polymeric structures produced by this technique.
Inelastic neutron scatter ing. Vibrational spectra of two modifications of highly disperse

SiOp. hydroxylated (saturated with surface Î Í -groups) and siliconized (Î Í -groups partly
replaced by ÑÍ ç-groups), were measured with the KDSOG spectrometer. The measurements
demonstrated à strong difference between the vibrational spectra of these two modifications, in
contrast to the IR-spectroscopy data. This difference was explained by the presence of torsion
vibrations of the CH~-groups that was seen clearly by neutron scattering.

Measurements of inelastic scattering spectra of ' different ice phases obtained by à

combination of the cooling mode and the external field application mode were conducted with
the KDSOG and NERA inverted geometry spectrometers. Figure 4 shows the phonon density for
several types of crystal and amorphous states of ice in comparison with usual hexagonal ice.
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Generalized densities of states for different HzO
ice modifications: (à) crystalline ice-VIII cooled
from 340 to 110 Ê during 20 sec. at 40 kbar ;
(Ü) ice-×11 obtained by slow cooling to 77 Ê at
15 kbar; (ñ) à mixture of hexagonal ice, Ih, and
high density amorphous phase ice, hda,
compressed to 15 kbar at 77 Ê; (4) "defect" ice
× !' obtained from Ih ice by compressing to 33

kbar at 77 Ê; (å) ice Ih under normal
conditions. The applied pressure was removed
from the samples at 77 Ê and further
manipulations were carried out at nitrogen
temperatures.

Fig .4

~

(ñ)

(d)

~~

(å)

~

~ã ~ ã' ~ V

60 80 100
E n e r g y , m e V

12 0 14 02 0 40

~~



In the experiment conducted together with RRC KI, the dynamic interaction of structural
components of the Åà~ÑàÑèÎ ~ compound, the basic compound for lanthanum-containing high
temperature superconductors, was investigated. The phonon density of states of the basic
compound and the 1'.à~Ñè04 and ÑàÑèÎ ~ compounds forming its layered structure were

measured. The phonon spectrum of the basic compound appeared, with good accuracy, to be the
sum of the spectra of the structural components. This was evidence of the weakness of the

interaction between the layers.
Investigations of the temperature dependence of the structure of the spectra of excited

quantum liquids continued on the DIN-2Ê spectrometer. Simultaneously, calculations to choose à
model for approximating the structural dynamic factor of liquid helium were conducted. As the
model considerably influences the determined parameters of one-phonon scattering, the choice is
of principal importance. The obtained data speaks in favor of the damping harmonic oscillator

model .
Development activities. During the reported year, work on upgrading ò àï ó of the

operating spectrometers was conducted.
Complex adjustment of all the elements of the REFLEX-P reflectomer (including the

electronics) was performed and the main physical parameters of the refl ectometer were
measured. On the basis of the obtained data, mutual positionings of collimators and the neutron-

optical polarizing system of the refl ectometer were corrected during the summer çÜöÌ î è ï of
the IBR-2 reactor. After additional test experiments, the REFLEX-P will be commissioned and

resume regular operations.
On the SPN-1 spectrometer, tests of the new optical elements, the straight and curved

soller polarizers, as well as à supermirror, were conducted. All the elements were found to be
suitable for further operation, and allow the working wavelength interval to be increased by 2-3

times. In addition, the new optical elements were used to check the inelastic neutron scattering
measurement mode over the energy interval from 3 to 50 MeV.

On the DN-12 high pressure diffractometer, experiments to test the second detector ring,
installed to analyze inelastically scattered neutron energies and designed for operations with à
cooled Be-filter and graphite monochromators, were carried out. Manufacturing of à mirror
neutron-guide for this diffractometer was begun and its assembly on the beam is planned for the

middle of 1996.
On the high resolution Fourier diffractometer (HRFD), the 20-element detector at à

scattering angle of 90' and d-spacing resolution of about 0.003 started operations. This detector

will allow the äöä working interval to be increased considerably in investigations of complex
structures. However, that detector is mainly dedicated to investigations of internal stresses in

bulk materials.
On the SNIM-2 spectrometer, experiments to measure inelastic neutron scattering from

monocrystals (dispersion curves) to reveal additional capabilities of the instrument, which has
not been used as à diffractometer before, were performed. The result of the experiment is that
SNIM-2 can be successfully used to measure dispersion relationships of magnetic excitations in
phase states induced by pulsed magnetic fields up to 200 kOe. In this respect, the SNIM-2 will

be without competition until pulsed magnetic instruments are created at îáæåã neutron sources.
À large volume of methodological work was conducted to update the NSVR

spectrometer. New possibil ities of conducting experiments with this spectrometer have appeared
and the process of data collection and preliminary processing was radically improved. The new
possibilities for conducting experiments include the EPSILON setup, which allows one to
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conduct analysis of internal stresses in bulk products. The specialized goniometer which was put
into operation allows à sample to be rotated around the vertical axis (the rotation accuracy is
better than 0.0025' ) and XYZ-movement of the sample can be accomplished with an accuracy

not worse than 0.0025 mm. In 1995, the NSVR electronics to control experiments and data
storage was transferred to VME standard and is currently operating under the control of the OS-
9/ÕWINDOW system. This now allows one to use all the advantages of the multi -task mode and
network operations. The SKAT proj ect, foreseeing the complete replacement of the NSVR
detector system with the new one, better adapted for measurements of pole figures from textured

samples, is nearing its completion.

1 . 1 .2 . T H E O R E T I C A L

1. The Landau phenomenological theory of phase transition to à polymeric-like phase in
ÀÑ~ð (À=Õ,Rb) crystals was developed. The theory correctly describes spontaneous crystal cell
strains following the phase transition and also, predicts partial ordering of alkali metal atoms
over positions allowed ø the octahedral environment of Cqg molecules. For decreasing
temperature, the appearance of another structural phase transition leading to complete ordering of
the metal atoms is also possible. The increase in the phase transition temperature in AC~o

fullerides in comparison with Cgg is explained.
2. The temperature dependence of mid-infrared (MIR) spectra, the Hall coefficient and

the thermoelectric power have been calculated on the basis of à two-fl uid model consisting of
localized polarons and delocalized carriers. It is shown that in the case of intermediate polarons,
the ø ðlàï å temperature dependence of the optical conductivity is determined by the thermal
activation energy and can both increase and decrease with temperature in agreement with the
observed results. The same charge carriers were used to calculate the Hall coefficient and the
thermoelectric power. The temperature dependence of the Hall coefficient and the thermoelectric
power is determined by the same thermal activation energy and the agreement with experiments

is good.
3. The PES data were analysed using exact diagonalization with respect to the coupling

of the electron with the À (2) mode and the truncated Hilbert space for the H~ modes. PES
experimental data fitting, j ust as good as in the papers of îáæåã authors for low binding energies,
and better than in these papers - for the higher energy region, was obtained. Coupling with high
frequency phonons dominates in the electron-phonon interaction. Consequently, the nonadiabatic
small polaron theory rather than the adiabatic Migdal-Eliashberg approach should be applied to

~ õ~ 60.
4. The behavior of the asymmetric D-SQUID in superimposed RF and DC magnetic

fields was rigorously described. Criteria for the determination of the operation regime type were
found. À new interesting aspect of RF-pumped SQUIDs which might find applications in future
was discovered: following the variation of the magnetic fl ux of the input signal the behavior of
the system radically changes from à nonlinear to à l inear one with respect to the RF

perturbation.
5. The following well-known paradox was investigated. On one hand, for each quantum

system with à time-periodic Hamiltonian, the solutions of the Schrodinger equation, which are
the time-periodic functions modulated by the factor å "" " , exist. On the î áæåã hand, the

amplitude of the harmonic oscil lator, under the action of à time-periodic force with à resonant
frequency, increases with time for any initial condition. The paradox is resolved with the help of
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the exact solution of the corresponding Schrodinger equation. It is shown, the paradox arises, if
one does not take into account the transmutation of the quasienergy spectrum and the steady
state (quasienergy state) basis at the resonant point.

6. The high energy asymptotic of the coeff icient of the neutron refl ection from laminated
periodic substances is considered. It is shown that the refl ection coeff icient depends power-like

on the energy and the exponent is defined by the smoothness of the substance potential .
7. It is shown that the magnetic moment of the neutron moving in anti ferromagnetics

with à spiral-ordered magnetic f ield, experiences slow precession. The precession pitch strongly
depends on the value and the direction of the neutron velocity.
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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 the course of 1995, experiments to investigate fundamental interaction symmetry
violations and electromagnetic properties of the neutron were conducted. À number of
investigations in the fields of fission physics, the study of highly excited states of nuclei as well
as reactions with the emission of charged particles (related, in particular, to astrophysical
problems), were carried out. Work to modernize the existing and create new experimental
facilities was also conducted in the reported year. Measurements were performed on beams of
the IBR-30 and IBR-2 reactors and î ë åã neutron sources of various research centers in Russia,

Germany, the USA, China, and France.

1.2 .1. E X P E RI M E N TA L

Par i t y V i o l a t i o n i n I n t er ac t i on s o f N eu t r o n s w i t h R eso n an c e N u cl ei

M easu r em en t of th e P - odd ef f ect f o l l o wi ng tr an sm i ssi o n

of u np o lar i zed n eu tr on s th r o ug h à l o ngi tu di n a l ly p o la ri zed L a ta r g et

T he exper i m ent w as per f or m ed on the PO L Y A N A setup of F L N P JI N R . À 2 k g L a
sam p le w as po l ar i zed b y the " r ude f or ce" m ethod i n t he Í å- Í å d i l u t ion cr y o stat w i th an

ex ter nal m agnet ic f iel d o f 1 Ò. À nuc l ear po l ari zat i on / ;, = 0 .006 5 w as achi ev ed at à tem per at ure

of 0 .07 Ê . T he tr an sm i ssi o n ef f ect s Ä i s i l l ustr ated i n F ig 5 . Fr om the ex per i m ental data, the

v al ue o f the m at r i x el em ent o f t he w eak i nter act io n l ead i ng to à p ar i t y v i o l at io n w Ä = Ç.6 + 1.2

m eV w as est i m ated .

c Ä x 10 '

Fig. 5 The transmi ssion ef fect of unpolarized neutrons through the longi tudinal ly polari zed
La target.

Study î ( neutr on dep olari zati on f ol lowi ng tr ansmi ssi on th r ough ~~~H î

T he investigation w as per formed in the f rame of pl anning an exper iment to search for
time invariance viol ation in the Ð-even, Ò-odd i nteraction, w hich resul ts in the appearance of the
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correl ation, w here s , k , I are neutron spin, neutron moment , and the nucleus

spin, respectively. Tune violations will be sought in the total interaction cross section of
polarized neutrons with an aligned target.

Fig.á Neutron depolarization ø ~~~Í î .

In the conducted experiment, the transversely polarized neutron beam was transmitted
through à cylindrical Í î monocrystal. The polarized Dy target was used as an analyzer of the
neutron polarization at the exit from the sample. The energy dependence of the polarization was
measured in Dy resonances at 1.7, 2.7, 14, 16, 18, 36, 59 eV. In addition, the dependence of the
depolarization on the angle between the neutron and the crystallographic axis Ñ was measured.
The measurements were conducted at ãî î ò , nitrogen, and helium temperatures of the sample.

Analogous measurements were carried out using the longitudinally polarized neutron
beam. Measurements with different external magnetic f ields on the sample, êå., of 100, 200, and
400 Gauss, were also conducted.

The angular dependence of the depolarization effect expressed as /'„ / f Ä, for the energies

of the transversely polarized neutron beam (1.7, 16, 36, 59 eV) is shown in Fig. 6. The obtained
results allowed us to estimate the domain dimensions along the Ñ axis at à level of 114 ðò .

Pari ty vi olati on: the TRI PLE collaboration erperi ments

The TRIPLE collaboration, including LANL (Los Alamos), JINR (Dubna), the KYOTO
University (Kyoto), TUNL (Durham), TRIUMF (Vancouver), and the DELFT Technology
University (Delft), continued measurements of parity violation effects in resonance nuclei with
À- 100 to investigate the mass dependence of the matrix element of the weak interaction. The

experiments were conducted on the longitudinally polarized beam of resonance neutrons at the
LANSCE pulsed source up to the energies of 2000 eV. For the Pd, ~~Ðé, Sb, Cs, and 1

targets, the helical asymmetry of the resonance cross section was measured Úó the methods of
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transmission and registration of radiative capture gamma-ãàóç. Parity violation effects were

observed in many resonances of all of the designated nuclei .
Analysis of the obtained data has begun. Analysis of the effects in 34 ð-resonances of

In with energies up to 300 eV, previously measured, yielded the matrix element of weak
neutron-nucleus interaction: Ì ( I ) = 0.59~ 1~meV . This result, together with the data for 115 Þ .25

À- 110 and À- 230, point to the permanency of the matrix element Ì for nuclei with the çàë å

level density. The statistical method for extracting the matrix element from resonance data
containing incomplete spectroscopic information about spins and channel mixing parameters was
developed and realized.

Elect r om agnet i c Pr oper t ies of t h e N eut r on

Pr eci si on measur ements of th e Pb total neutr on cr oss secti on

Òî estimate the neutron polarizabi l i ty à„ , measurements of the total neutron cross section
î , f or ~~ ÐÜ were carr ied out on the 70 m fl ight path of the I B R-30 reactor . T he cl assical time-

î È 1|äÛ method w i th " bl ack" resonance f i l ters w as used up to the energies of

- 100 eV . T he cr, val ues were obtai ned for nine energy interval s w ithin an error of 3-5 mb. To

perform energy sel ection of the k eV neutrons, à combination of the time-of -fl ight method and

Ni
keV were obtai ned w i thi n an error of 13- 18 mb. T hese new data, though not à record i n

accuracy , pl ayed an important role in promoti ng f ur ther advances tow ards an exact determi nation

of à , .
In the analysis of the obtained î ~, to account for far s-resonances, an additional parameter

h, giving the scattering radius an energy dependence in the form of R'=ß~ hE and represented

Úó the sum over all the resonances not accounted for directly was introduced:
+ <î)

Ü = 2276 ~~~ " f m/ åÊ

Åî
The obtained value was unexpectedly large, h)10 fm/å× , which made us return to the detailed
analysis of o, for ~~~ÐÜ previously measured in Oak Ridge that gave

à„ =(1.20+0.15)10 f m for the è expansion coefficient only:

o (k ) = î ( 0) + àé + È Ð+ ñé ( 2 )

Compar ing the "mathematical " formula (2) w i th the phy sical formula

4ð . ã 12ð . ão(E)= sin -1ñ(ß~ hE + a Q) + sin~ 8g
~ 2 Ð ~2

adds two î ë åã drawbacks of the corresponding work to these already mentioned, namely, the
absence of the p-wave contribution (deficit of the coefficient c in (2)) and neglect of the term
with k , which depends only on à, and is - 12% of the ak term for Å=40 keV.

As far as the parameter h is concerned, processing the Oak Ridge data using expression
(3) yields h=(20.4+0.3) Üé å× (in this case à;- (1.70+0.17) 10 Ç fm~). For comparison: the

strongest (also the nearest) resonance of Pb, with Eo=507 keV and Ã„® =74 å× , would give
only h=á.á 10 ~ fm/eV. Thus, one has to ascertain the presence of at least one previously
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unknown strong resonance. Testing of this role for the only 1/2+ level below the neutron
binding energy in the ~~ÐÜ nucleus (the negative resonance with Ea 1.9 MeV) for h=O, leads

to à, =(2.08Þ .19) 10 3 fm~ and à resonance width Ã„® =(2640È Î ) eV. For comparison: the

Wigner width l imit is - 2300 eV for à nucleus radius of 8 fm.
In conclusion, it should be said that for the precision determination of à„ , one must

either simul taneousl y l ook f or the k- and k - components of crpk), or get addi ti onal i nf orm ation
on unk now n s-resonances of Pb. ãî â

Highly Excited States of Nuclei

Studyi ng the (è,2ó) reaction
Experiments to study the cascade decay of nuclei with the thermal neutron beam of the

IBR-30 reactor continued. De-excitation of y-cascades for the compound states of Àè, Ir, 198 192

and ~Te nuclei were studied. Under the auspices of an international collaboration (Munich,

Grenoble, Darmstadt, Riga), the most complete and reliable decay schemes up to the excitation
energy of 2-3 MeV have been constructed for these nuclei .

Analysis of the energy distributions of cascade intensities, aimed at investigating the
properties of levels over the nuclear excitation energy range from zero to the neutron binding
energy, was also continued. Indications of the possibil ity that the equidistant bands previously
observed for intense cascades can be linearly related to the number of boson pairs in unfilled
nucleon shells were obtained, allowing the interpretation of this experimental fact as an
exhibition of phonon excitations of nuclei within the the model of interacting bosons.

Exp eri mental deter mi nati on of th e n eutr on r esonance
p ar ameter s of ï èñ1åñ wi th A =100-200

I nvestigations w ith the I n and In i sotopes conti nued v ia the (n,ó)-reaction at 1 15

ROM A SH K A setup and new i nvestigations were started w i th Sn, Sn, 2 I , ~ ~Üè. I n addi tion

to determ ining the parameters of s-w ave resonances, identi f icat ion of p -w ave resonances ( Sn, 11á

" Sn) and their spin determ inations w ere conducted. I n the Hf + è reacti on, spi ns of 180

previousl y unk now n resonances of Hf were measured by the Ó-ray mul tipl i ci ty spectrometry i v

method over the neutron energy interval f rom 300 to 700 eV .

N uclear F ission
A ng ular ani sotr opy of ß ssñon f r agments f r om ali gn ed 2 U n uclei

T he f ir st stage of measurements of the energy dependence of f i ssion f ragments f rom the
resonance neutron induced f i ssion of al igned 235U nuclei w as completed. T he dependence for the
interval of neutron energies f rom 1.5 to 15 å× , containi ng over ten s-level s of the U 23á

compound nuclei , w as obtai ned for the f ir st t ime. Compar i son of the exper imental data w i th à
simpl i f ied version of the theory i l l ustrated in Fig.7, poi nts to the necessi ty of incl udi ng s-l evel s

of di f ferent spins i n the i nterference anal y si s.
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Fig.7 Energy dependence of the angular anisotropy coefficient A~. Symbols Ï , Ü display the

data by Postma, Pattenden, 1971, 1974; and î display the data obtained in FLNP JINR, 1995. The
solid curve presents the theoretical calculations by Moore, 1995.

Fissi on cross secti ons àï é r esonance parameters of Np 29 7

i n the subthreshold energy regi on
Òèï å-î È 1|äÛ experiments to measure the f ission cross sections and resonance

parameters of Np over the subthreshold energy region (3-500 eV) were carried out at the

IBR-30 reactor.
M easurements were conducted using f ission chambers containing 1.5 g of highly purif ied

plutonium ( 10 glg, of the isotopes U, Ðè) with large f ission cross sections. In these
experiments f i ssion y-quanta from Np were simultaneously measured by à six-section l iquid ãç~

scinti l lation detector . The registration of f ission events in coincidence with three or more
ó ñ1èàï (à al lowed the y-quanta yield mul tipl icity to be investigated in separate resonances of

Np, and as well as in resonance clusters at the neutron energies of 40 eV , 119 eV , and 200

eV related to the level s in the second potential well .
The measurements pointed to the existence of à correlation between y yields and the

|ï ÷åãçå values of the f ission widths of the levels. This, in turn, allows the probabil ity of the
(ï ,ó f ) process to be estimated, including participation of the levels of the second well in the

potential deformation energy.
This was the f irst time that such measurements were conducted for the subthreshold

f ission region.
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I nvestigati ng of delay neutrons
In the course of 1995, investigations of delayed neutrons continued on the I SOM ER

setup in the f rame of the col laboration with the 6th subgroup of the Nuclear Data Committee of
IAEA . An Am(Li) neutron source with à spectrum close to the delayed neutron spectrum was
constructed, and à neutron detector was cal ibrated using the Am(Li ) and Cf sources. The mirror
neutron guide on neutron beam 11 of the IBR-2 reactor was reconstructed al lowing the thermal
neutron output rate at the exit to be increased up to 8õ10 nl cm s. New samples f rom U and 5 2 ãçç

ã~~Ðè on nickel substrates were prepared to reduce the neutron background from the (à,n)-

reaction. A s à result, the background in the U measurements decreased by 4 times.
M easurements of delayed neutron yields using the 35U (50 mg), 233U (67 mg), and ãç~Ðè

(170 mg) samples were conducted for cold and thermal neutrons. The energy of the neutrons to
induce f ission was selected Úó means of à change of the chopper rotation phase with respect to
the starting pul se of the reactor. In the ~ Ðè measurements, the background amounted to 95% of

the total counting rate over the delayed neutron range. The measurements were performed,
nevertheless, with à statistical accuracy on the order of 1% and al lowed the prel iminary value
for Ä ó for ~~Ðè to be obtained.

Òî continue the measurements, à new 40 g sample from superpure 1Vp purchased. ãç~

Another new sample (in metal l ic form) of ™~Ðè to reduce the background from the (à,n)-

reaction wil l be manufactured.

Studi es of the peculi ari ties î / mass and charge distri buti ons
of f èsiî n f ragments (ãî ø resonance compound states

Under the auspices of the DELRENE program, work to investigate the pecul iarities of the
fission of actinide nuclei from compound states was carried out. Investigations used the method
of gamma-spectroscopy of f ission fragments with the aim of identifying the fragments and
determining their mass and charge distributions with absolute resolution in À
and Z Experiments on the precision measurement of prompt gamma-spectra of fragments from
the thermal and resonance neutrons fission of Ðè Úó at the IBR-30 reactor were completed. 239

On the basis of the measured intensities of 41 ó-transitions, independent yields of 20
even-even fragments, as well as data on the life-times of four long-l ived isotopes were obtained.
Comparing the obtained data for the thermal point with known data collected by î ë åã methods
gives evidence of the adeq uacy of the applied method. Within experimental errors, ï î
variations in relative yields of the fission fragments in the neutron resonances with J =1+ were

observed, confirming the theoretical prediction previously made at FLNP for the Ðè
compound nucleus: it undergoes fission only through the J Õ=1+0 channel.

Further development of the method is connected with increasing the number of fragments
identified and the accuracy of the measurements. The high efficiency of anti-Compton

spectrometers for such measurements was proved by the results of the methodological
experiments on neutron beams.

ã ~



I n v est i g a t i on s o f F ast N eu t r o n I n d u ced R eac t i o n s w i t h t h e E m i ssi o n o f C h a r ged Pa r t i c l es

M easu r em en ts of th e åãî çè secti o n s an d a ng u l a r di st r i b u ti o n s
f or th e Ñà (è ,à) ~~À ã a n d Z n (n ,a) ~~Æü r eacti on s

I nv est i g ati o ns o f ( n ,à ) r eact i on s i nd uced b y f ast neutr o n s ar e o f i n ter est f or t he p ur po ses

of both p ow er eng i neer i ng and the v er i f i cat i on o f nuc l ear m od el s. A t p r esent , f or the neutr on

ener gy r ange f rom 3 to 10 M eV w h i ch contai n s the thr esho l d s o f ï è ï ó (n , à ) r eact i on s, t he

ex i st i ng exp er i m ental data are scarce an d si g n i f i can t d i f f er ences betw een the r esul ts o f di f f er ent

author s ex i st .
T he m easur em ent s w er e p erf or m ed w i th neutr o n s f r om the Â (4 è ) Í å r eac ti o n at the ç

V an-de- Gr aaf accel er ator o f the I n st i tu te o f H eav y I o n Phy si cs, B eij i ng U n i ver si t y , C h i na. T he

à -p ar ti cl es f rom the (è , à ) r eact i on w er e r eg i ster ed u si ng the do ub l e fl at i on i zat i o n c ham ber w i th

gr i d s desig ned at F L N P JI N R .

A ng ul ar d i str ib ut i o ns o f a -p ar ti c l es f or the neut ron energ ies o f 4 and 5 M eV w er e

obtai ned f or t he Ca(n, a p) À ò r eact i on and are p resented i n F i g .8 . A s can be seen , at
Å, =4 M eV t he ang ul ar d i str ib ut i on i s p r act i cal l y sy m m etr i c al w i th r espect to 90 ' and h as à

sm al l f or w ard r i se at Å „= 5 M eV . T h i s r esu l t d oes not co i nci de w i th k no w n d at a f rom the
l i ter at ur e. For the r eact i on Z n (n, à ) ' N i at Å „ = 5 M eV , th i s sy m m etr i cal ang ul ar d i str i b ut i o n w as

al so ob tai ned .

T he i n tegr al cr o ss sect i o n o= 2342 23 m b f or the Ca(n, à ) A r r eact i o n at Å 5 Ì å×

obtai ned i n the g i v en ex per i m ent i s i l l ustr ated i n F i g .9 w i th à com p ar i so n o f the d ata f ro m o ther

author s and c al cu l ated r esul ts.

-~.î - î . à - î .å -àë - à ã î àã à~ àà àî ñî
(<» o ),

Fig.8 The angular di stributions for the Ca(n,èî)~~Àã reaction at

Å„=4 and 5 Ì å× . The experimental points • are the FLNP
data.

Cross secti on systemati cs f or (àÈ neutron i nduced (è, à) r eacti ons

Previously at FLNP, an analysis of the isotopic dependence of (n,ð) reaction cross
sections over the neutron energy interval from 6 to 16 M eV was conducted. Recently, the known
cross sections of (n,à) reactions for the neutron energies of 8, 10, 14.5, and 16 Ì å× were
systematized. To approximate the cross sections, the fol lowing formula, analogous to that
previously used for (n,ð)-reaction cross sections, was obtained:

= Ñë (À + Õ) åõð —
K ( N — Z )

~
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where R = ã; À'" is the radius of the target nucleus, Õ is the wavelength of incident neutrons, À,

N, and Z are the mass number, number of neutrons, and the charge of the target nucleus,
respectively. The parameters Ê and Ñ are determined by experimental data fitting. The formula
was demonstrated to describe the (n,à) reaction cross sections satisfactorily over the range from
8 to 16 MeV.

Fig. 9 The Ca(n,ag) Ar reaction cross section. The experimental points

Astrophysical Aspects of Neutron Physics
Cross secti ons f or the ~~Á(è,ó) and Ñà(è,ó)~~Ñà reacti ons

Knowledge of the cross sections for neutron induced reactions with elements from the
S-Cl Ar-Ñà-region at stellar temperatures is of importance to the study of the nucleosynthesis

processes. Because the natural content of elements of this region is determined by contributions
from different mechanisms (ü- and r- processes, explosion burning, and cosmological synthesis

following the Big Bang), one has (î ñàï ó out à qualitative analysis impossible without an exact
knowledge of reaction cross sections in order to analyze the mechanisms of isotope formation.
This particularly concerns the problem of the formation of S for which many theoretical
models give too high à probabil ity for. Previously, the FLNP-Karlsruhe collaboration measured
the S(n,ó) reaction cross section for kT=25 keV. This year, measurements of the cross section Çá

of this reaction were performed for kT= 151, 176, and 218 keV. Such neutron energies are
mainly characteristic of the s-process of nucleosynthesis.

The measurements were performed with the 3.75 MeV Van-de-Graaf accelerator in
Karlsruhe. À Maxwellian neutron spectrum with the thermal energy kT=25 keV was generated
by the Li (p,n) reaction near the threshold in à thick l ithium target (30 ðò ). Spectra with î ë åã
energies were obtained by using thinner targets (2.5 ðò ) and selecting the necessary proton
energies. The measurements were carried out with 14 sulfur samples weighing from 20 to
150 mg.

The following cross sections for the S(n,y) S reaction were obtained: 187Í 4 ðÚ,
81+7 pb, and 125+11 ðÜ for the energies of 25, 151, 176, and 218 keV, respectively. The
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obtained experimental values are 1.8 times smaller than the estimate previously used in
calculations. This means that the ~~ß yield from the ü-process is larger by the same factor.

1.2.2. TH E ORE TI CA L

Nuclear Fission
Particular progress was achieved in theoretical investigations of nuclear f ission. The

relationship between asymptotic helicities of f ission fragments and the spin proj ections of f issile
nuclei on their axes was established. It was first shown that non-axial separation of fission
fragments provides for the existence of P-even and P-odd angular correlations of f ission

fragments, as well as for the high values of their spins.

Development of à M odified Model of Nuclear Level Density
Following the prediction of the interacting boson model (IBM) about the asymptotic

linear relationship between boson energies and the ï ø ï Üåã of boson pairs of nucleons in unfilled
shells, an analysis of the data on previously observed quasi-equidistant spacings of the
intermediate levels in the most intense two-step cascades was performed. The comparison of the
properties of these levels with the IBM predictions gives some indications that the excitations of
heavy nuclei with the energies from 1-2 to 4-5 MeV demonstrated in radiative capture reactions
are determined, to çî ë å extent, by excitation of the nucleon-boson condensate. The known
relationships between the nucleon pairing energy, p and the phase transition temperature
Ò 0.567î , as well as between the critical excitation energy of the nucleus U, and Ò,: U, =
àÒ, =4-5 MeV, together with à hypothesis of the existence of à boson excitation branch, allowed
us to explain the longstanding disagreement between the experimentally measured and model-

predicted intensities of cascades qualitatively. This disagreement may be connected with the
considerable infl uence, neglected in theoretical calculations, of the phase transition between the
Âî âå and Fermi excitation branches of nuclei .

Non-Stationary Quantum Effects in Neutron Optics

The issue raised in l iterature of the possibil ity of distinguishing between ðèãå and mixed
states of à neutron beam in an experiment with the help of non-stationary quantum devices was

investigated.
It was demonstrated that the long existence of à beam of particles with à non-zero

density imposes certain requirements on the quantum characteristics of the beam, namely, on its
density matrix. À theory of the phenomenon was developed. In the general case, à beam with
modulated density exists, along which waves analogous to sound waves propagate. These waves
have à discrete spectrum. The exceptions are two related limit cases: an ideally monochromatic
wave which cannot be realized in practice, and à completely mixed (incoherent) state which is
probably most frequent in practice. Studies of the time-space structure of the beam, together
with spectrometric measurements, allowed conclusions about the density matrix type and answer
the posed question.
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The role of non-stationary devices is possibly reduced to the purely technical role of
transforming the beam frequencies, êå., to detecting the difference between the modulator and
beam frequencies.

The possibil ity of neutron 1èï å4 î ñèÿ ï ä was discussed (together with R.Gaehler from
Miinchen Technical University). It was found that the possibil ity of 6ò å4 î ñèÿ ï ä neutrons at
existing neutron sources with à relatively wide spectra of neutron velocities in the given point of
space sufficiently far away from the source. Several ways of creating çèñà time-lenses were
proposed. One of them consists of significantly non-stationary action on the wave. For the

relationship between the neutron source pulse duration and its image, an expression analogous (î
that for the usual optical magnification of à thin lens was obtained: Ì = — ~ã/Ü, where à and b
are the source-to-lens and lens-to-detector distances, respectively. The work may be essential for
the realization of an old idea of F.L.Shapriro' s of storing of UCN from à pulsed source.

Few-Body Problems in Nuclear Physics
Interacti on of òðò åçî ëç wi th light nuclei

In recent years, this problem has been in the center of attention of theoreticians and
experimentalists since one of the brightest effects of isotopic invariance violation was observed
in the d+d -+ nÐ + Í å reaction. Non-conservation of the isospin and the existence of such à

large cross section can only be explained if one assumes that the reaction goes through the
creation of à virtual isoscalar q-meson which transforms into an isovector ëð-meson due to
(r -nÐ) mixing. Up to the present time, only attempts at à simplif ied calculation of this two-step
process in the frame of an optical model have been undertaken.

The first microscopic calculation of the subthreshold scattering of ri-mesons on Í , Í , ã ç
3Í å, and Í å nuclei was performed, discovering à quasibound state in the ri Í å system. 4 • • • • • 4

Nuclear r eacti ons i n muon molecules

Nuclei retained in molecules for à relatively long time can tunnel through the Coulomb
barrier and interact with each other via nuclear forces at sub-keV energies. Áèñà condi tions

cannot be created in scattering experiments. The microscopic analysis of some muon molecules
allowed the discovery that among all possible nuclear reactions there is à special cl ass of
reactions with relatively large cross sections due to nuclear spectra correlation.

The str ucture of hypernuclei
The Skyrm-Hartry-Fok method was used to calculate the characteristics of l ight

hypernuclei with à neutron halo ( ~Í å , ," Á , ", Âå , ," Âå , ," Ñ ). On adding à Ë — hyperon, à

neutron in the halo can become either more or less bound. The characteristics of the halo
strongly depend on the properties of the hyperon-nucleon interaction.

1.2.3. M E TH OD OL OG Y

Const r uct ion of the UGRA Setup
The construction work in the experimental pavil ion was completed. The vacuum chamber

with à rotating platform was transported from the JINR Experimental Workshops to neutron
beam á of the IBR-30 reactor . This chamber, together with the sample movement mechanism

and two detector shielding blocks, was assembled on the 250 m fl ight path. A ssembly of the
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electric drives and signaling systems was completed. The computer-aided control block was
manufactured and the software for future experiments, in the main, was finished. Preparation for

test experiments is under way.

Exper imental Modeling to M easure Amplitudes of è-å-Interactions
Theoretical investigations of the infl uence of the thermal motion of noble gas (one-atom)

atoms on the energy dependence of differential and total slow neutron scattering cross sections
were completed. Two versions of experiments to measure the neutron-electron scattering length,

bÄÄ were suggested and simulated:
• measur i ng the total neutron cross section of the Kr isotope, which has à very low capture

cross section (- Çmb) in the interval from 3 meV to 1 — 10 eV;
• measuring the angular anisotropy of the scattered neutrons on natural xenon (better on the

132,134,13á~ • ) 1 • 1 ~ 3 ó 1 ó

Staging of these experiments is important from the point of view of removing the
considerable divergence in the experimental values of b and refining the estimate of the mean

square charge radius of the neutron.

Modernization of the ROM ASHKA Setup
The purpose of this work is to transfer ROMASHKA to the mini-Crystal-Ball class. The

protocol for collaboration with the Âàçå for Development and Appl ications of Physics (BDAP)
of the Bulgarian Academy of Sciences was signed, and the mechanical part of the new facil ity
was designed in cooperation with special ists from BDAP. The contract for manufacturing the
mechanical part to the account of the Bulgarian dues to JINR has been prepared for signing.
Two new measuring modules were put into operation. The first is on the 500 m fl ight path to
support Í ÐÎ å4 å1åñ1î ã operations. The module allows multi-dimensional time-of-fl ight (4Ê

channels) and amplitude (8Ê channels) measurements to be conducted. The second is on the 123
m fl ight path of beam 3. The module enables measurements of total transmission and self-

indication functions following radiative capture.

C r eat i on of t he C SS A nt i -C om pton G am m a-Spect r om eter

on the Basis of an H PG e D et ector and B G O Sci n t i l lat or s - t he D E L R E N E Pr oj ect

Calcul ations to optim ize the geometry of B GO scinti l l ators w ere performed usi ng the
GEA N T computer code. M odel tests of hol low l ight-guides were conducted . T he designs of the
spectrometer and its combined passi ve shiel di ng were el aborated. T w o PEM - 125-based channel s

for photon regi stration w ere designed and constructed. T hir ty -tw o cry stal s f or the B GO

scinti l l ator s were ordered and received and their parameter s w ere measured . M anuf acture of the

structural elements for the spectrometer w as completed . T he spectrometer w il l Úå assembled and

put i nto operation by the end m iddle of 1996.

M o d e r n i z a t i o n o f t h e I n st r u m e n t f o r M ea su r i n g A n g u l a r A n i so t r o p y

o f F i ssi o n F r a g m e n t s f r o m A l i g n ed U N u c l e i

T h e m o d er n i z at i o n o f t h e f ac i l i t y w as c o m p l e te d : t h e n e w r e f r i g er at o r f o r c o n t i n u o u sl y

m ai n t a i n i n g à t em p er at u r e o f 0 . 1Ê o n à sam p l e w as p u t i n t o o p e r at i o n . N e w m o n o c r y st a l s o f
u r an i u m - r u b i d i u m n i t r at e c o v e r ed Úó à t h i n U l ay er , w h i c h g i v e s à t w o - b u m p d i st r i b u t i o n o f ãçþ
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f ission fragments, were installed. Inside the cryostat, implanted Si-detectors with an increased
resistivity to IBR-30 gamma-pulses were assembled.

I nvest igation of the Subth r eshold Fission of U
An ionization f ission chamber containing 0.1 g of U i sotope was manufactured. The 234

daughter product of the à -decay of ~Ç~Ðè, having à ~~~Ó content of over 99.8% and à

considerably low (0.08%) admixture of ~~~Ê was used as the material for the chamber layers.

Three series of measurements were conducted at the 1ÂÊ.-ÇÎ neutron booster . The prel iminary

results of the measurements (230 hours measuring time) are shown in Fig.10. I n addition to the
separate i solated resonances, in Fig.10 the f irst resonance cluster of U can be clearly seen in
the area around 450 - 650 eV . The measurements and data processing will be continued in 1996.

I nvest igat ions of Non-Stationar y Quantum Eff ects in Neut r on Optics
Creation of à prototype of an UCN gravitational spectrometer with interference fi l ters

was f ini shed. The f irst series of test experiments was conducted at the IR-8 reactor of the RC
" Kurchatov Insti tute" . Simultaneously, investigations of the parameters of the interf erence f il ters

by the method of neutron refl ectometry at the IBR-2 reactor and the method of Rutherford

scattering at the EG-2 electrostatic generator , was conducted in cooperation with the Scienti f ic
Department of Condensed M atter Physics FLNP. This is necessary for upgrading the technology
of f ilter manufacture. Work to prepare new, improved f i lters was carried out in cooperation with
the Institute for Sol id State Physics of the Hungarian A cademy of Sciences. A n experiment to
observe the dynamic multi -ray refl ection of neutrons from à ferromagnetic ï ø òî ã remagnetized

Fig. 10 The time-of-tl i ght fi ssion spectrum of ~ Ó ø the energy range up to 1 keV .
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at high frequency is under preparation. The system for generating fields with à frequency of 10
MHz and à strength on the order of 10 Gauss was constructed. Work to manufacture à mirror-
sample in cooperation with the Institute of Applied Physics in Nizhnij Novgorod is under way.

C om pl et i o n o f t h e U C N P ul sed Sou r ce

I n 1995 , com p l ex test s o f the f ac i l i t y w er e co m p l eted i n D ubn a and çî ë å of t he b l ock s

w er e cor r ec ted . A t the end o f the y ear , the f ac i l i ty w as m ov ed f or i nstal l at i o n i n t he B I G R
r eactor h al l at A rzam as- 16 .

Creation of à Facility to Sear ch for Weak Heating of Ultracold Neutrons
In 1995, in collaboration with PNPI (Gatchina, Russia), à facil ity comprising 1 - à

spectral filter (storage volume) with 2 - an absorber changing with height, was created and
assembled at ILL (Grenoble, France). This facil ity allows the neutrons heated on 3 - the sample
with an area up to 2 m - to be registered. The registration is perf ormed by à Í å-based detector ã ç

with variable efficiency - 4. The chamber and detector are surrounded by shielding made of
cadmium and boron polyethylene. The background from the detector f illed to the Í å pressure
of 400 torr, corresponding to an efficiency of 50% for thermal neutrons, was 0.02 s ' . The

expected effect for à foil-sample of 1 m and an UCN intensity on the sample of - 1 ï cm is
- 1 s . In this case, the entire anomaly of UCN storage can be explained by weak heating.

Measuring the dependence of the detector count rate on the Í å pressure provides the possibil ity
of unfolding the spectrum of the heated neutrons.

~~~~

Í åãå, the sample can have à prehrmnary
outgasmg at temperatures up to 400' Ñ. The

ò åàû ãåò åï ãç can be conducted at sample
temperature from - 195' Ñ to 400' Ñ. The

detector of heated neutrons has the same
temperature.

Experiments have begun. The di f ference
in the currently conducted experiment from the
previous ones consists in the fact that the
structure of é å facil ity makes it possible to
register the heated neutrons beginning from the
energy of - 100 neV (5 m/s). This al lows the

hypothesis of weak UCN heating (to energies
of ( 5 10 eV) to be verif ied as à probable
reason for the UCN storage anomaly observed
in experiments with di f ferent material traps.
Combining the capabi l ities of the facil ity and
the record UCN fl ux from the ILL source gives
basis for an unambiguous veri f ication of the
hypothesis.

~~~~~~~
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Non-Stationary UCN Transpor t. Prepar ing Exper iments of è-è Scatter ing

À method for storing UCN from à pulsed source using à ï ø òî ã neutron guide and à
shutter in 6 ont of the storage chamber was proposed. Preparations to conduct experimental tests
of the method have started.

Calculations of non-stationary UCN storage and transport through horizontal neutron

guides of different configurations and effective UCN filters were performed as well as
calculation of the slow neutron background in the neutron scattering experiment at the BIGR
reactor in Arzamas-16. Work to optimize the experimental geometry and calculate the detector
response function was also performed.

1 .3 . A P P L I E D R E S E A R C H

In the reported period, the Sector of Activation Analysis and Radiation Research (ÀÀ and
RR Sector) carried out investigations using the REGATA pneumatic-transport facil ity on beam
11 of the IBR-2 reactor in the following directions.

Neutron Activation Analysis. Data processing was completed and the results of
biomonitoring of some regions in the Kola Peninsula were analyzed. For 200 soil and pine-
needle samples, concentrations of 30 to 55 elements, including heavy-metal environmental
pollutants, were determined. Âó maximums in concentration distributions, the main
environmental pollution sources ø the Murmansk region were identif ied: the big mining and
non-ferrous metallurgy plants in the towns of Monchegorsk and Nickel . In the areas around

these towns, concentrations of Ni, Ñî , Cr, As, Se, Sb, Ag, Åå and à number of î ë åã elements
exceeded the allowed upper limit for inhabited regions. The work was carried out in cooperation
with specialists from the Kola Scientif ic Center (KSC) of the Institute of Industrial Ecology of
the North. The obtained results were presented at the international conference "Nuclear Physics
for Protection of the Environment" (23-28 Ì àó, 1995, Dubna) and the national conference
"Anthropogenic Soil Changes in Industrial Regions of the North™ (25-27 July, 1995, Apatity)

and submitted for publication.
In 1995, cooperation with KSC in investigating ãàãå-earth element (REE) distributions in

environmental samples from industrial areas in the Kola Peninsula continued. As à result,
intense REE environmental pollution sources were revealed. The infl uence of excess REE
concentrations on vegetation, animals, and man, is l ittle studied up to now as the published data
on REE contents in environmental objects are scarce. To study REE distributions, 160 soil and
pine-needle samples were irradiated and gamma-spectra of the induced activity were measured.

Processing of the results is under way.
In 1995, the stage of work conducted together with the Institute of the Lithosphere of

Earth (ILE), RAS, to study ecosystems of the Volga and Oka river basins was competed. The
results were reported at the international conference in Dubna. In continuation of this work, 100
samples of soil, sediments, and plants were measured ñî reveal anomalies in pollutant
distributions of anthropogenic origin. The results are being processed and will be published in
the ILE Report for 1995.

In the reported year, collaboration with the Institute of Chemical Kinetics and Burning,
Siberian Branch, RAS (Novosibirsk) to conduct multi-element analysis of atmospheric aerosols
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in êî ò å regions of Siberia, was initiated. The study of Siberian aerosols is an important and
complicated fundamental problem which will be solved under the auspices of an international
proj ect "Aerosols in Siberia" .. Obtaining reliable data on the element composition of aerosols is

an important l ink in these investigations, which will allow the nature and peculiarities of
atmospheric pollution sources to be clarified. We investigated 150 aerosol samples from two
regions in Siberia, Baikal Lake and Karasuk Lake. The results were transferred to customers for
further analysis and the preparation of publications.

In the summer of 1995, members of the AA and RR Sector went on an expedition
headed Úó Scandinavian scientists and supported by the international proj ect "Accumulation of
Heavy Metals in North Europe" to collect environmental samples in Romania and Norway.

About 300 samples of soil , moss, and lichen were collected for neutron activation analysis at
IBR-2.

I r r ad i at i o n and neutr o n ac ti v at i on an al y si s o f abo ut 40 techn i cal and j ew el r y cr y st al s w ere

conducted to i nv est i g ate the o r i g i n o f r ad i at i on dy i ng and ot her l o cal center s.

R a d i a t i on I n v est i g at i on s. I n the r epor ted y ear , i nv est i g at i o n s w i th g am m a- i r r ad i at i on o f

gener at i on -r eco m b i nat i o n p r ocess si ngul ar i t i es i n the r ad i at i o n r esi stant sem i co nduct i ng detector

m ater i al , Tl l nSeq, co nti n ued . T he ex per i m ent al i nv est i gat i o n and M o nte C ar l o cal cu l at i on s

show ed th at t he el ec tr o n f i l l i ng of l ocal center s i n the f orb i dden b and o f the sem ico nd uc tor

decr eases as t he p hoton ener gy o f the ex ci t i ng g am m a r adi at i on i ncreases. T h i s ex p l ai n s the

tem per at ur e i nd ep endence o f the cur r ent ex c i ted by hard r ad i at io n i n sem i co nd uctor s âöñï ñ as

CdS, Cd Te, ÒÏ ï Áå~, w h i l e t he tem per at ur e dep endence o f the pho to -c ur r ent i s con si d er ab l e i n

these cr y st al s. À p aper o n the i n v est i g at i o n r esul t s w as sub m i t ted to the R u ssi an j o ur nal
" Phy si c s and T ech nol ogy o f Super cond uctor s" .

T ogether w i th I . Ü .Pi sarev ' s gro up (L ab or ator y o f N ucl ear Pr ob lem s, JI N R ) w ork on

beam 11 to test the r ad i at ion r esi stance o f detector s w as star ted under the au sp i ces o f the

A T L A S p r og r am .

Sc i en t iTi c an d M et h od ol og i ca l D ev el o p m en t s. I n the repo r ted y ear , w ork to est i m ate the

cap ab i l i t i es o f the ho r i zo nt al and v er t i c al channel s o f I B R - 2 f or i r r ad i at i ng m ater i al s f or t he

p ur po ses o f b u i ld i ng new pr oper t i es i n t ho se m ater i al s, p ro d uc i ng i sotop es, and co nduct i ng

r ad i at i on i nv est i g at i o ns i n t he f iel d o f m ater i al s sc i ence.
T ec hn ic al d r aw i ng s o f the i r r ad i at io n f ac i l i t y f or co nd uc t i ng r ad i at i on and r ad i at i on -

an al y si s i nv est i gat io ns o f sam p l es i n the v er t i cal ch an nel s o f the w ater m od er ato r si t uated beh i nd

the m ov ab l e r ef l ec tor w ere pr ep ared and sub m i t ted to the D esig n B ur eau .

T he new ex per i m ental and tech no l o g i cal b ase f or the r ad i at io n i nv est ig at i o ns to be
conducted i n the per i od f r o m 199 6 to 199 8 i n t he f r am e o f t he i n i t i ated pr oj ect " D ef ect

For m at i on i n St rong l y A n i sot rop i c Sem ico nduct i ng C r y stal s" , i s b ei ng cr eated anew . T he

i n str um ent f or i nv est i g at io n s o f t he H al l ef f ec t , sel f - and ad m i x t ur e-p ho to co nd uct i v i t y , and

grow i ng and i nter c al at io n o f cr y stal s o f the T l Se- T l l nSeq sy stem , w as assem b l ed .

I n 199 5 , d ur i ng the r eactor shut -do w n , t he c ur v ed ï ø òî ã neut ro n-g ui d e (C M N G ) o n

b eam 11 o f the I B R - 2 r eacto r w as adj u sted w i th h igh prec i sio n . A s à r esul t , th e ther m al neutro n

y iel d at t he C M N G ex i t w as i ncreased b y 4 t i m es. A dd i t io n al adj ustm ent w as cond ucted i n

co nnect i o n w i th the m oder n i zat io n o f the i nstr um ent f or m easur i ng del ay ed neut ro n y iel d s w i th

ur ani um and t r ansur an i um n uc l ear t arget s. T h i s w ork i s bei ng c ar r i ed o ut i n coo per at i o n w i th
Y u .S.Z am y at n i n ' s gr oup ( FL N P) .

3 0



2 . 1 . C O N D E N S E D M A T T E R P H Y S I C S

C O N T E N T S

Diff raction
Investigation of the Hg-1201 Structure under High External Pressure by Means of Neutron

Powder Diffraction

S.Sh.Shi lshtein, Å. V Antipov, S.N Puti lin

Phase Transition in ÀÑîâ (À=Ê,Rb) Fulleride Crystals
VL Aksenov, Yu.À.Ossipyan, V.S.Shakhmatov

Preci sion N eutron D i f f ract ion Structural Study of the H igh-Ò, Superconductor HgBazCu0 4+z

S.N. Putt li n,

F.Âî èãåå

Sm al l -A n g l e Sca t t er i n g

Str uct ur e o f G r ap h i t i zed C ar bo n B l ack A gg regates i n T r i to n Õ - 100/ W ater So l ut i o n s

b y Sm al l -A ng l e N eutr on Scatter i ng

V.Ì .G a r am us, J .S.P ed er sen, L L .B ul av in , Ò. V.K a r m azi na

Structure of M ixed Multi layers of Palmitoyloleoylphosphatidylcholine and Oligooxyethelene
Glycol Monododecyl Ether Determined by Õ-Ray and Neutron Diffraction
Î .Klose, À.Islamov, Â.Koenig, V.Cherezov

I n el ast i c Sc a t t er i n g

A m m o ni um D y nam i cs i n Ê ~ Ä(N H 4), M i x ed Sal t s at 10 Ê
1.N a tk an ~ec, L S.Smi r no v, SË .B r agi n, À .1.So lo v 'ev

Investigation of the Librational Spectrum of Deuterated Thiocyanate Ammonium
L S.Smirnov, 1.Natkaniec, $.1.Âràð n

Density of Vibrational States of Highly Disperse Carbons
1.Markichev, Å.Sheka, À.Muzychka, V.Khavryutchenko

The Interaction of Oxygen with Hydrogen in Ti', V and Òà

V. V.Sumin, Ch. Gantulga

T he S(q) Structural Factor of L iquid Í å at Smal l q

Zh.À . K ozlov

3 3



Pol a r i zed N eu t r on s
St udy of D ep th Pr of i l es o f E l em ent s of T h i n L ay er Str uctures U si ng R B S T echn iq ue

7 Ì .P usenkov, Å Ì ß Üåò Z N Soòoko, Ê Ñ .Sy r omya tn i kov, À .F .Sch eb etov

O f f - Specul ar N eutron R efl ect i on f r om M agnet i c M ed i a w i th N ondi agon al R efl ect i v i t y M atr i ces

D .À .K o r neev, V.1.Bodnar chuk, V.K .I g na tovi ch

34



Investigation of the Hg-1201 structure under high external pressure

by means of neutron diffraction.

V.Ü.Aksenov, À.Ì .Balagurov, Â.N.Savenko, D.V.Sheptyakov
D ub na , J I N R, F r a nk L a b of N eu t r o n P hy si cs, R ussi a

V.P.Glazkov, V.À.Somenkov
R ussi a n Sci en tif i c C en te r " K u r c ha to v I n s ti t u t e " , M osc o w , R ussi a

Å.V.Antipov, S.N.Putilin
M osco w Sta te U ni v er si ty , D ep a r tm en t of C h emi s t r y , Russi a

Í äÂàãÑè0 4+, is the first member of the homologous series of mercury-based
superconductors with general composition Í äÂàãÑà„ tCuÄOzÄ+q+, . This family of / 1/

superconducting compounds displays the highest values of Ò, available by now. Moreover
their superconducting transition temperatures raise with the increase of external pressure' ' '

with practically the same speed for all the representatives of the series, approximately 2
Ê/GPa. For example it has been reported that the Ò, 's of above 150 Ê had been achieved

for the compound with n=3 (Hg-1223) at external pressures higher than 10 GPa.

The increase of Ò, induced by external pressure is being observed to some extent ø all
hole-doped superconducting copper oxides. This shows that the basic physical reason for

this phenomenon is the same for all of them. It is naturally to suppose that this reason is
the change in free charges concentration in the superconducting layers CuOp caused by
changes in the interatomic distances.
Diffraction methods are providing the direct information concerning structural changes ø
crystals, and neutron diffraction seems to be the best method for investigations of the
High-Ò, compounds because it is necessary to determine the positions of the oxygen atoms

with high precision. But it is quite complicated problem to obtain the information on the
charge transfer even with the use of neutron diffraction because the changes of the
interatomic distances are very small and the accuracy of the experimental data turns out to
be insufficient. One of the ways to solve this problem is the increase of the accuracy of
the data obtained, which is of course possible if the experiments are carried out at the
diffractometer with the resolution (in the interlayer distances scale) not worse than 0.003.
Though it is usually possible to carry out such an experiment in the range of pressures up
to 1 GPa, the accuracy of the evaluated interatomic distances is quite satisfactory to make
qualitative conclusions. Another possibility is in significant increase of the range of
pressures at the sample (3-5 GPa) which allows to obtain necessary accuracy of data on
the diffractometers with the resolution on the level of 0.01.
The structural changes in mercury-based superconductors caused by applying high external
pressure have already been the subj ect of investigations for several teams of explorers' ' .

In the authors have investigated the crystal structures of HgBapCuO4+, and /5/

HgBazCaCuzOq+, with à pressure up to 0.6 GPa and HgBaqCazCuqOs+, with à pressure up
to 9.2 GPa by means of neutron powder diffraction. They have obtained the values of the
compressibilities along the à- and c-axes and the bond distances compressibil ities as well .

/î /In the team of investigators have studied the pressure-induced structural changes in
HgBazCaiCuzOq+, by means of neutron powder diffraction at the DN-12 diffractometer in
Dubna in the pressure range 0-3.6 GPa with the use of sapphire anvil high-pressure cell .
The lattice constants and bond distances compressibilities were determined and analyzed
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involving quite doubtful model of disordered in the plane (à,b) oxygen but nevertheless the
results turned out to be in general good agreement with the other data: the distance
between Ba and 0 2 had the highest compressibility among all the other bond distances,
and the compressibility of the c-axis is approximately twice higher than of the à-axis.
The structure of the compound with n=1 (Hg-1201) is the simplest among all the î áæåã
compounds of the mercury series and îáæåã high-Ò, ' s, and this is an important prerequisite

for investigation of the small changes in the structure. Another important circumstance is
that this compound is usually being obtained practically without any impurities and the
analysis is not distorted by 'the signs of the î ë åã phases. As the compound with n=l (Hg-

1201) has the most simple structure among all the others, the aim of this investigation was
to determine the general character of the structural behavior of Hg-1201 under applied

high external pressure.
The experiments were carried out at the DN-12'~~ specialized diéãàñãî ò åãåã for
microsamples investigations at the IBR-2 pulsed reactor in Dubna. We used the sapphire-

anvils high pressure cell to create the desirable pressures at the sample. At each pressure
we have managed to perform the neutron diffraction experiment at two different angles
simultaneously (usually these scattering angles values were near 45' and 90' ). Such

simultaneous measurements have ensured us in the correct and comparatively precise
determination of experimental conditions and, thus, of the values of interest. The pressure
was measured by detecting the displacement of the ruby luminescence lines and the
uncertainty of these determinations was 0.03 GPa. The experiments were carried out at
zero pressure in the region of dgg~ from 1.0 to 5.0 À on the ðèãå sample of the volume
approximately 20 mm ø order to clarify the original structure and at pressures 1.47, 3.14, 3 .

4.31 and 5.07 GPa ø the region of dgqi from 1.8 to 5.0 À in the high pressure cell (sample
volume <2 mm ). Rietveld refinement procedures of the diffraction -patterns obtained at

zero pressure possessed to estimate the values of the coordinates of atoms in the original
structure. The quality of the diffraction patterns at intermediate pressures 1.47 and 3.14
GPa was not sufficient for precise determination of the lattice geometry because of the

high level of background and the presence of parasitic diffraction from the sapphire single-

crystal anvils but it turned out to be good enough to obtain the values of the lattice
constants. Due to special improvements of the sample environment (background
suppression, f irst of all) the quality of the diffraction patterns at higher pressures of 4.31
and 5.07 GPa turned out to be significantly better and this allowed us to carry out Rietveld
refinement procedures with variation of several structural parameters, namely the z-

coordinates of Ba and apical 0 atoms and lattice parameters as well . The typical view of
the parts of the Rietveld ref inements of the HgBaqCu0 4+, structure at zero pressure and at
high pressure are shown in the fig. 1 and the detailed results of the diffraction patterns
treatments are presented in the table 1.
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f ig. 1. The parts of the Í åé åÛ ref inements of Í gÂà~Ñè04+, structure.
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The main result of these experiments were the dependencies of the lattice parameters
versus pressure (see fig. 2) and the dependencies of some interatomic distances in
Í äÂàãÑèÎ ä+, versus pressure (fig. 3, f ig. 4); so we' ve really obtained the values of the

compressibil ities of the Í äÂàãÑè0 4+, structure along à and ñ axes, the ÷î 1ø ï å
compressibil ity of the unit cell , and approximately estimated the compressibil ities of some
selected bond distances in the structure (see table 2).
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The values of the lattice constants compressibilities are in general good agreement with
those obtained earlier for the îáæåã members of the series ' . The presence of small • / 5 ,6 /

anisotropy in the lattice constants compressibilities is also in good agreement with earlier
/ 5 ,6 /0 90 — ~ ~ ~ ~ ~ ~ results ' . Our measurements have

shown that the pressure-induced

changes in the Í äÂà2Ñè0 4+,
structure really occur: the apical
oxygen to copper atom distance
sharply shortens with pressure
increase (corresponding
compressibil ity is 7.3~(10 GPa '))

while the interatomic distance
between 0 2 and Hg atoms remains— - c u r r e n t i n v e s t i g a t i o n ) ' ô : - p r a c t i c a l l y t h e s a m e . I t h a s b e e n s h o w n i n t h e e a r l i e r w o r k s ' t h a t t h e v a l u e o f i n t e r l a y e r s p l i t t i n g b e t w e e n B a a n d 0 2 l a y e r s i s t h e m o s t s e n s i t i v e

value to the charge state of the
basic and CuO2 planes. Moreover, reasonable suggestions on the charge transfer between
these two planes can be done on the basis of this splitting value. We present the
dependence of this interlayer splitting on pressure in the fig. 4 together with the data
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obtained ø ' '. It is quite obvious that the two sets of data are giving practically the same

behavior of the Âà-0 2 splitting with pressure. This value is the most compressible
parameter in the structure (as well as in the îáæåã members of the Hg-based compounds):
kn op=18. It can be calculated that the corresponding value from is approximately kn, /5/ .

î ~=15
From the charge balance analysis it follows that the decrease of Âà-0 2 splitting

corresponds to the charge transfer from the HgO, reservoir to the Ñì Î ã plane. In order to
estimate this charge transfer it is ðî ÿÿ î 1å~@ to use the empiric equation Ë=-0.045+0.2475Q

which puts up the correlation between the splitting of the Âà-0 2 layers and the charge

transfer between the neighbouring HgO, and Ñì Î ã planes. Using this equation and our
results we obtained that at external pressure of 5.07 GPa the charge equal to 0.13
elementary charges travels to the CuOz planes. This value after being normalized to the 1
GPa pressure is close to those obtained ø ~ for Y-123, Y-124 and Hg-1212. This fl ow of

charge from basic layers to the superconducting ones causes the lowering of the formal
charge of copper atoms which results in the increase of the onset temperature. These
speculations explain qualitatively the growth of Ò, with pressure the observations of which
had been reported about elsewhere ' .
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PHA SE TRANSITION IN ACeo (A=K ,Rb)
FULLERIDE CRY STAL S

V .Ü. A k senov , Y u.À . Ossipyan , × .S. Shakhm atov

Frank Laboratory of Neutron Physics, JINR, Dubna
ISSP, RAS, Chernogolovka, Russia

From experimental investigations, å.g., [1] , it is known that the phase
transition (ÐÒ) from the high temperature face-centered cubic phase of the Fm3m
(0 ~ ) symmetry to the low temperature polymeric-like phase of the Pnnm (Dqq'~)

orthorhombic symmetry is observed in ACqp (À=Ê,Rb) fulleride crystals.

Inter-arrangement of the crystal cel l s of the above tw o phases i s show n i n F ig.

~

Fig. 1. Inter-arrangement of crystal cells in the Fm3m and Pnnm phases. Large circles refer to
Ñä> molecules, smaller circles refer to metal atoms. Black circles indicate metal atoms and C~>
molecules situated on visible faces of two face-centered cubic cells in the Fm3m phase. The Pnnm
phase crystal cell is shown by dashed lines. The Ñ > molecules creating the octahedral environment for
the metal atom are denoted by the numbers 1,...,6.

The À Cqp compounds exhibit
properties. In the Fm3m high temperate
strong localization of electrons, whi le i
compounds are quasi-one-dimensional me

metal l ic state is unstable with respect to the
[2] .

In o ur p aper [ 3 ] , the L an dau phenom eno l o gi cal theo ry o f ÐÒ to à po l y m er i c-

l i k e ph ase i n À C qp (À = Ê ,R b ) cr y stal s i s dev el oped on the b asi s o f sy m m etr y anal y si s.

Â ó an al y si s o f the i nteract io n s betw een order p ar am eter s, p rob ab l e ÐÒ con nected

4 0

à number of very interesting physical
öãå phase, these compounds demonstrate
n the polymeric-like phase, the À Cqp
tais. Moreover, at low temperatures the
formation of spin or charge density waves



changes in the subsystem of metal atoms are investigated. The developed theory
predicts the partial ordering of alkal i metal atoms over the positions al lowed in the
octahedral environment of Cqp molecules (Fig. 2).

~

Fig.2. Possible types of positions for metal atoms (smaller circles) in the octahedral
environment of Ñö> molecules (large circles): à) The central position 1b; Ü), ñ) and d) are the áå, Sf
and 12i positions, respectively.

À metal atom in the octahedral 1b center position (Fig.2à) experiences ï î
structural changes following ÐÒ. If à metal atom occupies à noncentral position, then
partial ordering over the positions indicated in Figs. 2b, ñ), and d) takes place
following ÐÒ. For the áå position, the partial ordering of the metal atoms either on
the horizontal plane (dark circles) or over two positions situated above or below the
plane (shaded circles) takes place. For the 8f and 12i positions (Fig. 2c and d), the
occupied positions are shown by dark circles.

At decreasing temperature the appearance of another structural ÐÒ, which
leads to complete ordering of the metal atoms, is also possible.
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The new mercury superconductors, belonging to à series of the general formula
Í öÂà~Ñà„ ,Ñè„Î ~,~ ~, with n= 1,2,3 etc., were discovered in 1993" '. The highest transition

temperature, 134 Ê , was found for n=3. I t increases up to 150 Ê under pressure of 11 GPa and
this value is à record for high-Ò, materials at present.

The structure of Hg-based compounds is being investigated by à11 possible methods,
neutron é éãàñéî ï among them. Several questions are still open, first of all about the exact
oxygen content and its connection with TÄ about the mercury occupancy factor, and the
reason for the high mercury temperature factor .

At FLNP, the studies î Ãthese new compounds were initiated in 1994 and continued in
1995. These studies are carried out in collaboration with the M SU Department of Chemistry of
and the Russian Scientifi c Center of Kurchatov Institute. In 1995, four Í öÂà~Ñè0 4,~ (Hg-
1201) samples were studied: sample À with Ò,=71 Ê , ò =2.09 g, sample Â with Ò,=83 Ê,
ò =2.05 g, sample Ñ with Ò,=98 Ê , m=1.93 g and sample D with Ò,=96 Ê , m= 1.84 g. The last

was prepared by à special method that resulted in an unconventional relation between the à and
ñ lattice parameters. The main goal of this study was determination of the Ò, dependence on
oxygen content.

Neutron diff raction experiments with those samples were performed on the high
resolution Fourier diff ractometer (HRFD) at the IBR-2 pulsed reactor in Dubna and the ÇÒ2
diff ractometer at the Orphee reactor in Saclay. Diff raction pattern measurements were done
with HRFD at ãî î ò temperature for samples À-D and at 8 Ê for sample Â . With ÇÒ2, the
measurements were made of sample À at room temperature and at 8 Ê . All the observed
diff raction lines were accounted for by the expected Hg- 1201 structure with the symmetry of
space group Ð4lò ò ò . The MRIA and FULLPROF programs were used for processing data. À
refinement of the Fourier spectra was carried out in the 0.81 - 2.09 À interval with 110 peaks
from Hg- 1201. An example of the measured diff raction pattern can be seen in Fig.l . The
refinement was done for the z-coordinates of Ba and 0 2 atoms, for the occupancy factors of
Hg and 0 3 atoms, and for temperature factors of à11 atoms except 0 3. The determined
structural data, together with selected interatomic and interlayer distances, are given in Table 1.
The small amount of 0 3 atoms in the structure did not allow the exact value of the temperature
factor, Âò(0 3), to be found, though the correlation with the 0 3 occupancy factor, n(0 3), was
not very high. Thus, the variation of Â ã(0 3) over wide limits did not change n(0 3) ò î ãå than
the limit of one standard deviation. À much stronger correlation was found between Â ã(Í ö)
and n(Hg) (Fig.2). M oreover, for these two parameters, the minimum in g and
R-factors values is not very pronounced.
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On the whole, the structural results are in good accordance with published äà~à~~' and,
especially, with the data of Ref." ' All features of the Hg-1201 structure and their dependence
on temperature and oxygen content announced in were confirmed. /4/

We would like to draw special attention to the deficiency of the Hg position and the
large temperature factors of the Hg and 0 2 atoms. The first was already mentioned in papers'~' '
and~ . The attempts to explain it as à substitution of mercury for impurity atoms (copper or
carbon) lead to contradictions with other data'~'. The low temperature data show that Âò(Í ä)
and Br(0 2) become much smaller at Ò=8 Ê. So, we have ñî ò å to the conclusion that the
mercury deficiency is real and the temperature motion of the Hg and 0 3 atoms is actually high
at ãî î ò temperature.

Both for our samples and the samples studied in" ', the linear dependence between

oxygen content and the values of the à and c parameters can be seen. The Ò, value depends
strongly on n(0 3), as shown in Figure 3, where our data and data from" ' are displayed. As it

was predicted, both curves are hill-like, though their maximums are shifted.
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method failed due to the small number of additional atoms and the infl uence of experimental
error. More information can be obtained after calculating the scattering-density ò àðî,
especially of experimental and calculated diff erence densities. The very high resolution of
HRFD î éåòç the possibility of drawing these maps. The sensitivity of this method is illustrated
in Fig.4, where the diff erence map for the basal plane sample À is shown. The 0 3 atom is seen
÷åòó clearly; its peak amplitude is - 2.5 times higher than the highest background peaks. It
means that atoms with à coherent scattering length of 0.6 (carbon, for instance) can be found
for à concentration of around 3%. As an example, the experimental scattering-density map for
the õ=ó, Î < z <0.5 section is shown in Fig.5.

Fig. 5 Experimental scattering-density map
for the diagonal crosssection õ=ó, Î <

z <0.5 of sample Ñ.

Fig . 4 D ifference scattering-density map

for the basal plane î Ãsample.
Oxygen 0 3 w as removed from the
for calculation of Ð~,~.
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Structure of Graphitized Carbon Black Aggregates ø Triton Õ-100/Water Solutions

by Small Angle Neutron Scattering.

Vasil Ì . Garamus, Frank Laboratory of Neutron Physics Joint Institute for Nuclear
Research, Dubna, Russsia; Jan Skov Pedersen Rise National Laboratory, Roskilde,
Denmark; Leonid Ü. Bulavin, Kiev University, Kiev, Ukraine; Tamara V.
Karmazina Institute of Colloid Chemistry and Chemistry of Water, Kiev, Ukraine.

Small angle neutron scattering method gives unique information about ø ï åã
structure of carbon black (ÑÂ) particles [1] . The measurements of ÑÂ/Triton Õ-

100/water solutions were continue of the such kind experiments at Rise National
L aboratory performed by us [2] . The main conclusions of Ref . [2] are that the
presence of ÑÂ particles shif t ÑÌ Ñ of Triton Õ-100 and fractal l ike ÑÂ particles
with adsorbed layer of Triton Õ-100 and Triton Õ-100 micel les are situated at

solutions;
In present measurements the experimental beam time was 18 h at hal f

reactor power (1 M W) that i s why only two experiments were performed in two

different contrasts 30% and 60% heavy water .
The views of all curves agree with obtained previously [2] . In 30% heavy

water solution we can observe only ÑÂ particles and in case 60% ÑÂ particles with
adsorbed layer of Triton Õ-100 and Triton Õ- 100 micelles give contributions to

scattering curves.
The lower part of curves (q=O.008-0.02 À -~) were analysed by simple fractal

expression:

~~ (×)~'~~ ×

where D is the fractal dimension. The obtained values of D are 3.44~-0.06 and

2.74~-0.04 for 30% and 60% respectively together with early obtained [2] point that
the compensation point is situated between 75 and 100% heavy water content.

The experimental scattering curves obtained in this experiment and
previously [2] were modelled by expression:

where first term describe the scattering from fractals consist of polydisperse primary
spherical particles with average radius <R> and dispersion cr, 1 — width of Triton

layer, ( is the maximum size of fractal structure; the second term is the scattering
of ellipsoid of rotation Triton Õ-100 micelles with little semiaxis à and ratio
between axis v ; the third term is à scattering from spherical voids which present in

ÑÂ particles; À4 is residual background.
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The experimental data and model curves are represented at figure which
shows good agreement between it.

× ~

Small angle neutron scattering by dispersion of 10 g/1 ÑÂ in 1.84 g/1 Triton Õ-100/water

solution with different contrast and model (solid lines).

The fractal dimension is found to decrease for increasing ÑÂ concentration
from D = 3.4 at h = 0.01 to D = 2.9 at h = 0.05, the maximum size of fractal
aggregate increases from 150 À to 200 À. The primary ÑÂ particles have wide
size distribution and it' s average size (80 À) slightly decreases with ÑÂ

concentration. The degree of occupation of ÑÂ surface by surfactant molecules is
10% and stays the constant with varying ÑÂ and surfactant concentration. The
micelle structure is found same to it' s structure in surfactant/water solutions. The

volume fraction of voids does not exceed 1% of ÑÂ volume fraction.

1. Hj elm R. P. Jr., Wampler W . À ., Seeger P. À . / J. M ater . Res., 1994, ÷. 9, ð.
3210-3222.
2. Garamus V .Ì ., Pedersen J.S. 2.7.6 "Carbon Black Dispersion in Non-Ionic
Surfactant Water Solutions" "A nnual Progress Reports of Department of Solid State
Physics 1 January — 31 December 1994" ed. P.-À . L indgard, Ê . Bechgaard, Ê . N .
Clausen, R. Feidenhans'1, and 1. Johannsen, Riso National Laboratory, Roskilde,

Denmark, 1995 ð.98
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St r u ct u r e of m ix ed m u l t i l ay er s of

p al m i t oy l ol eoy l p h osph at i d y l ch ol i n e an d ol i goox y et h el en e gl y col

m on od od ecy l et h er d et er m i n ed b y õ -ãàó an d n eu t r on d i f f r act i on .
G. K lose , À . Û àï þ ÷~, Â. K oenig~ and V . Cher ezov~.

(1) University of L eipzig, Germany.

(2) LNP JINR Dubna, Russia.
Structure analysi s of the l ipid multi layers modif ied by ï î ï þ ï |ñ surfactant was carried

out at DN-2 dif f ractometer for studying several fundamental questions concerning
structural and dynamical properties of l ipid/water interf aces, understanding intermembrane
interactions and the nature of so-called hydration forces. The structure of palmi toyl -

oleoylphosphatidylcholine lipid (POPC) containing nonionic surfactant of the type
CtqHq~O(CHqCHqO)ÄH (Ñ|~Å„) was studied at the relative humidities RH=85%, 97% and

at the molar ratio çèãÃàñ1àï È |ðÛ Êää.=0.5,1, with â=2,4 and 6, where n i s ï ø ï Üåã of

hydrophil ic oxyethelene moieties. Partially deuterated surfactants Ñ|~Í ~~Î (ÑÐ~ÑÐ~Î )„Í
(Ñ|~Å„-d4n) and Ñ| |Í 2ÇÑÐäÎ (ÑÍ 2ÑÍ 20 )„Í (Ñ|~Å„-d2) were used to determine the
location of surfactants in l ipid matrix . Fig.1. presents strip-function models of deuterated
segments together with electron densi ty prof iles of ÐÎ ÑÑ/Ñ|~Å„ Ü|1àóåãü determined by x-

ray diff raction. I t was shown that à -methylene posi tion (Ñ|~Å„-d2 label) i s anchored near
the boundary of the hydrophobic core of l ipid matrix, the oxyethelene moieties(Ci aÄ -d4n

label) are mainly located in the polar membrane/water interf ace. W ith increasing humidi ty ,
molar ratio çèãÃàñ1àï Þ ðÛ and ï ø ï Üåã of oxyethelene moieties n, the partial lose of areas
under strip-models is observed. This can be explained by the high degree of static disorder

or/and motional freedom of surfactant moieties in the l ipid matrix .

ÿ í =æ ã.R H =8 5 %

ß „ , = 0 .5à
'ñ

Ç

Ô
>

(0
Ô

Ô

>

V)
ñ
Ô'Î

U )
ñ.ñ

Ô

(~
î

È

~ ë ï =~

5 10 15 20 25 30
ç ~àñ ~èà , ë

10 15 20 25 30 -5
ç ~à ñ ~èà , à

~

-5

~~

Fig.1. Strip-function models of deuterated segments ÑäÅ„-d2(solid line) and CiqEÄ-d4n

(dashed line) are presented together with electron density profiles of ÐÎ ÑÑ/ÑäÅ„ Û1àóåãÿ
at the relative humidities RH=85% and 97%, molar ratio surfactant l iðÛ Êää.—— 0.5 and 1,

n=2,4 and 6. Dramatical decrease of the area under deuterated label evidences about high
degree of disorder of oxyethelene moieties in the lipid bilayer.
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Par tially unfolded state of lysozymes in dimethylsulphoxide with
à well developed secondary structure

Ì .V .Avdeev* , Ì .D .K irki tadze* * , D .À .Prokhorov* * , ÅÌ .Serdyuk* ,
À .À . Timchenko* *

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna
Institute of Protein Research, Puschino

~

À structural description of intermediate states realized upon spontaneous protein
folding is ultimately essential for an understanding of protein self-organization rules. In

most cases, however, kinetic intermediates have life times too short to be fully studied. It
is more fruitful to find experimental conditions where the intermediates are stable. An
example are low-molecular alcohols that stabilize the protein intermediate called à 'molten
globule'. The action of dimethylsulfoxide (DMSO) on protein structure is the most

interesting. It was shown for hen-egg white lysozyme (HEWL) that the helicity of
unfolded protein in DMSO becomes somewhat higher than the helicity of the native one,
and the protein forms à gel at low pH. These facts are indicative of great changes in the
protein conformation and strong intermolecular interactions. Up to now, ï î structural
information about these states has been available.

Òî fi ll this gap, we used neutron scattering from à solution of Í Å%È in DMSO
and light water. The use of Õ-ray scattering for these purposes is practically impossible
because of the high absorbance of Õ-rays by DMSO. The scattering experiments of HEWL
in 70% DMSO at ðÍ 2.5 and ðÍ 2.0 have been performed. The latter case corresponds to
the case of gel formation. The range of scattering vectors was 0.008 — 0.25 A ~. . Figure 1

presents the scattering curve of HEWL in 70% DMSO at ðÍ 2.5 plotted on Kratky
coordinates. Such à plot makes it possible to distinguish the globular structure from the
unfolded one. The wide plateau on this plot represents à coil-l ike structure. On the

contrary, the globular structure shows à complex picture in this region, as can be seen
from Fig.2 for the globular chaperonin GroEL measured simultaneously with HEWL .

Analysis of the plot in Fig.1 shows à plateau with à small incline. I t indicates that
the coil-like structure of the lysozyme molecule differs from the ideal coil . From the
Guinier plot in the small -angle region, it is possible to evaluate the radius of gyration and

intensity at the zero scattering angle I (0). Knowing I(0) it is easy to calculate the
molecular mass of the protein. Such calculations have been made and it àððåàãåÿ that
lysozyme in 70% DMSO consists of about two monomers and its radius of gyration Rg is
35 À. Such an Rg value unambiguously means that the conformation of the protein is not
compact, in contrast to the 'molten globule' state. I t is possible that the conformation of

HEWL in DMSO resembles an early stage of protein folding where, according to some

49



investigators, unfolded conformation with native-like helices is formed. Further model

calculations can clarify this question.

~9 ~

Some problems appeared upon measuring the gel-like form of the protein, but they

can be easily solved after some changes in the program of data treatment. The above
results will be published in the j ournal of Biofizika.
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The Ê,„(Ì Í ,)„1 mixed salts have attracted increasing interest because they
exhibit à low-temperature orientational glass phase devoid of long range order. The
orientational degrees of freedom involved in the disordered frozen state are related to
induced electric dipoles associated with the ammonium tetrahedra [1] . The õ-Ò phase
diagram of the Ê, „(Ì Í ,)„1 solid solution has been determined in [2] as consisting of
three concentration ranges at low temperatures. At high concentrations (õ > õ, =- 0.75),

ammonium ions are ordered as in ðèãå NH,I in à slightly distorted CsC1 structure of
tetragonal symmetry. For 0.3<x<x an orientational glassy phase with short range
antiferroelectric order manifests itself in à NaC1 type cubic structure. At cooling, below
õ = 0.3, the transition is ï î longer collective but is replaced by à single ion freezing.

The low energy rotational tunnelling transitions (ËÅ < 1 meV) have been
investigated by the inelastic incoherent neutron scattering (IINS) method for õ<0.30, but
the rotational tunnelling states of ammonium ions in à diluted solutions of Ê, (ÕÍ ,)„1
are still not well understood [3,4] . The IINS studies of the localised dynamics in the
dipolar Ê, „(Ì Í ,)„1 glass within the range 0.05<õ<0.70 show three distinct ammonium
excitations at ñà. 10, 21 and 31 meV, which are interpreted in terms of the âî -called
"triple-approach model" assuming that the tetrahedral ammonium ions adopt the Ñ,„

symmetry site in the crystal [5] .
We have studied the Ê, „(ÕÍ ,)„1 system in the full concentration range on the

NERA spectrometer at the IBR-2 pulsed reactor [6] . The IINS spectra were measured
for concentrations x=O.0, 0.05, 0.15, 0.30, 0.45, 0.60, 0.80 and 1.0 at temperatures of
10, 80 and 290 Ê, respectively. The G(E) weighted phonon density of states obtained
from the IINS spectra at 10 Ê are presented in Fig. 1.

The G(E) of ðèãå potassium iodide exhibits two bands with energies of 5.8 and
13.2 meV, which correspond to the acoustic and optic phonon branches, respectively, in
accordance with ref . [7] . For ammonium concentrations below õ,, corresponding G(E)
functions display an additional low energy excitation at ñà. 2.5 meV, in comparison to
the results of ref . [5] . The low energy bands at ca. 2.5 and 9 meV are present only in the
G(E) of the disordered phase. In the ordered, phase translational and torsional
ammonium vibrations are marked by v, and vÄ respectively. The v, band broadening
with increasing ammonium concentration and in the ordered phase demonstrates two
maxima. The average energy of the translational ammonium vibrations slightly
decreases with ammonium concentration. The energy of the torsional excitations vÄ
changes from 36.5 meV in the ordered phase to ñà. 30 meV in the disordered phase. The
width of these bands increases with decreasing ammonium concentration.

The concentration dependencies of the energies of the ammonium excitations in
the Ê, (ÕÍ ,)„1 mixed salts at 10 Ê are presented in Fig. 2 and are compared with the
results of ref . [5] .
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Our results do not confirm the simple picture of two torsional modes of the
ammonium ions in the disordered phase of the Ê , „(ÕÍ ,)„1 mixed salts. In frame of the
Ñ,„ ï þ ñ1å1, the three rotational degrees of freedom produce two modes of the Å and À,
character, respectively. The doubly degenerated Å mode is associated with torsional
vibrations about axes perpendicular to the Ñ,„ üóï èï å~ãó axi s and should correspond to
the v, band at ñà. 30 meV . The À, mode associated to torsional vibrations of ammonium
ions with their dipole oriented along the Ñ Ä axis should correspond to almost free
rotation. Possibly, two bands at the low frequencies of ñà. 2.5 and 9 meV , refl ect the
rotational tunnell ing spectrum of NH, free rotor states with nuclear spin ñî ï ~ï Üèéî ï û ï
the Ñ,„ âóï èï å1ãó site. Similarly, à broad distribution of low frequency rotational
excitations of NH4 has been observed in KBr/NH,Âr (0.5%) dilute solution [8] .
However, this model was not acceptable to explain the NH, rotational tunnelling
excitations in the Ê , Ä(NH4)ÄI mixed salts for and õ ) 0.15 and transition energy below 1
meV [3] .

I t is not doubt that both low frequency bands observed by the I INS spectroscopy
in the disorder phase of the Ê , „(Ì Í ,)„1 mixed salts correspond to local ised dynamics of
ammonium ions ø crystall ine lattice. However, their concentration dependence is even
more clear than for higher frequency modes and refl ect ammonium-ammonium

interactions. This implies that the Ñ,„ ãî 1àéî ï à1 potential for NH, ions directly depends
on such interactions. Direct ammonium-ammonium interactions contradict the
presentation of this mixed sal t as à pure dipolar glass. M ore detai led studies of the
shape, width and intensity of these bands in dependence on concentration and
temperature should explain the nature of these interactions and its role in the formation
of the orientational glassy state in mixed ammonium salts.
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Investigation of the librational spectrum of deuterated
thiocyanate ammonium.

L .S. Sm i rn ov , I . N atk aniec~, , S I . B r agi n

F rank L aborato ry of N åutron Physi cs, 11N R, 14 1980 D ubna, Russi a.

T h i o c y a n a t e a m m o n i u m , Ì Í , Á Ñ Ì , u n d e r g o e s p h a se t r a n s i t i o n s f r o m t h e
t e t r a g o n a l p h a s e I w i t h sp a c e g r o u p Ð , „ " t h r o u g h t h e o r t h o r h o m b i c p h a s e I I w i t h s p a c e

g r o u p Ð , „ " t o t h e m o n o c l i n i c p h a se Ø w i t h s p a c e g r o u p Ñ , „' d u r i n g c o o l i n g a t 3 9 0 a n d

3 6 0 Ê , r e s p e c t i v e l y . T h e p h a se t r a n s i t i o n f r o m t h e t e t r a g o n a l p h a se I t o t h e o r t h o r h o m b i c

p h a s e I I i s d u e t o t h e o r d e r i n g o f m o l e c u l a r S C N i o n s a n d t h e p h a se t r a n s i t i o n f r o m t h e

o r t h o r h o m b i c p h a se I I t o t h e m o n o c l i n i c p h a s e Ø i s d u e t o t h e o r d e r i n g o f t h e m o l e c u l a r
Ì Í , ' i o n s . T h e c o n t r i b u t i o n o f a m m o n i u m i o n s t o t h e p h a se t r a n s i t i o n s o f Õ Í , Á Ñ Ì w a s

i n v e s t i g a t e d w i t h t h e h e l p o f i n e l a s t i c i n c o h e r e n t n e u t r o n sc a t t e r i n g i n [ 1 ] . I n t h i s w o r k ,

t h e l i b r a t i o n a l sp e c t r u m o f a m m o n i u m w a s d e t e r m i n e d .
I n o r d e r t o b e s u r e t h a t e n e r g i e s i n t h e r e g i o n f r o m 3 0 0 t o 4 0 0 c m ' a r e i n d e e d

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

w i t h i n e l a s t i c i n c o h e r e n t n e u t r o n sc a t t e r i n g o f d e u t e r a t e d a m m o n i u m t h i o c y a n a t e . I t i s

k n o w n t h a t t h e l i b r a t i o n a l e n e r g i e s o f d e u t e r a t e d a m m o n i u m d e c r e a s e b y 1 .4 t i m e s a n d

t h i s m e t h o d i s u se d t o i d e n t i f y r o t a t i o n a l s t a t e s .

I n à r e c e n t r e p o r t t h e r e s u l t s o f t h e i n e l a s t i c i n c o h e r e n t n e u t r o n sc a t t e r i n g ( I I N S )

i n v e st i g a t i o n o f t h e d e u t e r a t e d t h i o c y a n a t e am m o n i u m i n t h e m o n o c l i n i c p h a s e a t 9 Ê a r e

p r e se n t e d . T h e G ( E ) v i b r a t i o n a l d e n s i t y o f s t a t e w e i g h t e d o n a m p l i t u d e o f a t o m

v i b r a t i o n s , o b t a i n e d f r o m t h e I I N S sp e c t r a f o r Ì Ý , ß Ñ Ì a n d e a r l i e r f o r N H ÄS C N [ 1 ] a r e

p r e s e n t e d i n F i g . 1 . T h e o p t i c a l t r a n s l a t i o n a l a n d l i b r a t i o n a l e n e r g i e s d e t e r m i n e d f o r

d e u t e r a t e d a n d p r o t o n a t e d a m m o n i u m a r e s u m m e d i n t h e T a b l e .

T able. Energies of N (H/D ), (are given in ñò ' )

Å(Í )/E(D)
1.065

1.060

M odes N H . SC N Ì Ð ,ÁÑÌ

168

182

235

256

278

300

1.353

1.37 1

1.366

1.363

3 18

35 1

380

409

~

The obtained relations of Å(Í )/E(D) for v , and vÄ are in accordance with the band
identif ication done in [ 1] .
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D E N SI T Y O F V I B R A T I O N A L S T A T E S O F H I G H L Y D I S P E R SE C A R B O N S .

1 . N a n o d i sp e r se d i am o n d s

I .M ark i chev , Å .Sheka , À .M uzychk a and V .K havryutchenko

(*) Russian Peoples' Friendship Universi ty, Moscow

(* *)LNP, JINR, Dubna

Nano-size carbons have recently attracted à great attention due to promising

perspectives of their large application in science and technology. This is mainly due to
à large variety of carbon nano speci es: from nanodiamonds and nanographites
compositions to fullerenes. This variety of nanospecies, having sometimes à similar
appearance, in its turn, has put à problem of the species identif ication and sertification.
À lot of IR and Raman spectroscopic studied has been undertaken to tackle the
problem for the last few years. However, the above optical methods occurred to be
unsufficient in some cases. Besides that, optical methods are mainly related to bulk
vibrations of the species while the surface and its vibrations play an important role for
nanospecies. These facts have necessitated à performance of à series of nanospecies
vibrational spectra studies using the technique of inelastic neutron scattering (INS),
which has highlighted itself as an appropriate tool for both bulk and surface
nanospecies vibrations investigation [1] .

Below à series of experiments is presented which was carried out for the
following carbon nanospecies:

— nanodisperse diamond of different grain size and of dif ferent origin;
- exfoliated graphite;
- graphitized black;
— endogenic carbon dust;
— carbon heterosorbents.

This report presents the results obtained for nanodiamonds. Experiments were
carried out on INS spectrometer KDSOG-Ì at Ò=80Ê. Three samples were studied.

Sample 1 was obtained in the course of à blow-driven reaction between
trinitritoluene and hexan. It consists of particles with the diameter of 35-40A in
average. According to Õ-Ray study, the particles have à diamond-like structure. Their

surface is partially graphitized. Sample mass is of 39.4 gr, measuring time is 5 hours.
The sample was provided by Physical Department of the Moscow State University.

Samples 2 and 3 are commersial syntethic diamonds produced in the Institute
of superhard materials of the national Ac.Sci . of the Ukraine. They differ by the
average grain size which is of 60-40 mcm for sample 2 (it will be called below as à
macrodiamond) and is much less for sample 3, corresponding to the specific area value
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of 187 m gr. The both samples masses are of 20 and 19 gr, respectively. Measuring
time was 8 hours ø both cases.

ì
• Ü~
• þ 4

Ô

Ô

é
CO

Ì

Fi g.1

Fig.1 presents the sample spectra of double-amplitude weighted density of
vibrational states (AWDS) normalized per 100 gr of mass and 1 hour of measuring
time. The spectra numbering in Fig.1 corresponds to the sample numbering. As
expected, the spectrum of macrodiamond (sample 2) is of the lowest intensity among
the spectra set. This is due to the fact that this spectrum corresponds to bulk vibrations
only while the î ë åã two spectra, related to more disperse species, are composed of
both bulk and surface vibrations. In the latter case the vibrations of the surface zone as
whole are implied. Spectrum 2 fits well the DOS of bulk vibrational states for
diamond [2] . Its shape has à peculiar two-hump structure with maxima positioned at
700 and 1200-1250 cm-1. À sharp decreasing of the spectrum intensity is observed
over 1300 cm- l .

Òî analyse spectra 1 and 3 means to decompose them into the spectra of their
constituents, primarily into spectra of bulk and surface vibrations. To obtain the atter
spectra, it is necessary to substract spectrum 2 which presents the spectrum of the bulk
modes, from spectra 1 and 3. Fig.2. shows à residual spectrum (3) - (2). The spectrum
(1) - (2) has the same shape but is less Úó intensity. The residual spectrum in Fig.2 in
the main spectral region up to 1200 cm-1 is fully similar to à well known spectrum of

à quenched water (see, for example, [1]) so that it should be attributed to à confined
water in the body of both nanodiamond powders. Further investigation should answer
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T h e I n t er ac t i o n o f O x y g en (N i t r o g en ) w i t h H y d r o g en i n T i , V a n d T a .

V .Õ . Su m i n , Ñ Ü .Ñ à ï ( ï 1ä à

LN P, JINR, D ubna, Russia

The fast ion channell ing ( FIC ) showed than hydrogen mores from tetrahedral
positions to the octahedral ø V -0 -Í sol id solution (SS) or low symmetrical positions

in Ta-N SS. [ 1] due to O(N)-Í interaction.
So oxygen or nitrogen locate in the octahedral positions the FIC method can

not determine exactly the hydrogen location. W e check these statements by INS.
SampIe p reparati ons. The vanadium was al loyed by the ultimate concentration

of oxygen (õ-phase (6 at%). The sample was charged by hydrogen at 800 Ñ and water

quenched.
One tantalum sample was al loyed preliminary by 3 at% of vanadium and then

saturated by nitrogen and hydrogen from the gas phase and water quenched from

800 Ñ. V anadium and nitrogen in Ta form additional defect complex, which captures
hydrogen. Titanium sample was prepared by melting Ti with TiN to concentration
TtNp.pg and charged by Í . A l l the samples was single phase as was determined by

neutronography.
V 0 - Í sy st em .

In this system the formation of p — V qH hydride was studied by INS. Due to

high luminosity of the KDSOG-2Ì local mode of hydrogen in the octahedral sites can
be measured during 1 hour. So the process of ð- ÓãÍ formation was studied at gradual
cooling of the samples from room temperature to 210 Ê (Fig.1,2) . Oxygen courses the î

substantial infl uence on this process f irst of all , the ÜÌ energies change by dif ferent

lows (Fig.Ç).
0.0 14

~

ó ò çî î ê

Î Ò=25î ê

• ò-è î ê

þ

ñ
ç

Ü
(4

Ç

3
0.007

Î

~

î .î î î —
0 .00 50.00 100.00 150.00

en er g y t r an sf er ( n 1eV )

ãî î .î î

Fig.1 The partial hydrogen f uncti on of
state (PHFS) i n ÓÎ Í at 300Ê, 240Õ
and 80Ê

Fig.2 The PHFS in VHp pt at
300K, 250Õ and 210Õ
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In binary V Hpp1 system the
hydrogen local mode positions
(L M P) increase from 45 me V at
room temperature to 53 me V at
240 Ê and stay constant at more
lower temperature. A ccording to [2]
hydrogen precipitates into hydride at
260 Ê for 1 at% concentration ø × .
Before this temperature LM P
changes can be explained by the
preparation of hydrogen atoms to
phase transition. This proces

0 100 200 300 accompanies by grows of the
Temperature, Ê tetragonal ity V HÄ SS [3] . Fukai [3]

Fig.3 The dependence of LMP versus proposed that 1Ò — «4Ò(0 ) transition

temperature f or the èÎ î .îäÍ î p3 (open ci rcle) perponsed for this tetragonal ity . W e
and VHp.ù (dark ci rcle). conf irm this proposal by INS.

In the case of ternary V OppgHppg system, ÜÌ Ð' s decries from 63 'meV to 53

meV (Fig.3) . Oxygen keep hydrogen in SS down to 190 Ê . That is on 50 Ê lower
than for binary V -Í system in spite of the greater Í concentration ø ternary SS.

Both for binary or ternary systems hydrogen takes participation not only in ÜÌ
but in resonance - l ike lattice vibrations (RL LV) (Fig.1,2) . The positions of this RLL V

depend on temperature and close to the predict value 16 meV [4] .

ÒàÕî .î ãÍ î .î 4ç àï é ÒàÐ î .î çÕî .î ãÍ î .î ã sol i d solut i on s.

The binary TaHp.p4s SS changes essentially the LMP at low temperature due to
formation of p-TaH hydride (Fig.4).

In contrary to that the nitrogen contained alloys do not change the LMP at low
temperatures (Fig.5,6). From these facts we conclude that N-Í or V-N-Í interactions

keeps hydrogen in SS.
Moreover in TaVppgNppgHppg alloy the hydrogen LM split into three peaks as

for å-× ~Í hydride. The model calculation for microcrystal showed that such split can
be explained by N-Í or Í -Í interactions throw the deformation fields.

Increasing of deformation fields for nitrogen in Ti with comparison to the
fields in Ti-0 SS causes the increase the amount of residual hydrogen ø octahedral
sites of Ti-N SS (Fig.7, peak at 90 meV). So in Ti-N SS this amount is nearly 25%,
but for the Ti-0 SS it is 7% only [5] . The most part of hydrogen both in the Ti-N and
Ti-0 SS is in the hydride phases (Fig.8, peak at 153 meV).

6 1
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The S® Structur al Factor of L iqui d 4H e for Small q

Zh.À .Kozlov
Frank Laboratory of Neutron Physi cs, JINR, Dubna, Russia

Bij l [ 1] , Feynmann [2] , and Pitayevskii [3] obtained the following expression for S(q) at

small wave vectors q and Ò — ß

ß ( à 1 =
2Ì ñ

under the assumption that only one-photon processes contribute to the S(q) structural factor of
liquid 4Í å. At Òì Î , S(0) = pk~7X [4] , where p is the density of Í å atoms, é is Boltzman' s

constant, and Kr is the isothermic compressibil ity.
Òî verify the val idity of expression (1), we did the following. Data on integral intensities at

Ò=0.42; 1.45; 2.05, and 2.21 Ê in [5,6] was obtained by summing all of the neutron scattering
components measured in [5, 6] . The heating part of the scattering law was accounted for using à
detail equil ibrium relation. The phonon regions of these data for q=(0,1 —:0,6) k ' were described

by two functions:
Ó ( ß~) = Q) + È ß ,

Z,(v) =>, +>,v+> ÷'
where a; and Ü; are constants. Statistical criteria for the approximation precision yi were 2

obtained. Then, the temperature dependence for the so-called variance ratio v =~~ /yq . . was 2 2 2

built. The variance ratio characterizes the deviation degree of experimental data from à straight
line.. Figures 1 à, b illustrate the dependencies of the integral intensities on the phase vectors
and the description of phonon areas using à straight l ine for T=0.42 Ê and à curved line for
Ò=2.21 Ê. Figure 1 ñ shows the dependence of v~ on Ò. The equal ity v =1 means that

experimental data on S(q) can be described unambiguously using à straight l ine. As is seen from
Fig. 1, at increasing of temperature below the ë-ðîäîï (, sufficiently smooth bending of the curve
changes for à sharp j ump at the phase transition point Ti . The circle at Ò=Î Ê was drawn from

theoretical considerations.
As à result, we can state that in the phonon region, the dependence of the statistical

structural factor on the wave vector of l iquid Í å smoothly tends to à straight l ine at decreasing • 4

temperature. At the same time, the intensity of inelastic neutron scattering has à tendency to
decrease to zero at à decrease in the temperature and wave vector. Note that elastic scattering is
not observed in the scattering of neutrons in superfl uid Í å. Thus, dependence (1) was

experimentally confirmed.
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Phys. Rev. Â , 1994, vol .50, ð.16550- 16565; Preprint JINR P3-94- 125, Dubna, 1994

(in Russian).
á. Kozlov Zh. À ., Russian J. Particle and Nucleus, 1996, v .6 (in Russian).
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Study of depth profiles of elements of thin layer structures using
RBS technique

Kobzev À.P., Korneev D.À., Nikonov Î .À.(JINR)
ÈÃóàï î ~ ÊÀ., Peskov Â.G., Pleshanov # Õ., Pusenkov V.Ì ., Si ber Å.-ê.,

Soroko Z.# , Syromyatnikov V.G., Schebetov À.F.(PNPI, Gatchina)

At the present time polarizing devices on the basis of supermirrors are widely
used to obtain neutron polarized beams. Supermirrors represent aperiodic
multilayered structures of alternating magnetic and nonmagnetic layer structures
with the thickness changing according to the appropriate law from 75 À to 700À .
Òî produce highly effective polarizing supermirrors, it is necessary to select the
elementary composition of FeCo/TiZr, Ñî /Ti layers in such à way that the
difference between à nuclear and magnetic potential should be equal to à nuclear
potential of nonmagnetic ones. The layers themselves and their boundaries are not
ideal due to roughness and mixture of materials at the boundaries as they are being
deposited, as well as different kinds of admixtures appear (Î , Ar, Ñ, N and others).
Moreover, while the polarizing devices are in use in real conditions, oxidation of
the upper layer takes place which worsens the polarizing properties of mirrors too.

~ .ã

~.î

0 .8

î .å

î .4

î .ã

î . î
20 0 åî î âîî îî î î ~ãî î

Normal wavelength

4 00 14 0 0 16 0 0

Fig.1. Refl ection coefficients for two spin components and polarizing capability
of supermirror.
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As an example, Fig.1 shows the refl ection curves for the two spin
components R+,R and the polarizing efficiency of à supermirror with the layers

FeCo/TiZr. One can see that the polarizing efficiency of à ï ø òî ã has gaps which
are probably connected with the imperfection of the element composition of layers
refl ecting neutrons with Õ =400-700À. These data have been obtained at the
refl ectometer at the WWR-Ì reactor in Gatchina.

Fig.2. Experimental and calculated spectra of scattered ions Í å+

for supermirror.

Depth profiles of elements ø multilayered structures have been studied
using the RBS technique at the electrostatic generator EG-5 FLNF. Fig.2 shows

one of the experimental spectra, partial spectra of all elements involved in the
composition of different mirror layers, as well as the resulting spectrum calculated
for an appropriate model. The calculated spectrum has been obtained as à result of
the variation of model parameters (composition and layer thickness) up to the
achievement of the best description of the experimental spectrum. The peak in
Fig. 2, corresponding to the resonance scattering of helium ions on oxygen, shows
its composition in the first layer of the multilayer structure. The spectra at higher
energies have been measured to analyse the following layers. As it has been seen, à
sample can be analysed at its whole depth up to the substratum ( glass ). Changing
experimental conditions, one can achieve the resolution in tens of angstroms, i . e.
to observe separate layers.

Thus using the non-destructive technique one can obtain à full depth profile

of all main and admixed elements in the composition of multilayered structures.
The obtained results permit us to understand the reasons of imperfection of
polarized neutrons and to introduce some changes in the manufacturing process.
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O f f -sp ecu l ar N eu t r on R efl ect i on f r om M agnet i c M ed i a w i t h N on d i agon al R efl ect iv i t y

M at r i ces
Dmitri À . K orneev ' , V ictor 1. Bodnarchuk ' , V ladimir Ê . Ignatovich~

'Laboratory î~ ï åèiãî ï physics, JINR, 141980 D ubna M oscow reg., Russi a
Research Reactor Insti tute Kyoto Uni versi ty K umatori -cho, Senan-gan, Osaka 590-04, Japan.

(Recetved February 1, 1996)
The refl ection of neutrons from magnetic substances is described using the refl ection matrix with nondiagonal, in general, matrix elements which
determine neutron spin reverse. In external fi eld the spin reverse is accompanied by changes of the neutron kinetic energy and refl ection angle. The
particular ñàâå of refl ection from à magnetic mirror with magnetization noncollinear to the external fi eld is considered. The probability of spin reverse
and à deviation of refl ection angles from the specular one are calculated. The experiment to observe this effect is described and its results are reported.

K E Y W O R D S : ther m al neu tr o n s, m ag net i c sc at ter i n g , p o l ar i z at i o n , op t i c al p o ten t i al

~

ß . I nt r oduct ion
Since the time of the f i rst works by Hughes and Burgy' i

specular refl ection has been used to ðî 1àï ãå neutrons.
W ith polarized neutrons one can investigate, for instance,
magnetization profil es of f i lms and multi layered systems
~. It was pointed out ' ' that refl ection from f i lms with

noncollinear magnetic structures is more compl icated than
refl ection f rom f i lms with coll inear ones. In noncol linear
ñàâå the refl ection is characterized by the refl ection

matrix:

Ü

h

Ì â ,
Fig. 1. Following the refl ection from à magnetized mirror with the

magnetization Ì ï î ï ñî 111ï åàã to the external magnetic f ield Âî the
nonpolarized incident neutron beam with à wave vector Ko splits into
three beams. Two off-specular beams with the wave vectors k' and k

are ideally polarized. The splitting of the beam gives the distribution
over height h of the refl ected neutrons and it can be measured by à
moving or à position sensitive detector.

R =

with nonzero elements R and R To measure al l matrix

elements in É is the main goal of polari zed neutron

refl ectometry .
In the next section, the angular characteristics of

refl ection with spin-fl ip in external f ields are considered.

In the third section, the matrix elements of k and the
intensities of constituent beams for the case of refl ection
from à magnetic mirror with magnetization noncol l inear to
the external f ield are calculated. In the fourth section, the
experiment to observe the off -specular refl ection is

described

~2. Angular splitting of the refl ected beam

The refl ection of neutrons from an interface in an external
magnetic field can be off -specular (though coherent) if it is
accompanied by spin é|ðð|ï ä~®. In general, the incident

beam after refl ection undergoes triple splitting, as shown
in fig. 1. It contains the middle part which is specular and
two side lobes which are off-specular and perfectly
polarized. The intensity of the side lobes are determined
by the matrix elements R and R , of the matrix R and by
incident beam polarization. If the incident beam is
perfectly polarized, one of the side lobes vanishes. If the
incident beam is nonpolarized, two side beams in weak
external fields have almost equal intensities. The splitting
of the beam takes place because of spin fl ipping, energy
conservation and the conservation the of components of
neutron momentum parallel to the interface.

L et us denote k=(g ~, kÄ) the wave vector of the

incident neutron with the kÄ Iti~ being its normal and
parallel to the surface components. In the external f ield Â
the neutron has the potential energy - oB, where Â is

measured in Ë / 2mlt (m, p are the neutron mass and

magnetic moment, respectively) and a are the Pauli
matrices. On spin reverse the potential energy changes in
magnitude by (32B. Because of energy conservation it
changes the kinetic energy: k~ — éñ~Ô 2Â. In the ref l ection

from an interface the components Iti~, are also conserved.
Thus the change of the kinetic energy means the change in

the normal component k , : Ê,~ k *, = k > + 2Â , and as à

result to change in the refl ection angle. I t is not dif f icult to
calculate the angular deviation of shifted beams. For à
smal l grazing angle ôä— - 10 ~- 10 ' we have

' =,(1+ãâãê'

~

Ô.

= ~/ 1+ 1.47 10 " B<p ,' / ô„ — 1

Í åãå the neutron wavelength Õ is measured in A ngstroms,

Â in Gauss, and ô<> in radians.
The dependence of relative spl itting Ëô' /ô<> on Õ and Â is

shown in f ig.2.
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Fig.2. The relative angular splitting of spin reversed beams in

dependence on Õ (in Angstroms) and the external magnetic field for
ec=4.2mrd. The crosses are the experimental points (see sec. 4).

I f the external f ield is suf f iciently large, spin reverse is

forbidden for Ëô<0.

É = (k + k ' )(k ' — k " ) / N — = À / N

where, N is the number and it is useful to caIculate it as à
matrix element :
N = (+~Ê.Ê- + k" ã +Ê- k' + 1,-Ê" ~+) ,

where ~+) represent the eigen states of the matrix GBp.

à Â , I+) = ÒÂ, I+) .

Evaluation gives
N=(k' +k" )(k +k' ) — (k' - k" )(k' — k )sin' (X/ 2)

where k ' = (Û' + Â àï é k " = / Û' — a k B, are the a-

numbers now, and X is the angle between vectors Âî and
B i . The numerator of (3.2) can be reduced to the form :

À = k k ' — k ' k " + k -k " - k ' k ' =

= k ' k — k " k ' + (1/ 2)(k ' +k " )(k ' — k )
- (1/ 2)(k " - k ' )(k a b , + o b ,k ' )

where the f irst two terms do not contain the a matrices at
al l , and Ü1 is the unit vector in the direction of B i .

Now we are calculate matrix elements of À
(+ ~À [+) = (k t k ' — )(k ' k • )

+ (k " — k ' )(k ' + k ) sin' (ó, / 2), '

(+ ~À ~+) = — (k " - k ' — )k * sin y

In the case of ó=Î (and the simi lary for ó=ê) the matrix

R becomes diagonal with the elements:
R, = (k ' — k" ) / (k ' + k " ), R = (k — k ' ) / (k + k ' )

For the general ñàçå the final expressions for the
matrix elements of É are:
RÄ = — R, ò- sin' (ó,/ 2) 1 (k" — k' )(k' +k )

(k + k ' )(k ' + k " )

(k " — k ' )k *
sin g(k + k" )(k' + k" )

2sin' (v / 2).ñ = ~ (k + k' )(k ' + k" )

These formulas are useful to calculate the beam splitting,
but the notations are not appropriate for an-experimerit,

bee uase both spin states in the incident beam are
characterized by the sam wave vector k ' = k = k with à

given normal component k. Thus, if we consider the
splitting of the part of the beam initially polarized along
the field, we must replace k~-Â~ by k~ which means
shifting of all k2 in (3.5) by +Bii. Thus, k~ for that part of

the beam becomes, k ' = /Ê' + 2Â, , and

k'* = / k~ — u+ (B, + Â, ) . For the part of the incident

beam polarized in the opposite direction we must take
k' = k and then, k = ~Ê' — 2Â, , and

k'* = g k' — u+ (B, Ò Â, ) .

It is easy to estimate the intensity of refl ected beams in
the case when the inside field is strong enough ñî make k'

be imaginary, and leave k to be real. In the first

Let us f ind the solution of the Schrodinger equat ion in
presence of the external magnetic f ield Bii and à
magnetized refl ecting mirror :

(Ë — u8(z > Î ) + trB (z) + k ) i ir = 0

where è is an optical potential of the mirror, which is
supposed to f i l l the half space z > Î , 8 is à step function
equal to unity when the unequal ity in its argument is
satisf ied and to zero in the opposite case,

B(z) = B 88(z < Î ) + Â | 8(ã > 0) ,

and B i is the magnetic induction of the mirror . W e

consider the case when Bii unparal lel to B i . The solution
is: ilr(r ) = exp(ik ,r,)Q(z), where

Ð(ã) = 8(z < 0)[exp(ik ; z)Q, + exp( — é ; ã)Ö , ] +
8(z < Î ) exp(ik ", ã)'37„

R , Ò are refl ection and transmission matrices,

Ê = ~~Ê 4 à Â , k", = g k ', — e k stB , àï 4 à is the

spinor state of the incident particle. For simplicity in the
fol lowing, we shal l omit the subscript 1.

M atching of the wave function at the interface z=O for

arbitrary Qi gives two equations for R and Ò :
i + É = Ò, k ' ( i — k ) = k" .

The solution of these equations can be represented as
follows:
É = (k ' + k" ) ' ( k ' — k" ) , Ò = (k ' + k " ) ' 2k '

Í åãå we shall consider in detai ls only the matrix R .
I t is possible to get rid of . the matrices a in the

denominator by representing R in the form
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appr oxi mat i on w i th respect to Â ~Ëñ~ the denominator can

be repl aced Úó 1, and the inteti si ty of the off -specular

beam become proporti onal to

!1ñ !' = Ê' ~ ÿ ï ó,
i( k ' + k " )( k + k ' ) 2( u + Â ,)

w here ó= [2k/ (1ñ+1ñ" ) )~= 1.

The probabilities Ù (Õ)! were also measured at

î ô= 1.06mrd for two magnitudes of the external magnetic
f ield (f ig.5). The position and spectral width of the

functions R~ ., (Õ) corroborate the expected theoretical
dependence Àô ÂÕ~. It is evident that measurment of

nondiagonal elements IR®., (Õ)! in à wide spectral interval
of Õ and in the of f -specular direction requires detector
with wide angular aperture contrarily to the measurment

of the sum Ì , Ê (Õ) + N R .(X)) in the specular

direction.

ð4. Exper iment

The experiment was performed at the time-of-fl ight
refl ectometer of polarized neutrons at the IBR-2 reactor in

Dub na.
The sample was à thin anizotropic FeCo f i lm on à

glass substrate. The external f ield was applied either
paral lel to the anizotropy axis in the f ilm plane (y=0) or at
an angle of 76deg. to it (out of plane). The magnitude of
the external field could be varied in the range 0.0137kGs.
The polarized neutron beam with à wide M axwell ian
spectrum was incident on the f ilm at à grazing angle
ôî=4.2mrd. The polarization of the beam Ð(Õ) was à
monotonous function decreasing from P=O.98 at ë= 1.8À

to P=O.5 at ë==7À . The detector with à cadmium sl it of
0.5mm width was placed at 2.68m from the sample. Thus,
the angular aperture of the detector was áô=0.18mrd. Òî
determine the refl ection coeff icients the intensity of the
incident and refl ected neutrons were measured at diff erent
orientation and magnitudes of the external f ield Â .

~Ð ~ ~ =Î the dependence of N J s, +N R on the

wavelength was measured, Í åãå N+(X) are proportional to
the intensities of the incident neutrons with two spin
proj ections on the external f ield, and R+ are the squares of
modules of the related refl ection ampl itudes.

Ù~o7r =76de~., the euttulnr distributions of the refl ected
neutrons were measured for two magnitudes of the
external f ield: 0.2 and 6.3kGs. (f ig.3). In the f ield
Í =6.3kGs, off -specular neutrons were observed at ô>ô~.
Òî determine the dependence of Üô=ô — ôî on Õ the energy

range of counted neutrons was restricted to two intervals
ÜÕ| and Üë~ around Xi -— 2.6A and Q —- 3.5À respectively.

The measured ratio of the magnitudes Üô|(ë,,) and Üô~(Õ~)
(f ig.3Ü) satisf ies the relation he i(Xi)/Üô~(4 )=(Ë|/4 ) ~ ith
the precision better than 5%, and corroborates the
quadratic dependence of Üô on Õ. The measurements of

Üô at f ixed Õ and diff erent Â corroborate the linear

dependence Üô Â .
For the f ixed position of the detector at Üô=0.7mrd and
two magnitudes of the external f ield : Â=6.3 and 3.2kGs
the spectral dependence of the square modules of R , R,
and R., were measured (f ig. 4). The spectral interval of
the measurments was determined by the angular detector
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Fi g .5 T he dependence o f IR .+l~. on Õ f or Ü ô = 1.0 6m rd and tw o f i el ds:

B = 5 .1 k G s, and Â = 3 .2k G s. T he sh i f t àï 4 b roaden i ag o f the spec tral
i n terv al f or the w eak er f iel d c or robor ate the dependence Ë ô « Â Õ~. T he

bel l shaped f or m s of bo th spec tra are related to th e sm al l apert ure

Üô = 0 .18m r d o f the de tec to r ,

A ck now led gm en ts

O ne of the author s (V .Ê .1.) w ants to express hi s

grati tude to 1.C ar ron f or Û û ï ÷à1î àÛ å assi stance.

~~

4

Wavel engt h , À

Fi g .4 . T he w avelength dependence o f Õ , Ê , + Í .R . i n the spec u lar

d i rec ti on ô = ô~| fo r 7„= 0 and y = 76deg . and o f IR . I fo r y = 76deg i n the

o ff -spec ular d i rec t ion (Ë ô = 0 .7 m rd .) . à) Â = 6 3 Ê& , Ü) Â = 3 .2k G s.

~5. Conclusion

The obtained exper imental data demonstrate that the
relectometry in high external f ields (B>2kGs) from
noncoll inear structures with nondiagonal refl ection
matrices reveals strong angular dispersion of the refl ected
neutrons with reversed spins. For the case of nonpolarized
incident beam the observation of this dispersion gives the

opportunity to measure the nondiagonal elements R~; (Õ)

in the off -specular beams and the sum 1/2(R++(X)+R (Õ))
in the specular one. I t also gives the opportunity to get
informat ion on the distribution of magnetization in f i lms
using nonpolarized neutrons.
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V . G .N i k o l e n k o , À .Â .P o p o v , G . S . S a m o sv a t , Ò .Y u . T r e t y a k o v a

The total neutron scat tering length Û î ã bound atoms is described in terms of nuclear
interact ion with the nucleus and electromagnet ic interact ion with the nucleus and the
electron shell , for example, in [1]. In the ñàçå of nuclei æÉÛ = 0 and without taking
Schwinger scat tering into account the total neutron scat tering length is

bÄ, z [i f (R 1

~~

w h er e

bÄ, = bF + by

is t he neut ron-elect ron scat t er ing lengt h determined from exper iment s,

Í åãå:
6~ is t he nuclear scat t er ing length wit h negl igible cont r ibut ion of t he neut ron polar -

iz abil i ty ) ;
Üð is t he Foldy scat t er ing length

( 3 )

1 ò å3 Ü' — ( ã,.„ ) (4 )b g

( r ~Ä ) is t he int r insic mean square charge r adius;

f (q) is t he atomic form factor .
T he known value of Ü„ , allows (3) and (4) t o be used to est imate t he int r insic mean

square char ge r adius (rms) of t he neut ron:

1.59 ~ 0 .04) 10 ~ f m ( [2 ] , [3] )4 ~ å

(- i .ç~ + ì ç) . ê - '
Ü . f m ( [4 ] , [5 ] )

T h ese qu an t i t i es g i v e co n t r ad i c t or y v al u es f o r ( r ~Ä )
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T he exper iment al est imates of Ü„ , presented in l i t erat ure may be grouped near two

values:



( 8 )f m ~î ã ( 6 ) ,< r ,~'„Ä > = — 0.0105 + 0 .0034

( r ~„ ) = + 0 .0 136 2 0 .0026 f m f or ( 7 ) ( 9 )

T he fi r st value corresponds to previous considerat ions of t he neut ron as an obj ect wit h
à cent ral posit ive charge and an enveloping negat ively charged mesonic cloud. In modern
quark models of hadrons there are al so suggest ions of such à charge dist r ibut ion . À recent
exper iment al resul t [6] was obt ained from the t ot al cross sect ion measurement for à l iquid
mixture of even isotopes of lead and it gives î „ , = — 1.38 2 0.04 m f m , which corresponds
to ( r ~Ä ) = 0.008 6 0.003 f m~. Òî cont rol t hese cont radict ions of exper iment al dat a one
needs t o repeat t he measurement s using t he same methods. T his has been done for the
tot al cross sect ion measurement of lead. T he next problem is to check t he resul t s for the

scat ter ing of t hermal neut rons by noble gases.
Following [7] , we recall t he main equat ions for diff erent ial and tot al neut ron cross

sect ions for t reatment of the thermal mot ion of gas atoms. T he diff erent ial cross sect ion
for t he neut ron at angle 8 wit h respect t o the incident neut ron di rect ion is

( 10 )E ( Vo> , V , ä , À ) ,

w h er e

~

~ã
E(Vo,)~)ä,À) = ã)Ñ

,/ î ãî ~î )~\áã 4- Ãîã — 2V Vo ñî ÿ Â

ó 4- 1 2V Vn ñî â 0 ) 2- ( î À<-1 À+1
( 4( ã )ãããã(ð ã ó Ö — 2V Voñî ÿ 6) ( s s )

Í åãå Â å — — ~/ ~ ~ , Ò i s t h e t em p er at u r e o f t h e t ar get gas an d ò i s t h e n eu t r o n m ass .

I n or d er t o ob t ai n t h e r at i o of n eu t r o n scat t er i n g at d i ff er en t an g l es, on e n eed s t o

i n t egr at e ex p r essi o n ( 13 ) ov er V at fi x ed an g l es

F . (Vo, 8>, À )3î F ( Vp V , Hy, A )dV
( 12)

,/î ~~ ( ~î , V , ~9ã, A )dV F , (Vp, äã, À )

Now we can wr i t e the diff erent ial cross sect ion for t he scat ter ing of neut rons by t he
at oms of à monoatomic gas, t aking into account t he è , å interact ion in the form :

~

É ò
( i s i„„ = [@+ ~ü, ãü„,~(Å„ 8, ó (ó„ ñ~,8) ,

where f (EÄ, 8, ) is t he atomic form factor cor responding to t he relat ive energy of
mot ion (between the atom and t he neut ron) E Ä and to such scat ter ing angle 8, in the
cent er-of-mass system , which leads to the scat ter ing angle 8 in the l aboratory one. Our
calculat ions of average form factors using the M onte-Car lo method and consider ing the

t hermal mot ion , show t hat, t he average form factor values agree wi th à good precision wi th
the form factor values in t he laborat ory system taken direct ly for Åä (V~) and 8. For this

74



reason t he neut ron intensi ty rat io wi th è , e scat ter ing and thermal mot ion cont r ibut ions

may be wr it ten as

b~ F, (Vp, ä1, À ) + 2Ü Ü„ , Z f (V~, ä~)
5~ F, (Vp) ä~) À ) + 2ÜðóÜ„ , Z f (Vp, ä~) '

For the tot al cross sect ion wi t hout è , å scat t er ing, using (13) one can obt ain

4< @, F (( V(), À ) + 8ï Üä Ü„ , Z ß Å ) .0 'ç

1 .0 25 1 1 ! ! ! i ! I I I I I ! 1~ 1 1 1 ! I I I I ! 1 1 1 1 \ I I I i ! 1 1 1 1 1 1 1[ 1 1 1 1 1 1 1 1

~

CQ 1 .0 15

î
• ÷

6 5
~~' 1 .0 0 5

Xe Teta 1= 45 teta2= 135 Errors 0 .0002
Curve:Âï =.5 .85+ / — 0.30 f m Bne= — 1.32+ / — 0.06

0.995
î .î î ~ î .î ~

F i g . 1 . I n t e n s i t y r a t i o

M o n t e C a r l o c a l c u l a t i o n . ~ ~ I ' l l ~ ~ ~ I I ~ ~ ~ ~ ! ~ ( ~ ~ ! î 1 1 1 î ~ î î E n e r g y ( e V ) R ( E ) f o r a n g l e s o f 4 5 a n d 1 3 5 ~ . T h e s q u a r e s i s t h e r e s u l t o f

Fig.1 shows the energy dependence of the int ensi ty rat io of t he neut rons, scat tered
by X e at 45~ and 135~. Calculat ions were carr ied out using (14). T he abrupt decay of

Â in t he region below 5 m eV is determined by t he kinemat ic factors F, (Vp, 8) for pure
nuclear scat ter ing. In t he energy region above 10 eV , t he curve R approaches the value
for scat t er ing by atoms at rest .

T he depth of minimum R(E ) at Å 0.05 eV is t he cont r ibut ion of n , å scat t er ing wi th
à relat ive value of 5.10 ~.
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If i t is assumed t hat Â (Å ) can be measured wi t h errors of 2.10 4 (in F ig.1 random

point s ar e wit hin such accuracy l imi t s) , so t he conver se analysis of pseudo exper iment al
dat a using t he FUM IL I-code (the curve in F ig.1) shows that á„ , may be ext r acted only

wit h the same accuracy as 6~ , because t he l inear correlat ion between bÄ, and áð~ appear s in
the R (E ) anal ysis. For measurement s i t is bet t er t o use t he heavy isot opes of Õ å, because
t hey do not have neut ron resonances in t he eV region .

For R (E ) anal ysis i t is convenient to use the region below 0.1 eV , because t hen t here
is ï î necessity t o make correct ions for changes in det ector efBciency for neut rons scat tered
at 45î and 135î

We obt ained for X e at Å = 0.05 eV that
Â = 1.021 wit hout è , å scat ter ing and thermal mot ion considerat ion ,
Â = 1.020 consider ing thermal mot ion , only,
Â = 1.013 wi th both è , å scat t er ing and thermal mot ion .
So, at t he max imum of t he è , å scat ter ing eff ect t he anisot ropy R — 1 due to going from

à center-of-mass system Ñî t he labor at ory one is equal t o 0.021. T he cor rect ion for t he

thermal mot ion reduces t his val ue by 0.001 and t he sear ched for eff ect by 0.007 more.

7 .650 1 1 1 I I I I ~ 1 I I 1 I I I I [ I I 1 I I I I ~

î

C 7.åî î
Kr — 8 6 po int s : Bne= — 1.32 .

c urve ; wit hout Bne
dashed: Bne= — 1.32 ,T= OK
çñ~ ûà res : Bne= — 1.3 2 ,7= 18 4 K

î

~~~

í
à

Î

î
Î

Î
Î

~

7.550

î
• ~

Þ 7.500

~~~~~~

î .î 1 î .~ 1 ~î ~î î
Ener gy (eV)

Fig.2. T he shape of t ot al cross sect ions at low energies in relat ion t o the consider at ion
of t hermal mot ion and n , å scat t er ing cont r ibut ions.

M easurement of t he tot al cross sect ion for t he ~ Ê ò isotope has been more promising.

T his isot ope has à small t hermal capt ure cross sect ion 3 ~ 2 ò Ü [8] so the tot al cross sect ion
has been determined , in general , by scat t er ing. Energy dependences of cd calculat ed for
some hypothet ical cases are shown in Fig.2. Point s show ñò~(Å ), calculat ed by equat ion
(19) for t he fi xed parameters 6ó = 7.73 f m and oð — — 2 m b (ñ = î ä ( úÃÅ ), by the factor
of 4 more than for the pure ~~K r isot ope, Ü„ , = — 1.32 m f m , and st at ist ically scat tered
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wit h an error of 2.5 m b. T he sol id curve displays ï ~(Å ) at Ü„ , = Î , t hat i s, t he case wi thout

è , å scat t er ing. T he dashed curve cor responds t o ñ~(Å ) for t he ñàçå wi thout t he thermal
mot ion of gas at oms (cal culat ed by eq.(16 at Ò -~ 0) . One can see, that in t he region

0.1 eV , the real cont r ibut ion of è , å scat t er ing is 35 ò Ü, of which 15 ò Ü are compensated
for by the thermal mot ion eff ect of t he atoms. For lower energies t he cont r ibut ion of è , å
scat ter ing ar ises, but it is over lapped considerably by t he thermal mot ion eff ect . So, at
Å = 0.001 eV , srÄ, 55 m b, whereas the t herm al mot ion cont r ibut ion is more t han 100 m b.
In F ig.2 the squares show the ñàÿå cor responding t o à gas temper at ure of 184çÊ (provided

that t he gas is cooled by l i quid xenon) . T hese dat a essent ial ly improve t he problem of

est imat ing t he è , å ampl it ude.
If dat a covered t he region 0.003 — 10,eV and even 0.003 — 1 eV , Ü„ , can be obt ained

with an accuracy of 5%. In this ñàçå t he capture cross sect ion can be ext racted wit h
an accuracy of 10%. I f t he dat a below 0.01 eV are absent , t hen the er rors of Ü„ , and ñòö
increase by 2 t imes. In t his ñàÿå i t is desir able to know the val ue of crp from addit ion
measurement s of cr< in t he mill ivol t region , which can improve the accur acy of t he Ü„ ,

est imat ion .
T he Russian Ñî ÷. Fund for St able Isotopes has 10 ä sam ples of ÿçÊ ò wi th 99.97%

enr ichment . À S 1.7 ñò ~ sample can be prepared and i t s t ransmission may be Ò 0.74.
Òî at t ain an accuracy of up t o 2.5 ò Ü for such Ò, t he st at i st ic has to be 3.10ÿ per point .

W ith the mir ror neut ron guide t ube of t he IBR-2 react or in t he int erval of 3 — 25 m eV ,
such à st at ist ic may be achieved in twenty four hours; in 4 days at t he I BR-30 booster for

à fl ight path of 10 ò and in t he region of 0.005 — 10 eV .
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INVESTIGATIONS OF NEUTRON ELECTRIC
POLARIZABILITY IN 1995

Ò.Ü.Enik , L .V .M it syna, V .G.Nikolenko, À .Â .Popov , G.S.Samosvat
Frank Laborat ory of Neut ron Physics,

Joint Inst it ute for Nuclear Research , Dubna, Russia

A s far as we know , on l y one exper im ent al wor k [1] on t he neu t r on elect r i c
p ol ar izab i l i t y n Ä h as b een per for m ed dur ing t he l ast year . T h i s wor k h as r el -

at i vely low st at i st i cal accur acy b ut , t oget her w i t h m ore p r ecise wor k [2] , p l ay s

an essent i al p ar t in fu r t her advan ce of t he o.Ä det er m inat ion . T h e neu t r on t ot al
scat t er ing cr oss sect ion for ~~~Ð î , fr ee of cont r ibu t ions f r om à11 know n r eso-

n ances, w as ob t ained in [1] at 13 ener gies bet ween 1 eV and 25 k eV w i t h er r or s
of 3 — 18 ò Ü and in [2] at 100 ener gies bet ween 50 eV and 40 k eV w i t h er r or s of

2 m b.
T he aut hor s of [2] an aly zed t hei r cross sect ion by t he " m at hem at ical " for -

m ula

( s( þ ) = ~ ( o ) + ~ + è , + > 4

fi t t ed four coeffi cient s of (1) and found for t he polar izabi l i ty

( 2 )
à „ = ( 1.20 + 0 .15) 10 ~ f m ~,,

using only t he quant i ty of à.
An al ternat ive, more " physical" met hod of cr(E ) analysis was appl ied in [1]

( 3 )

w h er e
à ð , ~ — — R — h E — à Ð ,

~

( k R ) Âä î î
6q — — — kR + ar ctg(kR) + ar csi n

] -~- ( k p ) g

Z = 82, R~ — — 7.1~ò , Â = 8.0/ ò , Â , = 0.21, Ì „ ,Å and k are t he neut ron
mass, energy and wave number . T here are three parameters to be fi t ted, Â ' , h.

and à „ . T he purpose of the h parameter is to t ake into account the energy
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dependent cont r ibut ion of dist ant resonances. I t can be expressed to t he fi r st

power of t he Å / Åä approximat ion via t he sum

h = 2276 Å " f m / eV ì +1 ~ã®

t hrough al l s — wave resonances not t aken int o account in t he o (E ) cal culat ion .

We used expression (3) for t hree difFerent t asks.
I . T he fi r st t ask was t o obt ain the val ues of t he t hree paramet er s descr ibed

the Dubna dat a [1] on o'(Å ) . We found R' and à st rong cor relat ion between à „
and h, so that é, > 11 10 ~f m / eV , unless à „ ( Î . Such lar ge h is unexpect ed

and t est ifi es that some resonances were not t aken int o account . For compar ison :
even t he st rongest and nearest resonance at 507 keV gives é, = 6.6 ' ~ and à

negat ive " dummy" resonance at Es — — — 1.9M eV from [3] only 1.2.

I I . T he second t ask of (3) was t o examine t he validi ty of approximat ion (1)
and t he sense of i t s coeffi cients obt ained in [2]. We decomposed (3) in t erms up

to sixt h power of lñ and found the following:

1) T he coeffi cient s of (1) î (0) , à, b from [2] give
Â ' = (9.5696~=0.0021) f m , à „ = (1.18~ 0.15) 10 ~f m~, , h = 19.0~ 0.6. (5)

2) T hese three values give in t heir t urn à coeffi cient c larger by 25% than
was obt ained in [2], signifying the deficiency of c not only for ð — wave
cont r ibut ion but for k~ — term of si nï ( — kap p)( k2, as well .

3) T he terms wi t h k~ and k~ are small indeed , giving cont r ibut ions to cr(40keV )

of less t han 1 m b.

4) T he t erm with k~, as t he t erm wit h k , is proport ional t o o.Ä and the former

reaches 12% of t he lat t er at Å = 40 keV .

I I I . T he third t ask of (3) was to analyse cr(E ) measured in t he work [2] .
Having ï î pr imary dat a, we calculated 100 values of o (E ) for Å from 0.4 Ñî
40 keV according to (1) wi th the coeff icient s given in [2] and spread t hem r an-

domly wi th à st andard deviat ion of 2 òï Ü. T he 6t t ing of three parameters t o

t his set of o (E ) point s gave
Â ' = (9.5684 + 0.0007) f m , à „ = (1.70 ~ 0.21) 10 ~ f m~ „ h = 20.4 ~ 0.4. (6)

W e t h en ad d ed t o ( 3 ) t h e r eso n an ce an d i n t er f er en ce t er m s f or on e r eson an ce
w i t h à g i v en Å ä an d Ã ® an d t r i ed t o fi t R ' , n Ä, Å î , Ã ® at t h e f i x ed h = Î .

T h er e i s st r on g co r r el a t i on b et w een E ~ an d Ã ® an d ï î ev i d en t m i n i m u m of y ~.
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A c co r d i n g t o t h e l ev el sch em e o f ~~~Ð î [4 ] , t h e b e st c a n d i d a t e f o r t h e u n k n o w n

r e so n a n ce i s t h e o n l y 1 / 2 + — l ev el b e l o w n eu t r o n b i n d i n g en e r g y a t 2 .0 3 Ì å Ó ,
i .e . t h e sa m e n eg a t i v e " d u m m y " r e so n a n ce a t — 1 .9 M eV f r o m [3 ] . F i x i n g Å ä ——

— 1 .9 M e V g av e

Â' = (7.048 + 0.040) f m, à„ = . (1.66 + 0.21) 10 f m' ,

Ü = Î , Ã~~~ = (2170 2 34)eV ( 7 )

Such à high quant i t y for Ã® of à resonance does not seem unaccept able, because
the one — part icle W igner l imi t for à nuclear r adius of 8 f m' is 2300 eV and t he

4s>~z level at 2.03 Ì å~ has à spect roscopic factor close t o 1 [5] .

Summarizing, we should say :

M ost probably (see point s 2) and 4) above) , t he cross sect ion o (E ) and

resul t (2) for polar izabil i ty à „ àãå somewhat wrong.

~

2. Success in searching for t he t rue nÄ can come only i f t he é~ — t erm is added
t o (1) for î (Å ) analysis, and if more defi ni t e informat ion on the s — wave

resonances of ~~~Ð 6 is obt ained .
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M A I N P E C U L I A R I T I E S O F ÒÍ Å C A SC A D E y-D E C A Y O F
H E A V Y N U C L E I À Ò ÒÍ Å E X C I T A T I O N Ê È Å Â ,Ñ Ó

R E G I O N O F 1 T O 5 M eV

S.Ò. Boneva, V .À . K hi t rov , Yu .V . K holnov , À .Ì . Sukhovoj , Å Õ . Vasi l ieva, À Õ .

Voj nov
Fr ank Labor at ory of Neut ron Physics, Joint Inst i t ute for Nuclear Resear ch,

Dubna, 141980, Russia

T he exci t at ion region of 1-2 to 4-5 M eV in à heavy (for exam ple, À ) 100) nucleus

corresponds t o à pr inciple change in it s proper t ies. Í åãå, the levels of simple and known
st ructures are t ransformed int o compound-states. T his complex process is very diffi cul t

for both det ai led exper iment al study and int erpret at ion of the dat a observed .
For inst ance, the following quest ions are raised:
à) W hich component s of t he cascade intermediate level wave funct ion dominate the

mat r ix element s of y-t r ansi t ions populat ing and depopulat ing t his level ?

b) W hat densi ty of int ermediate levels can be exci t ed in t he slow neut ron radiat ive

capture react ion?
New informat ion concerning these quest ions was obtained at F L NP JINR recent ly. I t

was previously noted [1] t hat t he appearance of the most intense cascades in t he spect r a
is not r andom - t hese cascades (their intermediat e levels) can be ar ranged in " bands"

wi th pract i cal ly equidist ant spacings. In each studied nucleus, two (somet imes more) such
" bands" are revealed wi th possible equidist ance per iods of 270 t o more t han 1000 keV . If

i t is act ually so, then the st at es diff er ing in st ruct ure by 1,2,... phonons play an impor t ant
role in the y -decay process the exci t at ion region under discussion . But , if t he decay scheme

cont ains more t han one hundred intermediate levels of t he most intense cascades, t hen t he
quest ion of establishing the fact of t he " regular ity" of observing such " bands" cannot have

à clear and unambiguous answer , even in pr inciple. I t means that t he fi nal conclusion
about the existence of such vibrat ional exci t at ions can be der ived only af ter observing

them in diff erent resonances of t he same nuclei .
Never theless, analysis of t he dat a on t he two-step cascades fol lowing thermal neut ron

capture provides argument s in favour of this eff ect [1] and al lows one to explain i t s possible
nature. T he Interact ing Boson M odel [2] predict s t hat t he boson energy must asymptot -

ical ly and linear ly depend upon the t he number of boson pairs, N g, in unfi l led nucleon
shells. Such à dependence is shown in fi g.1. I t is seen that :

à) t he l inear relat ion between the equidistance per iod, Ò, and N g is, in fact , observed

(al though wi t h some var iat ions);
Ü) the energy of cor responding bosons for cascades of t he E l + E l and M l + M l types

exceeds t hat for cascades of E l + M l -t ransi t ions;
ñ) the equidist ance per iod for even-even nuclei is lar ger t han t hat for even-odd and

odd-odd nuclei .
T his si t uat ion can be quali t at ively explained by account ing for known nuclear proper-

t ies: the energy of octupole phonons, whose cont r ibut ion t o the wave funct ion st ruct ure of
levels can cause the width enhancements and t he observed equidist ance in t he case of t he
E l + E l and Ì 1+ Ì 1 cascade t ransi t ions, exceeds the energy of quadrupole phonons. But ,
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the observat ion of enhanced equidist ant cascades of E l . + M l -t ransit ions can be explained

solely by the cont r ibut ions of quadrupole phonons.

F ig 1. T he value of t he most probable equidist ance per iod , Ò, as à funct ion of t he
number of boson pairs, N q, in unfi l led shells. ~ - even-even nuclei , cascades of E l + Ì 1-
t ransi t ions; Ü — even-even nuclei , + - even-odd nuclei , cascades of E l + E l - or M l + M l -
t ransi t ions; ( ) - even-odd nuclei wi th Ã„' / ( Ã„' » 1; x - prel iminary data for odd-î áé
nuclei ; ® - eg values for the ~~~ ~~~C d nuclei . L ine - ext rapolat ion of possible dependence.

On the other hand, the interact ion of quasipart icles wi th phonons changes the energy
of the l at ter , which permi t s one to explain the lesser Ò value for nuclei wi th one or two

odd nucleons.
T he presence of levels difFer ing in st ructure by 1,2,... phonons in t he exci t at ion spec-

t rum means that the energy of the captured neut ron passes to the exci t at ion of the nucleus
as the whole, but not to the excit at ion of quasipar t icle states. I f t his is t rue, t hen one
should consider the nucleus as à system character ized by à lower temperat ure than follows
from generally conceived not ions. À lower nuclear temperature unambiguously leads t o à
decrease in the densi ty of excit ed st ates. A s an example, fi gure 2 shows the number of
intermediate cascade levels observed in 100 keV energy intervals as à funct ion of t he exci -
t at ion energy of the ~~~À è compound-nucleus. Exper iment al data (point s) are compared

with the model [3,4] calculated values. As seen from the fi gure, the exper iment al level
densi ty is less than that predict ed by the Fermi-gas model with à backshif t [3].

Usual ly, such à si tuat ion is int erpreted as an " omission" of levels exci ted by cascades

whose intensi t ies are less than t he sensi t ivity l imi t of t he spect rometer . T his is not the
only explanat ion , however . F igure 3 shows the sum intensi t ies of two-step cascades t o
sever al low-lying (energy is less than 680 keV ) levels of the ~~~Àè nucleus as à funct ion

of their pr imary t ransi t ion energy. Exper imental intensit ies (histograms) are compared
with calculated intensi t ies (smooth l ines). Curve 3 was calculated using à combined level
densi ty : the exper imental densi ty was used below t he exci t at ion energy of 3 M eV ; the level
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densi ty above this energy was found wi thin the exponent ial interpolat ion to exper imental
values at the exci t at ion energies of 3 and 6.5 M eV , respect ively. A s can be seen , the
" combined" " model gives considerably bet ter agreement wi t h the exper iment .
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F ig .2. Number of observed levels
in ' ~~Àè for the exci t at ion inter-

val of 100 keV (point s). Curves 1
and 2 represent the BSFG (ref .[3])
and t he Ignatyuk t hermodynamical
model (ref .[4]) predict ions for nega-

t ive par i ty.

ã 4 å
Å, , MeV/

F ig .3 . D i st r ib u t i on of t ot al tw o-st ep cascade i n-
t ensi t i es ( in % p er decay ) in | ~~À è û à fu nct ion of

pr im ar y t r an si t ion en er gy . T he h i st ogr am r epr e-

sen t s t he exp er im ent al in t en si t ies sum m ed i n en-

er gy b ins of 500 keV ; t he st at ist i cal er r or s ar e
shown . Cur ves 1 an d 2 cor r esp on d t o pr edi c-

t ion s accor di ng t o m odel s m ent ioned in r efs.[3,4]

r espect ively . Cu r ve 3 r ep r esent s t he cal cu l at ion
w i t h in t he " com bined" m odel .

Summari zing, one can st ate that quadrupole (and possiply oct upole) mul t iphonon exci -

t at ions determine, in considerable measure, the proper t ies of à nucleus above an exci t at ion
energy of about 1-2 M eV .

A nd as à consequence, the densi ty of st ates exci ted in t he (n , ó)-react ion is considerably
less than what follows from t he Fermi-gas model (which does not t ake int o account t he

correlated mot ion of nucleon pairs).
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Although many studies of gamma decay of highly excited states in medium and heavy nuclei
have already been undertaken, see, å.g., [ 1-5] , the available experimental data concerning this subj ect
are stil l far from providing à reasonably full picture of this process. In particular, the well-known

discrepancy between the measured photon strength and the strength calculated within the frame of
Brink's model has remained an open problem for more than three decades. While it is evident that for
some nuclei Brink 's model in its formulation [6] based on à simple idea of purely Lorentzian electric
Giant Dipole Resonance (GDR) leads to overestimat ing the photon strength [ 1-3,5] , in view of the
limited number of nuclei studied it is not quite certain that the deficit of experimental photon strength
does indeed belong exclusively to spherical and transit ional nuclei, as suggested by the existing
experimental data [3-5] . There is an evident need of further data for deformed nuclei, which motivated

us to undertake the present study.
The experiment was carried out at the JINR Pulsed Fast Reactor IBR-30 which worked as à

booster in conj unction with 40 M eV electron linac L UE-40. The sample consisted of 48.56 g of (Û ~Î ~
enriched in ' " á é to 97.7%. The time-î È 1ö Ì resolution power of 70 ns/m allowed us to accumulate
ó-ray spectra for 12 isolated neutron s wave resonances with / = 1/2+ at energies of 22.3, 101.1,

242.7, 277.2, 344.8, 409.1, 503.3, 588.5, 692.9, 847.3, 9 17.1, and 1068.0 eV [7] . However, the
resonance at energy 847.3 eV has à small contribut ion of the next weak unresolved resonance at energy
869.3 eV . Relative intensit ies of primary transit ions to f inal levels of ' " á á below 1150 keV were

determined, the total area under 7 low-energy y-l ines at 467.2, 524.5, 537,1, 551.0, 60 1.8, 677.4, and
715.2 keV being adopted as à measure of neutron capture rate. À separate run was undertaken using à
composite sample consisting of à layer of enriched Gd covered on the back side by à layer of natural
boron. Comparing the yields of ó-rays, result ing f rom deexcitat ion of the product of the " B(n,à )' Ü,
reaction, and 5943.0 keV ó-rays, accompanying the neutron capture in ' " á é at isolated 22.3 eV

resonance, absolute intensity 1, = 0.10(8=0.015 g s per neutron captured was determined for the

corresponding 5943.0 keV transit ion and à given resonance. This intensity was then used as à reference
value to convert the relat ive intensit ies of primary transit ions into the absolute intensity scale. Assuming
that à total radiat ion width of each resonance is equal to the average value of this quantity, (Ã~.„)~ =

0.105~0.010 å× , deduced f rom the data in [7] , the absolute primary intensit ies were transformed into
partial radiat ion widths Ã~,~ where Õ and / 'are labels of neutron resonance and final level, respect ively.

Multipolarit ies (E1 and Ì 1) of primary transit ions to the individual f inal levels f were
determined on grounds essent ial ly similar to those adopted in the well-known technique of average
resonance capture [8] . Besides that, for some final levels / 'addit ional informat ion on multipolarity was

gained from analysis of fl uctuations of Ã~,~ for f ixed / and variable Õ, assuming that these quantit ies
fl uctuate according to Porter-Thomas distribution, i .å. ó' distribution with the number of degrees of
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freedom v = 1. We found 8 primary El transit ions populat ing ' " Î é levels below 1150 keV whose

energies are 5943.0, 5434.7, 5384.7, 4881.7, 4863.5, 4832.2, 4803.3, and 4796.9 keV . À conservative
analysis of the sensit ivity of our experiment indicated that these levels form à full set of J ' = 12 ,30

levels within the given range of excitation. This statement could be made with à statistical signif icance
of 98.5%. Similarly, we observed 9 primary M l transit ions populating levels below the same limit with
energies 5341.1, 5295.9, 5198.1, 5161.0, 5083.0, 4987.0, 4971.0, 4939.7, and 4814.4 keV .

The partial radiat ion widths obtained were used to calculate the values of photon strength
function def ined conventionally as

~ò( Åö (1)
(ã„ ),
D ~ Å ÷

where ()i denotes averaging over resonances, D> is the average spacing between neighbour resonances of
à given spin (Ó = 10 +) and Å» is y-ray energy. The deduced values of 3„(Å~ are plotted in Fig. 1 for Å1

and in Fig. 2 for Ì 1 transit ions, respect ively.
In the case of Å1 radiat ion these values are compared with the predict ions of Brink' model in

its above-out lined formulation by Axel [6] , and also with predictions of the alternative model of

Kadmenskij et al. [9] based on the theory of Fermi liquid. In view of missing data on photoabsorpt ion
in ' " á é, parameters of the GDR used for calculation within these two models were taken from data in
[ 10] for photoabsorption in neighbour nucleus ' " ÒÜ. In our case the region of excitation of f inal levels
overlaps the pairing energy of ' " Î ä at most by 300 keV , and for thi s reason the nuclear temperature

does not play à noticeable role while calculat ing photon strength within the alternative model [9] . N ote
that in î ë åã situations, å.g., when data from two-step y-cascades are studied [ 11] , this is not the ñàÿå.

The data of Á„(Å„) for M l transit ions are compared with an energy-independent value, based

on systemat ization of M cCullagh [2] within the strongly simplif ied single particle W eisskopf model .
The average is ( 1.5~0.3)x10 'M eV ' , as obtained from the data in Fig. 2. This value corresponds to

previous estimates given in [2] .
From Fig.1 it is evident that , except for one primary transit ion (Å = 5384.7 keV ) which

populates the level at 558.2 keV , our data are fully compatible with Brink's model [6] based on the use

of purely Lorentzian È Æ [ 10] (i .å., with à constant damping width). On the î áæåã hand, our data are in
sharp contradiction with predictions of the alternative model of K admenskij et al. [9] . This f inding thus
corroborates tentative conclusions made in previous works [5,12] that the noted deficit of the Å1 photon
strength is characteristic only of spherical and t ransit ional nuclei . Nevertheless, the strange behaviour of
the noted t ransit ion to the 558.2 keV level is not understood. The existence of à doublet structure near
energy of 5384.7 keV seems improbable.
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I n t r oduct ion

T h e o r i g i n an d n a t u r e o f t h e B o h r ' s f i s s i o n c h a n n e l s [ 1 ] a n d t h e i r i n t e r c o n n e c t i o n a n d

r e l a t i o n t o B r o sa ' s f i s s i o n m o d e s [ 2 ] a r e t h e t o p i c o f d i sc u s si o n s f o r l a s t y e ar s . T h e u se o f a n

a l i g n ed t ar g e t i n th e " ù ï Ä - r e a c t i o n i n t h e r e g i o n o f k n o w n s - w a v e n e u t r o n r e so n a n c e s

[ 3 ] a l l o w s t o i n v e st i g a t e [ 4 ,5 ] d i r e c t l y t h e d e p e n d e n c e o f a n g u l a r a n i so t r o p y c o e f f i c i e n t s f o r

à se t o f o b se r v e d r e so n a n c e s o f t h e ~~~Y c o m p o u n d n u c l e u s o n t h e q u a n t u m n u m b e r Õ ,

w h i c h i s d e f i n e d a s t h e p r o j e c t i o n o f t h e t o t a l a n g u l a r m o m e n t u m J o n t h e d e f o r m a t i o n a x i s

o f à f i s s i o n i n g n u c l e u s . B u t n e w , m o r e d e t a i l e d i n v e s t i g a t i o n o f e p i t h e r m a l n e u t r o n i n d u c e d

f i ssi o n o f o r i e n t e d n u c l e i v i a l ar g e l y i so l a t e d c o m p o u n d st a t e s , h a v i n g à k n o w n sp i n J a n d

p a r i t y òñ, m ay g i v e à u n i q u e p o ssi b i l i t y t o g e t n e w i n si g h t i n t o t h e p r o b l e m . S o , m o r e

v a l u ab l e i n f o r m a t i o n c a n b e e x t r ac t e d f r o m t h e stu d y o f e n e r g y d e p e n d e n c e o f t h i s

a n i so t r o p y . T h i s i s t h e a i m o f o u r e x p e r i m e n t .

T h eor y

(3) dQ 4z
where the angular anisotropy coef ficient A2 can be written as:

15I ~ + nf ã
Àã = (2)

g(zi — i)i (i + 1)(ãê ~ç) à „~,
The total f ission cross section 0'Ä„~ ) is expressed by :

2

î ÄÄ i E Äi = < k X g , X , S J (o — — > Kf )
J Ê

The energy dependent Sq ( 1) —.~Õ/ ) is an element of the S-matrix describing the transition

from the entrance channel (jl I j to the inclusive f ission channel f with explicit quantum
number JK . The energy dependent angular anisotropy part is expressed by :

S S

For target nuclei with the alignment (~, as it is defined in [6], the differential cross-
section of à neutron induced fission reaction can be written in the following manner 171:



(4 )

Í åãå g~ = (21+1)/ 2(21+ 1) , U( 1/2 IJ '2,.JI ) are Racah coef f icients and C~~ 2~ are Clebsch-

Gordan coef f icients containing the Ê-dependence of the anisotropy part of the cross-section
in à dif ferent way compared to the total cross-section (3). À new and important point
predicted by formula (4) is the presence of interference between s-wave resonances of

different spins.

Exper im ent

The experiment was performed at the beam of the IBR-30 pulsed booster source with

à neutron pulse of about 4 pÿ and à burst f requency of 100 Hz using à fl ight path 29.4 m. At
the sample position, the neutron beam parameters are: neutron fl ux 3 10 Å èlñò eV s , 4 1 2

energy resolution 3.8 10 Å eV. À series of col l imator in the fl ight tube reduced the beam
size close to the cryostat to à diameter of 8cm.

A s in the earlier experiments [4,5] , the spins of U target nuclei were aligned by
electric hyperfine interaction of the quadrupole moment of U with the strong electric
f ield gradient at the 235 U nucleus within the uranyl group (UO2) of crystals of the rubidium

uranyl ni trate ÊÛ 30 2(ÕÎ ç)ç (hereafter abbreviated to RUN), which were cooled to à low
temperature. The bulk of these single crystals was grown using natural uranium with outside
layers of about 1ò ~ ñò ~ containing enriched ~~~Y . From these crystals slabs of about 3 mm
thickness were cut and used to make two mosaic samples with à total area of 20 cm~ and 24
cm2. The 235 U layers had the following isotopic content (in %) : ~3~ U - (4.2 + 0.1) 10 ~, ~~~ U
- 99.42 + 0.002, U -(1.5 + 0.1) 10 ' and " ' U - < 1.5 10 ~. The slabs were -glued on to the

opposite sides of à copper plate connected to the mixing chamber of the dilution refrigerator.
The Ñ-axes of all slabs were careful ly oriented in the same direction.

The ÇÍ å-4Í å di lution refrigerator could keep à low temperature on the target during
— 50 hours. The lowest temperatures 0.07 Ê without and 0.1 Ê under neutron irradistion
were reached at the copper target plate using à ÇÍ å circulation rate of 7 10 ~ mole/s. In the
same time i t must be mentioned that deriving of the temperature of ~~' U-containing layer i s

à diff icult task . The presumably poor and unknown heat conductivity of the RUN crystals,
high thermal resistance of glued contacts produce à signif icant temperature dif ference
between the copper plate and ' ~Ñ-containing layer at the low temperatures. To solve this

problem the à -emission anisotropy from the same samples was measured. For this purpose à
small amount ( < 0.1 %) of ~~~ U was added to the RUN solution from which the ~~' U-

containing layers were grown. The evaluation of the surface temperature under neutron
irradiation from the angular anisotropy of à -particles gives Ò=(0.15 + 0.02) Ê . Then using

the estimated value of the electric hyperf ine coupling constant Pl k = ( 0.0154 + 0.0027 ) Ê
[3] the nuclear alignment parameter f q — — - 0.15 + 0.02 was calculated for ~~ U .

The à-particles and f ission fragments from each sample were detected by three
sil icon surface barrier semiconductor detectors of rectangular form ( 2õ5 cm~ active area
each ) mounted in the directions 0~, 45 and 90 with respect to the Ñ-axis of the RUN

crystals which were oriented along the neutron beam. In comparison with [5] the detectors at
45 were added to improve the investigation of f ission fragment angular distributions. For î
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monitoring of the neutron f lux an additional
layer of à non-oriented " ' U compound,
about 0.5 mg/cm~ thick, and à separate Si

detector were placed in the neutron beam.
With its qual itatively better alpha- and f ission

fragment spectra appeared also to be very
useful for an independent control of the
stabil ity of the detectors inside the cryostat.

A l l detectors were kept at about 1Ê
during the measurements. The positions of the
samples and detectors are shown in Fig.1.

The data acquisition system (DA S)
consisted of à set of analog, logical and digital
ÑÀÌ Àß-blocks with à ÐÑ on-line. The DA S

allowed to accumulate 7 separate energy spectra (1024 channel each) of à -particles and
f ission fragments and 7 time-of-fl ight spectra (4096 channel each) of f ission fragments only.
It had also automatic " controller of quality" of the input information and periodical saving

of the accumulated data on the hard disk .

Resul ts and di scussion

The aim of this experiment is to obtain the energy dependence of the A2 coeff icients
in the formula (1). Òî do this, several steps had to be taken :
- to evaluate and subtract the background properly ;
- to measure the temperature of the samples and def ine the al ignment parameters f q, and

finally
- to extract the A2 values from the detectors counts as à function of neutron energy .

The background was measured separately at l iquid nitrogen temperature using à set of
thick beam fi lters: Ñî , W , Ag , Rh and Cd, which give "black resonances" and then

approximated by the usual formula: À / õ + Â + Ñõ, where x is the channel number and
À , Â,Ñ are f itting parameters. The background during the main runs was supposed to have
the same behavior . Only Ñî and Cd f i lters were lef t in the beam for calibration.

After the background subtraction, the A2 coeff icients were calculated for à given TOF

region from the system of equations:
~ ò,(Oi ) Ì ò (1+ Àã Õã(Ò| ) ' Ê (8,.)) î î î

Nz; (8; ) Ì ò (1+ A> f >(T>) À (8;))

where Ôò(8;) are the counts of the detector at angle 8; and temperature Ò; Ì ò are the
counts of the monitor detector ; ð~(8;) = ( Pq(cos8,.)> are the averaged Legendre
polynomials, calculated by the Monte-Carlo method. Since there is only one unknown, the
g~ - method using FUM ILI ñî äå of g minimization was used to obtain A2.

Our energy resolution al lowed us to obtain the energy dependence of À2 with
reasonable statistical errors in the neutron energy interval up to 20 eV .

The results of data processing for neutron energy 0.4 -20 eV of our f irst results [ 10]
added with the data for new four-week measurements are presented in Fig. 2.
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Fig.2. The energy dependence of f ission fragment angular distribution coefficient A~ from
resonance neutron induced fission of ~~~ U al igned target : Ï - [5] , corrected for 10% misalignment

of the crystals as mentioned in the original ðàðåã ; é - [9] ; Î - present results. The solid is the
result of an R-matrix multi level two f ission channel calculation [ 11] . The curve in the lower parts of

the pictures is the f ission cross section in arbitrary units.

Only statistical errors for A~ are included in the f ig. 2. The systematic errors due to
uncertainty of the electric-hyperf ine constant ÐËñ and temperature are fairly large; they are
estimated by us as — 20%. These uncertainties move the whole set of À~ values, up or down,
but don'1 change the energy dependence.

One can see that there is quite à good agreement of our data with the data of
Pattenden and Postma, especial ly in the low energy region where our energy resolution was
good enough, whi le the f itting curve, having been made by R-matrix mul ti level two f ission
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channel calculation ~11] , does not seem to describe the energy dependence of A> properly .
The reason of this discrepancy, as we believe, i s that this calculation was done

without taking into account the interference between levels with dif ferent spins. À new
approach developed by Barabanov and Furman [7] allows to include the 3 - 4 spin

interference into the f itting program, and we hope that i t wil l al low to obtain à new set of
resonance parameters which will be in agreement with our data.

Conclusions

The experiment is continuing. À new modified ÇÍ å-4Í å dilution refrigerator which
allows to keep à low temperature for à considerably longer time (one week or more) will be
used during the next stage of the experiment. The refrigerator has been already installed at
the IBR-30 neutron beam and has been tested. New (implanted) semiconductor detectors
have also been manufactured, tested and selected.

À new mosaic sample with thinner (- 0.3 mg/cm ) ~~~ U-containing layer has been

prepared and tested. The f ission fragment amplitude spectrum from this sample gives us à
possibility to get information about the dependence of the fragment angular anisotropy on
the fragment kinetic energy. The event-by-event mode of data taking has been developed
and added to the acquisition program to realize this aim.

This work was performed in the frame of the Russian State Science-Technical
Program "Fundamental Nuclear Physics" under support of Russian Basic Research
Foundation (proj ect 93-02-16773) and the RFBR grant # 96-02-19162.
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T h e M e a s u r e m e nt o f In d e p e n d e n t Y ie l d s o f Fr a g m e nt s f r o m P u F i s s i o n
In d u c e d Üó T h e r m a l Ne u t r o n s Us i n g y - Ray S p e c t r o s c o p y

N .À .G u nd o r in , Y u .N .K o p ac h , D a o A h n M in h , S .À .T e le z h n ik o v , V .1.Fu r m a n

Fission fragments decay by emitting neutrons and ó-ãàóç. The vast amount of information
from spectrometry about decay schemes and level populations in residual nuclei allows
one to use the high resolution y-spectroscopy method for determining the independent

yields of fission fragments. This method has an absolute resolution in the identification of
mass À and charge Z for each isotope due to the individual sets of ó-ãàóç from decay.

The spectrum of prompt ó-ãàóç in fission is very complicated and the procedure of

determining independent yields is somewhat ambiguous. Moreover, experiments on pulsed
neutron sources have many difficulties. connected with the high pulse rate of neutrons in
resonances. That is why it was necessary to carry out an experiment in order to compare
the results with data from other methods, and thus test the method and equipment . The
measurement of y-ray spectra of fragments from thermal neutron fission was done in this

work.
Three methods of obtaining thermal neutrons were used. In the first method, fission

neutrons from à highly intense source, Cf, with à count rate of 2.3õ10 n/ sec were
thermalized in à paraffin block sized 40õ40õ20 cm . There was à niche for the fission
chamber in this block. The portion of thermal neutrons from such à moderator is about
20%. The Ge(Li)-detector was placed 28-30 cm from the source of neutrons and shielded
by à boron polyethylene screen 10 cm thick to decrease radiation damage to the detector
from fast neutrons. À lead collimator protected the detector from background ó-ãàóç which
entered from directions other than the fission chamber.

In the second method of obtaining thermal neutrons, fast neutrons from the IBR-30
reactor were used. The equipment was put 57 m from the reactor. The neutron beam with
an 8 cm diameter fell on the paraffin moderator. The thermalized neutrons from the
moderator entered the fission chamber, the axis of which was perpendicular to the beam.
The distance between the beam axis and chamber centre was 30 cm. The detector was
moved 9 cm away from the chamber and shielded by à paraffin plate 3 cm thick and à Li
metal screen, from fission neutrons which were produced in the chamber. À lead collimator
10 cm thick protected the detector from ó-ãàóç exiting the moderator.

In the third method, thermal neutrons from the moderator of the pulsed reactor were
used. Because of the fact that at à distance of 57 m from reactor, with à pulse frequency
of 100 sec , the energy of recycling neutrons is 0.17 å×, it is impossible to obtain thermal
neutrons by the time of flight method. In all three methods, the "cadmium difference"
procedure was used. Two measurements â åãå made; in one, à cadmium filter was placed
in the neutron beam. The anti-Compton spectrometer was used as à ó-ray detector in the
third method of measurement. Three blocks of plastic scintillator 20õ20õ40 cm and à
Nal(TI)-detector 15 cm in diameter and 10 cm thick surrounded the Ge(Li)-detector. The
solid angle was 65-70% of 4ê. The background suppression of this system was 2.6+0.2 for
the y-ray energy range from 170 to 370 keV.

The fission chamber had 19 layers of Pu with à total weight of 1.6 g. Three series of
measurements were fulfilled in which the three methods of obtaining thermal neutrons
â åãå used. Total time of measurement was 24 days. Total number of fissions was 2.2x 10 .
In the measurements, three parameters of each fission event â åãå registered: Å, — ó-ray
energy, Ò, — the time interval between the start pulse of the reactor and the event in the
chamber, and Ò, — the time interval between the fission event in the chamber and the
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registration of the y-ray in the Ge(Li)-detector. In the first measurement with the Cf
source, the start pulse of the reactor was imitated by the generator. Three y-ray spectra
for the three measurement- configurations are shown in fig.1.

î
ÑÝ

~~

4 6 D Â 6 Î 6 6 0 s o a o

È
Ðî

ÑÝ

Ch a n n e l s
Fig.1. Three y-ray spectra for the three measurement configurations

p p f õ ( 1 — ~ ' The spectrum of Ò parameters has an interval in which only false coincidences take
place. If we have the areas of Pu peaks on the y-ray spectrum from this interval of Ò, , we
can calculate the value Nf — the effect ive number of f issions — by the formula:

N ~~

N < X k >~ X / > Õ À 7

where N~> is the area of the y-ray peak of Pu; N is the num ber o f è -dec ays in the
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c h a m b e r p e r s e c o n d ; Ö i s t h e i n t e n s it y o f 'ó - t r a n s it i o n s i n P u ; ~ i s t h e d e t e c t o r ãç î

e f f i c ie n c y f o r ó - ãà ó ç ; ~ ã is t h e t i m e i n t e r v a l i n t h e s p e c t r u m o f Ò , i n w h ic h a l l c o i n c i d e n c e s

a r e f a ls e ; k i s t h e c o r r e c t io n c o e f f i c ie n t , w h ic h g iv e s t h e s e n s it iv i t y o f t h e f i s s io n c h a m b e r

t o à - d e c a y s .
A l l y - r a y s p e c t r a â å ãå f i t t e d t w o d if f e r e n t w a y s : y - m i n i m iz i n g m e t h o d u s i n g F U M IL I c o d e , ã

a n d b a c k g r o u n d a p p r o x i m a t io n b y o r t h o g o n a l p o ly n o m ia ls .

T h e a b s o l u t e y i e l d o f t h e y - r a y l i n e c a n b e c a lc u la t e d b y t h e f o l lo w i n g e x p r e s s io n :

ô õ (1 + Ö , )
Y ~ =

w h e re ó , is t h e a re a o f t he y - r ay p e a k in t he s p e c t r u m , k ;, is t h e in t e r n a l c o nv e r s io n

c o e f f ic ie n t à ï á ~ is t h e d e t e c t o r e f f ic ie nc y f o r t h is y - ray .

Fo r ev e n - ev e n iso t o p e s , t h e in t e n s ity o f t h e f ir s t y - t ra n s it io n 2 — ý 0 is 10 0 % . T h e re f o re ,

t h e a b so lut e y ie ld o f s uc h is o t o p e s is t h e sa m e a s t h e a b s o lu t e y ie ld o f t h e f ir s t y - t r a n s it io n

2 + w 0 . In t h is w o r k , t he a b s o lu t e y ie ld s o f 15 ev e n - ev e n is o t o p e s â å ãå d e t e r m in e d f ro m

t he y ie ld s o f c o r re s p o n d ing f ir s t y - t ra n s it io n s 2 - + 0 . T h e a b so lut e y ie ld s Ó,',",~" ' o f

ev e n - e ve n f iss io n f ra g m e nt s w h ic h â å ãå d e t e r m ine d b y t h e t h re e m e t h o d s o f o b t a in ing
t h e r m a l n e ut ro n s a re g iv e n in T a b le I . In a d d it io n , t h e m e a n v a lue s o f Ó,',", ~ a n d t h e

re c o m m e nd e d va lue s o f Ó,"„" f r o m [ 1] a re inc lud e d

T a b le I. In d e p e n d e n t y ie ld s o f Pu f is s io n f r ag m e nt s ind u c e d b y t he r m a l n e u t ro n s .
z Fr A E Óåõð1'Y é Óåõð~é ÓåõðÇé Óåõðé g rec [ 1]

é
k eV % + À % % + À % % ~ À % % + À % % + Ü %

ó Êã 8890 77 5 0 .80 + 0 .2 17 07 1.10 + 0 .19 1.0 8 + 0 .6 2 0 .83 + 0 .20 0 .79 + 0 .03
1.7 1 + 0 .69 1.14 + 0 .18 1 .18 + 0 .05

z S r 9 4 8 37 2 .9 2 + 0 .3 2 2 .9 2 + 0 .8 2 2 .3 1 + 0 .5 7 2 .7 9 + 0 .2 6 3 . 12 + 0 . 16

9 8
~ Zr 10 0

10 2

~ Ì î 104

106 1223 2 .7 5 + 0 .28 3 .57 + 0 .89 3 .15 + 0 .84 2 .85 + 0 .25 2 .85 + 0 .14
2 12 4 .50 + 0 .23 4 .85 + 0 .39 4 .99 + 0 .28 4 .7 2 + 0 .16 4 .76 + 0 .24

15 2 1.19 + 0 .15 2 .37 + 0 .28 1.4 5 + 0 .13 1 .19 + 0 .12

192 3 .9 9 + 0 .20 4 .8 1 + 0 .53 5 .4 2 + 0 .2 8 4 .50 + 0 .16 4 .12 + 0 .2 1
17 1 1.80 + 0 .20 2 .28 + 0 .16 2 .10 + 0 .27 2 .09 + 0 .11 2 .05 + 0 .10

þ Òå 13 2 97 4 2 .3 2 + 0 .28 2 .29 + 0 .59 1.3 1 + 0 .53 2 .13 + 0 .23 2 .3 6 + 0 .07

~ å 13 6 13 13 2 .86 + 0 .30 0 .8 8 + 0 .80 2 .6 2 + 0 .28 3 .02 + 0 .36
138 5 89 3 .89 + 0 .27 4 .0 8 + 0 .57 4 .23 + 0 .7 5 3 .95 + 0 .23 4 .0 8 + 0 .33

~ Âà 14 2
144

ì Ñå 146

14 8 359 3 .09 + 0 .25
199 2 .39 + 0 .14

259 0 .79 + 0 .13

159 1.29 + 0 .12 3 .0 1 + 0 .27 2 .7 2 + 0 .4 5 3 .0 1 + 0 .17 3 .27 + 0 .36
2 .4 2 + 0 .36 2 .59 + 0 .26 2 .4 3 + 0 .12 2 .09 + 0 .23

1.27 + 0 .29 0 .87 + 0 .12 0 .9 5 + 0 .11
3 .20 + 0 .37 1.47 + 0 .11 1.09 + 0 .12

M e a n s q u a re d e v iat io n g / n = 1 .0 7

The experimental values of absolute yields were obtained at different count rates,
background condit ions, and qualit ies of y-ray spectra and most agree with each other. The
value g / n for y ,'„.~ and Ó,"„" is about 1. Hence, there are ï î systematic errors. This result

proves the possibility of using y-ray spectroscopy for measuring independent yields of

f ission fragments, the capac ity of the equipment and the correctness of the f itt ing
algorithms.

1 . W a h l À .Ñ . A t o m ic D at a a n d N u c le a r D at a T a b le s , 19 8 8 , ÷ .3 9 , ð ð 1 18 - 12 1
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5 . N E U T R O N S O U R C E S

5.1. ÒÍ Å I B R -2 R EA C T O R

On the 27th of March, 1995 the IBR-2 reactor began regular operations with the new
PO-2R movable refl ector (MR), which is the third in à series of movable refl ectors at 1ÂÂ; 2
since the reactor startup. The structure of the new movable refl ector repeats the structure of the
previous one but has à more developed system for reactor state diagnostics and parameter
control . The movable reactor enables the pulsed mode of reactor operation with reactivity
modulation frequencies of 5 and 25 Hz. The rotation speed of the main movable refl ector
(MMR) rotor is 1500 rotËø n and of the auxil iary movable refl ector (AMR) rotor — 300 rot/ï éï .

The data on the MR operation time for 1995 are given in Table 1 (the same inclusive of
the on-site test operation time - in Table 2.) No MR operation failures were registered in the

reported period.
The radiation fl uence at the center of the PO-2R blade is 7.64.10 n/cm~ (for

Å, ) 0.1 MeV).
In 1995, reactor operations for physical experiments on 12 extracted neutron beams were

conducted. As of December 1, 1995 seven measuring cycles had been performed. The reactor
operation is detailed in Table 1, the evidence of steady reactor operation and à low number of
emergency shutdowns.

For comparison, data on the specific frequency of emergency shutdowns per year are
given below:

1991 - 2.3/cycle

1992 - 3.2/cycle

1993 - 3.7/cycle

1994 - 1.7/cycle

1995 - 2/cycle

On August 16, à leakage of sodium occurred as à result of à depressurization of the air
heat transfer (ÀÍ Ò) coil pipe in loop À of Contour II . As soon as the leakage was detected,
sodium from loop À of Contour II was drained into the drain tank of loop À of Contour II .
Helium density and color defectoscopy tests of the ÀÍ Ò were conducted, revealing micro-cracks
in two ÀÍ Ò coil pipes.

In September-October 1995, the malfunctioning ÀÍ Ò units Contour II were fixed.

Repairs and necessary tests were conducted by specialists of NIKIMT (Scientif ic Research and
Designing Institute of Assembly Technologies). Following the repair work and sodium refil l , the
technical reliabil ity of the equipment and pipes of loop À of Contour I I were conducted together
with representatives of GOSATOMNADZOR (Atomic Inspection Committee of Russia).

In 1995, work to estimate the residual resources of the reactor j acket, TVELs (fuel
elements), and the fuel system of the core was completed. The decision was made to continue
operation of the reactor control and safety system (RCSS) until December 31, 1996 allowing the
possibility of à further extension of its operation period.
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T able 2

Ò Ü å Ì à é î Ã È çå ãåà ñ 1î ã ( àç î Ã Ï åñ . 1, 19 9 5 )

ß î V al ueParameter
(from the start of reactor ooerations)

~

T otal operation time for phy sical experiments, hrs. 2844 0

~

T otal generated energy , M W /hrs. 53723

~

2 116ÐÎ -2R total operation time, hrs.

(inclusive of operation time during tests)

~

Maximum fl uence on the reactor j acket in the
center of the active core:
(10 n/ñíàï )

for Å„ ) 0.8 Ì å×
for Å, > 0.1 Ì å×

0.97

2.24

~

M aximum f uel burning, (%) 4 .4 8

~

Total number of emergency shutdow ns 337

2002 — 2004

2005 The above calculations shows that operation with the reactor j acket and active core at
rated parameters will be possible through the year 2001 and then, in the period from 2002 (î
2004, the reactor j acket, fuel load, stationary refl ectors, RCSS mechanisms, and water
moderators, will have to be replaced.

The concept of IBR-2 modernization in the period from 1995 to 2005 was elaborated.
The main directions of IBR-2 development and upgrading are:

- improve the main parameters of the reactor
- increase the reliabil ity and safety of reactor
- modernize the main equipment of the reactor.

The main stages of the modernization proj ect are:
- design and manufacture of new main equipment 1996 1998
- assembly and tests of the equipment 199~ 2001
- replacement of the equipment and fuel reloading,
- physical startup, power startup
- IBR-2 startup for physical experiments

The following proposals for changes in the reactor structure are planned to be realized:
- manufacture à compact active core (without the central channel) with 67 fuel cassettes

instead of 78 cassettes (Fig. 1). This will increase the average thermal neutron fl ux in à
number of beams at the âàò å IBR-2 mean power of 2 MW (see Table 3).

- Use of pellet TVELs in all fuel cassettes to ensure deeper burning of the fuel (8.2% in-

stead of 6.5%).
- Use à lower rotation speed for the heterogenic type movable refl ector for reactivity.
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T able 3

Rat i o of t her m al neu t r on f l uxes on à sam ple i n t h e 10 m f l i gh t path
for the new and old con5 gur at ions of t he I B R-2 act i ve cor e

Beam No.
Gain factor

~

13

~

IS 10
1.480.57

2

1.4 ~. 1.46

4

0 .93

5

0 .9 3

á

0.93 1.79 .7 2

9
' 0 .6 5

In 1995, work to create à cryogenic moderator (ÑÌ ) for the IBR-2 continued. In the first
half of the year, technical drawings for the ÑÌ were completed, contracts with NIKIET and
î ë åã organizations for manufacturing the ÑÌ were concluded, and investigations of the strain
and stress fields for the standard ÑÌ configuration, as well as of the metrological equipment for
the ÑÌ , were conducted. Unfortunately, the work tempo was reduced by delays in financing.

~~~~~~~~

Fi g , The calculated scheme of the IBR-2 reactor (69 cassettes),

5.2. ÒÍ Å I B R -30 BO OST E R

I n 19 9 5 , t h e L U E -4 0 + I B R - 3 0 c o m p l e x o p e r ated f o r 19 8 0 h o u r s . S e v e n n e u t r o n b eam s

an d t h e I B R - 3 0 r e ac t o r w er e u sed to r e al i ze t h e sc i e n t i f i c p r o g r am o n n e u t r o n n u c l e ar p h y si c s ,

an d t o t e st I R E N u n i t s an d sy ste m s as w e l l as t o c o n d u c t i r r ad i at i o n e x p e r i m e n t s i n t h e

f r am ew o r k o f t h e A T L A S p r oj ec t . A f t e r c o m p l e t i o n o f t h e t e st s at I B R - 3 0 , t h e n e w d e si g n

e l ec t r o n - n e u t r o n c o n v er t e r w a s i n st a l l ed , t h u s m ak i n g i t p o ssi b l e t o l o w er t h e t e m p er at u r e o f t h e

c o n v er ter c o n si d er ab l y .
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5.3. ÒÍ Å I R E N PR OJ E CT

Following the recommendations of the 77th session of the JINR Scientif ic Council , the
JINR Directorate adopted the detailed work schedule for the IREN project for 1995. The
financing schedule for the work on the proj ect carried out by the JINR laboratories was
established by special order. Because of the budget deficit and irregular receipt of dues from
JINR member-states, the work was not f inanced according to the adopted schedule. As à result,
the IREN completion date was shifted to the end of 1998.

Nevertheless, in 1995, under the agreement with INP SB RAS, Novosibirsk, we managed
to start working on the creation of the acceleration sections, the buncher and à system to double
the HF power. RMIR (St. Petersburg) completed the work on the redesign of the M-250
"OLIVIN" modulators into Ì -350' s for the 5045-type clystrons which have been accepted as

standard for the IREN accelerator. The first set of equipment for the OLIVIN stations has been
shipped from Yerevan to Dubna. In FLNP, assembly of the stand for the Ì -350 modulator was

begun in Building 118. In cooperation with the ISTOK industrial enterprise (Fryazino), MEPI
(Moscow) completed the construction of elements for the HF feeder. Cold tests of the feeder are
being carried out. In LNP, JINR, the design and modelling of the magnetic focusing system of
the accelerator were completed. The LNP-ÜÍ Å-LPP collaboration together with INP, SB RAS
elaborated the technical specifi cations for the electron source and à number of units for the HF
power supply were constructed. In collaboration with GSPI (Moscow), specifications for the
general design of the electron accelerator (in Building 43) were worked out. NIKIET (Moscow),
in cooperation with JINR, completed the specifications for the multiplying target with improved
characteristics of the neutron pulse. The MAYAK industrial enterprise in Chelyabinsk-65 started

manufacture of the fuel elements (TVELs) based on metal plutonium. According to the proj ect
of VNIINM (Moscow), the manufacture of the TVEL components :ðåñè1 thin-walled tubes of
stainless steel and tantalum, and other construction elements ÷às started. At the LUE-40+IBR-

30 complex, à number of variants of à radically new electron converter designed for IREN were
successfully tested. The results permit us to begin constructing the regular converter for IREN.
NIKIMT (Obninsk) prepared the specif ications for dismantling IBR-3Î .
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6 . M E A S U R E M E N T A N D C O M P U T A T I O N C O M P L E X

Work performed in 1995 was focused on two main activities:
• design of electronics and software for the spectrometer measurement and control

systems at the IBR-2 and IBR-30 reactors;

• development of the FLNP measurement and computational infrastructure.
À distinguishing characteristic of this year is that, in addition to current work on the

modernization and operation of the measuring modules of the spectrometers based on ÑÀÌ Àß
equipment and personal computers, à ï ø ï Üåã of electronic blocks and software packages for the
new generation of systems for experiment automation were developed on the basis of VME
equipment and workstations integrated into the local computational network. These systems,
compared with those already in operation, should exhibit qual itatively new measuring (in
particular, for the IREN installation) and operational parameters and will ensure parallel
(including remote) control over data acquisition and accumulation, information processing and
visualization as well as for varying the conditions at the sample.

Methodical questions, including analysis of the current state and the development of
systems for acquiring, accumulating and processing data coming from the spectrometers and
information service of FLNP, and assessments of the required resources as well as specific
technical solutions, are considered in the relevant proj ect which is scheduled for real ization in
1996-98.

An essentially new requirement voiced by physicist users is the creation of à unified set
of hardware and software for the entire complex of Laboratory spectrometers, centralized
archives of experimental data, and unified means for analyzing and graphically presenting data.
Implementation of this requirement will simplify the operation of the spectrometers and
essentially facil itate the transition to the user policy at the experimental setups.

In 1995, à large amount of preparatory work in all l ines of activity considered ø the
above-mentioned proj ect was completed.

Detector electronics. The main tasks in the field of detector electronics are the
improvement of the parameters of preampl ifiers, shaping amplifiers, discriminators, ADC and
î ë åã spectrometric devices, and the change-over to up-[î 4 à(å components.

In 1995, the detector track electronic units for the ï åú detector system of the NERA-PR
spectrometer (fifty SNM-65 rectangular helium neutron counters), were designed and
constructed. The detectors, along with their electronics, were tested and the basic parameters
were measured. Analogous systems were also developed for the NSVR spectrometer. At present,
construction of the units is under way.

À considerable amount of work was carried out at HRFD: adj ustment and startup of the
electronics for two multi-section scintil lation detectors; measurement of the Li-glass parameters;

study of the character of noises and pickups, and working out the methods to reduce them.
The prototype of the charge-sensitive preamplif ier for the Si-detectors of the spectrometer

with oriented nuclei was designed and constructed. The unified spectrometric amplifier and high-
speed analog-digital converter are in the development stage. Computer simulation and
calculations of the basic parameters of the detector electronics for the position-sensitive gas
detectors were made.

Unfortunately, for à number of reasons, mainly because of mismanagement, tests of the
position-sensitive annular detector of the YUMO spectrometer were not completed. This work
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needs to be completed in the shortest possible time and the decision made whether to replace the

detector or to design new electronics.
Systems of data acquisi t ion and accumul ation. The initi al stage of the proj ect to

develop à unif ied VM E-based data acquisition and accumulation equipment for the FLNP
spectrometers has been accompl i shed. The module based on the high performance TM S320C40
signal processor has been proposed as à basic module, which would provide à universal standard
for the construction of data acqui sition systems for any spectrometer . At the present time, the
functional potentials of the module are being considered and technical detai l s are being revised
and veri f ied. The development of à number of unif ied blocks for data acqui sition systems is al so

in progress.
I n 1995, à set of electronic blocks in VM E standard (TDC-6 time-to-number converter ,

hi stogram memory with à capacity of 2 M bytes and à memory address conversion block , and
detector ï ø ï Úåã encoder with 16 inputs) was buil t for the acquisition and accumulation of low
resolution spectra at HRFD. The blocks were regulated and adj usted both j ointly and separately.
The basic blacks for the VM E-systems of the ÕÅÊÀ -PR spectrometers have al so been
constructed. The VM E-module processor, based on the Ò800 transputer , was designed and
constructed for the DN- 12 spectrometer, and à set of micro-programs for data acqui sition and

accumulation was written.
The development stage i s complete and engineering speci f ications were prepared for

constructing the fol lowing VM E blocks:

• digital rate meter ;
• encoder of the 128 units point detector number;
• RTOF-analyzer based on the TM S320C51 digital signal processor ;

• block for control l ing experiments;
• block for registering ultrasonic signals.

For the DN- 12 and DIN -2 spectrometers, the detector number encoders with 32 inputs

(CAM AC) were made and adj usted.
M ulti -dimensional measuring and accumulation systems for the ROM A SHKA , KA SKA D

and PARK S spectrometers and the UCN gravitational spectrometer were updated and put into

operation.
Cont r ol systems of the equipment for the spect r ometer s. The main tasks on which the

special i sts from the department for electronics, computers and networks focused their ef forts,
were unifi cation of the control systems for executive mechanisms (step motors for goniometers,

neutron scanners, rotating platforms, etc.) and the standardization of temperature regulators. The
Euroterm temperature regulators which had been previously ordered were received and, at the

moment, they are being brought into service at NSVR, HRFD, etc.
The control system for the step motors on the basis of the VD-OUT32 VM E-units has

been designed, and at present, work is proceeding on the instal lation of the system at the
ÕÅÊÀ -PR spectrometer. À stand for testing the software for these systems has been made.

At the REFL EX spectrometer, the ÑÀÌ ÀÑ-based control system for executive
mechanisms was put into service. The system is based on the employment of à commutator-

power ampl if ier for alternate control of the step motors. A n analogous module in VM E standard
has been constructed for NSVR. The 16-channel input/output register with à comparator to

control the shutter and phase of the beam chopper has been integrated into the VM E equipment

at the ÕÅÊÀ -PR and NSVR spectrometers.
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At ÕÅÊÀ -PR and DN-2, the equipment for controll ing the LTC and DRC refrigerators

has been modernized. At HRFD, the neutron scanner was connected to the control system. À
number of analog electronic blocks have been designed for the high-pressure chamber (NSVR)

and the REFLEX setup (current sources, switches, preamplif iers, etc.). Work to upgrade the
control systems of the neutron beam choppers has been started.

À considerable amount of work on the development of the systems for correlation
analysis of the power pulses of the IBR-2 reactor, and for measuring the movable refl ector
vibrations was completed.

Software for data accumulation and contr ol systems of the spectr ometers. Work is
now under way on designing unified software for the data accumulation and control systems on
the basis of VME-standard equipment. The testing software for the VME units (interface for

controll ing step motors, time encoder with the memory for accumulating spectra, register for
controll ing the setup) has been developed. In addition to the previous methodical developments,
the specification for designing the control and interface modules was worked out, as well as the
basic principles for design and realization of unified software for the automation systems, which
will be used in the new generation systems being realized at the ÕÅÊÀ -PR and HRFD
spectrometers. When designing the software for the entire system, an obj ect-oriented approach
will Úå employed.

The software for the spectrometer measuring and control systems in service today were
also improved.

The software of the SPN-1 and REFLEX spectrometers was complemented by new

possibil ities for the analysis of accumulated data. In particular, the software for processing
intensity profiles in graphic mode and of spectra Úó formulas, for auto-saving, editing, and
processing the parameters which characterize the essential spectrometric information, were
enhanced. Furthermore, additional modes for data analysis were real ized and the means for
keeping à protocol of users' j obs were developed. For the UGRA spectrometer, the program for

processing experimental data and calculating cross-sections, with the possibil ity of correcting for
hydrogen, was written.

Work to create the software for the DIFRAN spectrometer was completed. The resulting
program for controlling the spectrometer maintains the operation of two accumulation channels,
provides remote control over the mechanical parts of the spectrometer via à special
communication line (the computer is placed at à distance of about 500 m from the spectrometer)
and utilizes automatic modes to accumulate spectra for dif ferent relative positions of the sample
and the detector. The program also monitors the level of neutron beam intensity, and stops
accumulating data if the intensity drops below the allowable limit. In this case, the user can
continue measurements by using à special command.

The Ì ÀÊ program used at the DIN-2 and IZOMER spectrometers was significantly
improved. Additional subroutines made it possible to install this program for conducting
measurements at the ÕÅÊÀ -PR and KDSOG spectrometers. The software for the NSVR
spectrometer was also developed.

Development of the SUN-cluster and network infrastructure. Throughout the reported
year, work on the development of the FLNP local computational network and SUN-cluster
software was in progress.

In 1995, fi ve new workstations (one SPARCstation 5 and four SPARCstation 20's), four
Õ-terminals, and four black and white and two color network printers housed in the Laboratory' s

main buildings, were connected to the network. Work to optimize the local network was
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conducted. One central segment, including the main servers and workstations with general access
software, and two segments for SD CMP and SD NP oriented to serve those computers whose
functions are to control experiments, data acquisition and processing from the spectrometers at
the IBR-2 and IBR-30 reactors, were formed.

The software of the FLNP computers was modif ied and adapted to use the network
printers and was complemented by additional functions which enable one to control the users'

access to the mentioned devices (in particular, to the color printers) and the number of sheets
printed Úó each of the users. It also allows the users to print via NFS from their PCs.

The SUN-workstation cluster was equipped with à FAX-server and three modems
enabling access to computers via telephone lines. The JukeBox laser disk archive system with à
total capacity of 40 Gbytes was also connected and the appropriate software was provided. The
PV-Wave program package for analysis and graphical representation of data was installed on
two powerful workstations. Programs for converting the data formats used at currently operating
spectrometers into PV-Wave compatible formats were created. In addition, the Open GENIE
program package for spectra processing and viewing developed at RAL was adapted for SUN
computers. The Viewlogic and ALTERA program packages for computer-aided electronics

design were purchased and installed.
In the reported year new versions of free software used intensively by the FLNP users

were installed as well . In particular, these are the ÅÜÌ , XRN, FWVM , Netscape, and EMACS
program packages with the integrated Ispell spcllcheck system.

In addition, new versions of ANSI Ñ, Ñ++, F77, GCC translators and the CERN Û Â
library (÷.94Ü) were installed. In the near future, the XNTP time synchronization system will be
loaded on the SUN-workstation cluster.

Seventeen papers were published and two dissertation theses were defended in 1995.
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ÒÍ Å C ON D E N SE D M A T T E R D E PA R T M E N T
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7.2. U SE R POL 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 è 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 scientif ic community. The

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

Condensed matter studies at the IBR-2 facility have undergone some changes in
accordance with the experience gained during the last two years. It was found to be necessary to
establish special ized selection committees formed of independent experts in their corresponding
fields of scientific activities. The following four committees were organized:

1. Diffra~
V.À.Somenkov - Russia - Chairman
V.À.Trounov - Russia
L.Rosta - Hungary
J.Shveitser - - France
J.Â.Forsyth - United Kingdom
À.Z.Menshikov - Russia

2. Inelastic scattering
Janik - Poland - Chairman

W.Gotze - Germany
× .Dimic - Slovenia
Ü.Bata - Hungary
À.× .Chalyi - Ukraine

3. Ûàé ãàû ~ð1êü
ÀË.Okorokov - Russia - Chairman
SË .Maleyev - Russia
Ò.Rekveldt - The Netherlands
Í .Lauter - France - Germany

4. Small àï à1å scatterine .~Ô ÇÆÉÔ

L.Cser - Hungary - Chairman
J.Plestil - Czech Republic
J.Teixeira - France
G.Zaccai - France
Í .Stuhrmann - Germany
Í .Fuess - Germany

Scientif ic Secretary of FLNP, Dr. Óàé ò V. Sikolenko, is responsible for user policy.
Dr. Gizo D. Bokuchava has been appinted as the scientif ic coordinator of user policy at FLNP.
There are two deadlines for proposal submission: for the experimental period from October
through February, the deadline is Ì àó 16; and for the period from February through June, the
deadline is November 16.

The scientif ic coordinator is responsible for organizing all necessary work for:
- distribution of "Application for Âåàò Òèï å" forms to potential users

- reception and registration of proposals
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- proposal review by instrument scientists to estimate the technical feasibility of

proposals
- sending feasible proposals to members of the selection committees and receiption of the

comments and recommendations.
The IBR-2 beam schedules are drawn up by the head of the Condensed Matter

Department, together with the persons responsible for individual instruments, on the basis of the
experts' recommendations. Schedules as adopted by the FLNP Director or Æå Deputy Director

for condensed matter physics are sent to the chairmen of the selection committees. After the
completion of an experiment, an "Experimental Report" form is f il led out by the

experimenter(s), which is then submitted to the scientific coordinator of user policy.
The first call for proposals in 1995 resulted in 76 applications requesting 406

experimental days on 7 of the 12 IBR-2 spectrometers. The average overload factor for these
instruments is 1.16, the largest being for the NERA-PR high resolution inelastic scattering
spectrometer (2.4) and the MURN small-angle scattering spectrometer (2.1).

Ñààéé Ì àì àè.
Dr. Ê Æ î 1åï éî or Dr. G.Bokuchava
Ðòàï Ê Laboratory of Ì åè(òî ï Physics
Joint Insti tute f or Èèñ1åàã Research
141980 Dubna, Moscow region
Russia
Tel.: (+ 7)-095-926-22-53, (+ 7)-09621-65096
Fax: (+ 7)-09621-65882
Å-mai l: si kolen Î ï~ó ï ò.éèÜï àë è

óåëî Â ïÄ ò ò. ÉèÜï àë è

7.3. M EET I N G S A N D CON FE RE N C ES

I n 1995, the f ol lowi ng meeti ngs â åãå organi zed:
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I n 1990, the f ol l owi ng meeti ng wi l l be organi zed:

~

A pri l 27-30 D ubna4th International Seminar on the Interaction of Neutrons
with Nuclei (ISINN-4)

2 .

3 .

I nternational Seminar on Relaxor Ferroelectr ics Ì à÷ 2 1-23 Dubna
DubnaInternational Seminar "Polarized Neutrons in Condensed

Matter Investigations"
June 18-20

~

June 25-

July 3
Novosibirsk-

Irkutsk

Russian-French Seminar on the Application of Neutron

and Synchrotron Radiation for Condensed Matter
Investieations

7.4. C O O PE R A T I O N

L i st o f V i si t o r s f r o m N o n -M em b er S t a t es o f J I N R i n 1 9 9 5

N am e Î ãðà ï è àÈ î ï Dates
( 13þ 1-20/0 1

( 17/0 1- 19/0 1

( 17/0 1- 19/0 1

( 17/0 1- 19/0 1

( 22/0 1-24/0 1

( 16/02- 19/02

( 13þ ç-07/04

( 13þ ç-07/04

( ãî þ ç-ç 1/î ç

( 22/03-26/03

( 22/03-26/03

( 26/03-05/04

( 27/03-07/04

( 27/03-07/04

( ã7þ ç-07/04

( 29/03-29/04

( Çî þ ç- 12/04

( 06/04- 12/04

I 12/04- 13/04

( 18/04-0 1/05

( 18/04-29/04

Cou nt r v

Fr ance

Ù ~ 9 É

- gypt
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Austral ia

Norway
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Germany

Germany

The Netherlands
I The Netherlands

I Egypt

I Germanv

Germany

Germany

Austria

France

France

United K ingdom

Germany

Germany

Univ . B ayreuth ( Germany

( I srael

) China

I France

I Germany

20/04 - 27/0 4W .U1Üï ñÛ

S.Biriukov
Heiweng Wang

S.Loureiro

Ê.Walther

) 24/04-28/04Beer-Sheva I nst ,

U han U ni v er si t v 23/05-28/05

IL L , Grenoble 24 /05 - 24/ 05

FZ Rossendorf 24/05- 16/06
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Â .L ei ss
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l Ò.Rei ner t

~ S.L our ei r o
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U niv . Gott ineen I Germany

)U SA

) Germ any

) France

) France

) Germany

) Germany

~ Ger many

~6 /05-30/05
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T U Clausthal 05/06- 14/06

Ï .Ü, Grenoble I 08/06-08/06

I L L.„ Î ãåï î Û å 16/0 6- 16/06

26/ 06 -0 2/07Frauenhofer I n-t Ei sk i rchen

Í .-G.Pr iesmever I G K SS G eesthacht 26/0 6 -0 2/ 07

J.Schreiber Inst. f . zerstoer. Pruefver.,
Dresden

2 6/0 6 -09/ 07

l Ñ ÐÒ, M ar sei l l e I Fr ance

France

France

, China

~ China

I Germany

~ V .Zagrebnov
V.L auter

Í Ç.Lauter

Í å Jian

Y ang Tonghua
1.Schreibc~

I L L, Grenoble

04/07-02/08

12/07-28/07

12/07-28/07

22/07-29/07

22/07-29/07

?,7/07-28/07

I L L . Grenoble

I A E, B ei i i ng

I A E, B ei i i ne

Inst. f . zerstoer. Pruefver.,
Dresden

Ì .Î ï î

J.W .Lynn

D.Ì .K i lany

I Í Ë.Hassan
I Ð.Reichel

W .Boede

Ê.Walther

Ò.Gutberlet

I J.Schreiber

Japan

USA

K yoto u niversity

N I ST . Washi ngt on
N R C - À Å À , C a i r o (Egypt
N R C - À Å À , C a i r o

I FZ Rossendorf

I 06/08-25/08
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U niv . L eiozi e
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Ì .Russina HM I . B erl in 15/ 12- 20/ 12G er m any

7 .5 . E D U C A T I O N

The University Centre (UC) af f il iated with the Joint Institute for Nuclear Research and
based on the faculties of the M oscow State University and M oscow Engineering Physics
Institute admits, for continuation studies, undergraduate students of the last two years of study in
higher education insti tutions who have attended introductory special ized courses or lectures in
the fol lowing topics: ,particle physics, nuclear physics, investigation of condensed matter at
nuclear reactors and accelerators, radiation biology. The second and third special izations are in
l ine with research performed at FLNP, which has at i ts disposal à good experimental base for
both sectors comprising the the IBR-2 reactor and the IBR-30 booster pulsed neutron sources.

The education courses and practical training for the students aff i l iated with FLNP have
been organized, to à large extent, to prepare special ists in neutron physics for both the
Laboratory ari d for î áæåã Russian neutron centres.

A s an example i l lustrating this aim, we present the l ist î Ã courses taught by lecturers of
the Condensed M atter Physics Chair of the UC (Head: Prof.× Ë .Aksenov):

- theoretical methods in condensed matter physics
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- methods of investigation of condensed matter at nuclear reactors and accelerators
- fundamentals of neutron physics and neutron sources
- methods for structure analysis of ideal and real crystals
- synchrotron radiation spectroscopy of solid matter
- infl uence of radiation on solid-state properties
- methods of experimental data processing.

À number of leading FLNP scientists take part ø delivering these courses. Each student
is allowed access to the Laboratory' s computer network. An obligatory condition for successful

completion of the 4th year is the capability to use modern personal computers. Earlier, students
were included in the research groups led by their instructors, which made it possible for
undergraduate students working on their theses to take part in preparing or performing
experiments.

In 1995, the teaching process at UC continued successfully. Ten students who had their
UC training course at FLNP were employed by JINR or other scientif ic centers in Russia.

The Condensed Matter Physics Chair gave graduation certif icates to its third group of
students in the reported year. This group had 7 students, making the total number of students
who have graduated from the Chair, 30. Nine of them have been employed by FLNP and who
have renewed the staff of the FLNP Scientif ic Depart ment of Condensed Matter Physics to à
noticeable degree. À somewhat smaller infl ux of graduates (3) came from the Nuclear Physics
Chair of the UC.

7.6. PE R SO N N E L

T able 4
Per sonnel of t he D i r ector ate as of 31.12.95

Countrv P e o p l e

1

1

3

2

1

4

I A tm en i a

( B u l g ar i a

( G erm an y

( G eo rg i a

( Egy p t

( KPDR
( K a~ak h stan

( M o l d av i a

( M o n g o l i a

( Po l an d

( R o m an i a

( R u ssi a

( S l o v ak i a

( U k r ai n e

( U n i ted S t ates

( V i e tn am

2

8

5

16

1

1

1

1
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T able 5

D i st r i b u t i o n o f t h e M a i n S t a f f P e r so n n el p e r D ep a r t m e n t a s o f 3 1 . 12 .9 5

D ep a r t m en t s Per m anent oer sonnel C on t r ac t s

Å . & Ò

6 .5

3

S.

2

Å. & T . St .

0.5

S.

29.5

13

St .

5.5Nuclear Physics Department
Personnel of the Directorate

~

43

26

~~

Condensed Matter Physics Department
Personnel of the Directorate

~~~~~~~

Physical and Technical Research Sector
Activation Analysis Sector

Personnel of the Directorate

17 28

~~

Department of Electronics, Computers
and Networks

Personnel of the Directorate

~~~

IREN Department
Personnel of the Directorate

~~~

N uclear Safetv Sector

17

~

I BR-ÇÎ D epartment

40

~

IBR-2 Department

1 3

9

1

~.9

47

23

Technical services:
M echanical and Technical Department
Electric and Technical Department

Personnel of the Directorate
Central Experimental Workshops, ,
Design Bureau, Tool and Cleaning
Services

~~

12 45

~~~

1 7

1

~

Management Services
Personnel of the Directorate

4 0 .5 (7 .69 % ) 4 86.5 (92.3 1%)

T otal 527 (100 % )

Com m ent : S. - Scienti sts, Å. & Ò. - Engineers & T echnicians, St . - Staf f .
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7 .7 . F I N A N C E

T able 6

Financing of t he FL NP Scient i 6 c Resear ch Plan i n 1995

In % of JINR
budget

Financing
plan,
$ th

Expenditures
for 12 months,
$ th

N o . T heme

Plan

14.6

Act ual

13 .83192.3

470.4

2615.5

91.6

~

C o n d en sed m a t t er n h v si c s

1. Investigations of high temperature
su oerconduct i vi t v

183 5 .52. Neutron scattering investigations
of condensed matter

15 17 .6

3. Development and modernization of
the IBR-2 complex

869 . 1 426.3

184 .64. Development of the FLNP
measurement and computation
comolex

25 1.4

5. Activation andlysis and radiation
investigations at IBR-2

83.8 77.5

~

924.9
623.2

301.7

816.2

395.4

420.8

4.24 4.3Nuclear oh vsics

1. Real i zation of the I REN nroiect

2. Study of the fundamental
orooerties of neutrons and nuclei
Elementary particle physics (under
the ausoices of the À'Ï .AS oroiect)

5 . 1 6.5

~

3438.2 19 .0 18 .2

~

T ot al : 4 122 .3

T able 7

T he par t of the J I N R budget assigned to FL N P ( % )

Y ea r Plan

2 1.70

16.70

16.80

19 .0 1

F a c t

1992

1993

1994

1995

13.30

14.70

13.00

18.20
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