PREFACE

We would like to introduce the report of the scientific
activity of the Frank Laboratory of Neutron Physics for 1994.
The first part is a brief review of the experimental and
theoretical results of investigations in condensed matter physics,
nuclear physics and applied research. The second part presents,
in a greater detail, the investigations which characterize the main
directions of research. An emphasis should be put on the
initiation of high pressure experiments with the DN-12
diffractometer and experiments with the HRFD diffractometer to
investigate internal stresses in industrial samples. The reader can
receive a more complete picture of the research carried out in
the Laboratory from the list of publications for 1994 following
Part 2.

In 1994 the Laboratory Directorate paid special attention to
the basic facilities. The IBR-2 reactor was shut down in March
for a scheduled replacement of the movable reflector. The
intense work of a large group of engineers and workers of the
technical departments of the Laboratory was successful, and at
present, the new PO-2RM reflector is under testing at its regular
site near the reactor core. At the end of March 1995 is to resume
its regular operation mode.

A considerable advance has been made in the realization of
the project for a new source of resonance neutrons - IREN -
which is to replace the IBR-30 booster currently in operation.
The solution of the problems associated with the fulfillment of
obligations for constructing the main parts of the accelerator by
the Institute of Nuclear Physics, Siberian Branch, Russian
Academy of Sciences and transferring fuel for producing the
multiplying target by the Ministry of Atomic Energy of the



Russian Federation created the necessary conditions for
successful execution of the Project in 1998.

Further development of the User policy continued, aimed at
attracting a larger number of physicists, chemists, biologists, and
specialists in materials science to carry out experiments at the
IBR-2 reactor. User Committees were formed for the four
research directions: diffraction, small-angle scattering, inelastic
scattering, polarized neutrons (reflectometry and depolarization).
To increase the organization efficiency of the experiments the
specific structure of the condensed matter physics department
was elaborated.

The financial situation in the Laboratory did not noticeably
change in 1994. The basic facilities and the 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 programs and funds. It should be specifically
noted that the Ministry of Science and Technical Policy of the
Russian Federation established the new National Research
Program “Neutron Investigations of Matter” in 1994. This
Program will undoubtfully contribute to the development of
neutron scattering investigations at the IBR-2 reactor, which is
the best research neutron source in Russia at present.

By and large 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 currently
experiences.

V.L.Aksenov

Director
21 February 1995



1.1. CONDENSED MATTER PHYSICS
1.1.1. EXPERIMENTAL INVESTIGATIONS

In 1994, the complex of 10 neutron spectrometers at the IBR-2 reactor permitted almost
complete execution of the year’s program for scientific research, in spite of a reduced (by
approximately two times) reactor operation time due to the scheduled replacement of the IBR-2
movable reflector. A number of new results were obtained in all four of the FLNP research
directions: investigations of crystal structures (neutron diffraction), macro-inhomogeneities in a
medium (small-angle neutron scattering), micro-magnetic properties of matter (polarized neutron
optics), and the dynamics of atoms (inelastic neutron scattering).

Diffraction. As in recent years, considerable attention was paid to HTSC materials. A
method of isotopic contrast was used in HTSC structural investigations. Studies of the structure
of the Y123 system were continued and reliable data on the distribution of cations in the
structure and the influence of copper substitution on fine details of the structural organization of
the system were obtained. The experiments were performed with pure Y123 (together with IC
RAS, Moscow), with Y123-Cu/’"Fe (together with LLB, Saclay), and with Y123-Cu/Zn, Y123-
%Cu/Zn (together with RRC KI, Moscow). Figure 1 shows how the intensities of some
diffraction peaks change following the substitution of Cu by %°Cu in Y123-Cu/Zn.

Investigations of the Y124 compound were carried out where the doping with 10% Ca
led to an increase in Tc of about 10 K. To increase contrast a *‘Ca isotope was used whose
scattering length is markedly different from the scattering lengths of Y and Ba. The experiment
was conducted with the HRFD diffractometer in the temperature interval from 8 to 300 K.
Structural anomaly at about 150 K was experimentally confirmed on the microscopic level. It
was also demonstrated that Ca replaced Y with a probability of almost 100%.

For several years investigations of structure modulation and its relationship to the
superconducting properties in different bismuth superconductors have been carried out on the
DN-2 diffractometer (together with IP, Prague). At present, the results of these investigations are
considered as the most complete and reliable. These results permit one to understand the
mechanism of building extra oxygen into the structure and the formation of BinOns, chains. To
systematize the obtained results the investigations were continued with the Bi2.135r1.87CuO64y
and Biz05Sr1.54Lao.41CuOg4y compounds, and modulation vectors and coordinates of all atoms
were determined. :

The traditional DN-2 direction is the investigation (together with IC RAS) of the
structure of superionic crystals with hydrogen bonds (superprotonics) discovered in the early
1980's. New types and families of superprotonics are constantly appearing, which demand the
use of neutron diffraction to determine the positions of light atoms. In the reported year, two
types of crystals, Css(NH4)3(SOs)s and CssH3(SeOs)s, were investigated. A series of
BaCe1xYxO3.x2 compounds was also investigated with DN-2 to obtain information about the
mechanism of ionic conductivity recently discovered in this system. Reliable data were obtained
on a high concentration of oxygen vacancies, which lead to the appearance of ionic conductivity
upon doping BaCeOs with three-valent cations.
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Fig.1. Part of diffraction spectrum of two samples of YBay(Cuj7Zng3)Og+y, containing a
natural mixture of copper isotopes and the 6>Cu isotope. The spectra were measured with HRFD.

Regular physical experiments on neutron diffraction at pressures up to 10 GPa and
scattering at pressures up to 4 GPa were started on the DN-12 spectrometer constructed by
FLNP together with RRC KI. To create the required pressures a technique of diamond and
sapphire anvils was used. Though the physicists had a comparatively short time at their disposal
for such experiments, a large volume of information was obtained on the orientational phase
transition in hematite, on the structure and spectrum of vibrations in NH4Cl, and on structure
change in the Hg-1212 (HgBa;CaCuyOs.,) high temperature superconductor. In NHiCl a
decrease in the molecularity of the NHs4 ion following an increase in pressure was observed.
This was demonstrated as a displacement of H towards Cl along an internal diagonal of the cube
and a nearly linear increase in the frequency of the three observed vibrational modes: transverse
optical, longitudinal acoustic, and librational (Fig. 2). In Hg-1212 the structure and partial
compressibilities of lattice parameters and inter-atomic and inter-layer distances were determined
for pressures up to 3.6 GPa (Fig. 3). At normal pressures the compound structure was in good
agreement with known data, and at increased pressures a model of a structure with bridge
oxygen disordered along diagonals in the (a,b) plane was in markedly better agreement with the
measured and calculated diffraction spectra. The largest compressibility coefficient (0.025 GPa™)
was found for the distance between the Ba and oxygen layers which couple copper and hydrogen
atoms. This investigation was performed in cooperation with the RRC Kurchatov Institute,
Moscow State University, and the Laboratory of Crystallography in Grenoble.

10



or Libr
 a——A A &

407
B
< 30 | Iro
23 3 -
| e
o
0% LA
_ ——
t P —¥
10 A I S S N B )
0 10 20 30 40 50
P, kbar

Fig.2. The pressure dependence of the characteristic energies of the librational (Libr), transverse
optical (TO), and longitudinal acoustic (LA) vibrational modes of NH4Cl as measured with the DN-12

spectrometer.
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Fig.3. Relative changes in the lattice parameters of HgBayCaCuyOg 3, following an increase in
pressure. The measurements were performed with the DN-12 diffractometer (IBR-2, Dubna) and the
SEPD diffractometer (ANL, Argonne). For DN-12 two sets of points obtained by different methods of

processing experimental spectra are shown.
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Routine experiments to investigate texture formation processes in rocks continued on the
NSVR diffractometer. Nine samples of quartzite, amphibolite, deformed calcite and tellutite were
investigated in 1994. An essential influence of the phase transition in calcite on the texture
transformation was discovered. In addition to experimental investigations, a large amount of
work to optimize the process of measuring pole figures and improve procedures of data
extraction from the measured diffraction spectra was carried out by the texture analysis group.

The SNIM-2 spectrometer is a unique facility providing a means for investigating the
properties of crystals in strong pulsed magnetic fields (up to 150 kOe in the pulse). SNIM-2 is
mainly used as a diffractometer, but an SNIM-2 operation mode with an energy analysis of
scattered neutrons is also possible. Synchronization of magnetic field pulses with reactor power
pulses permits carrying out effective investigations of the kinetics of transitional processes -
first order magnetic phase transitions. The time resolution of the spectrometer can achieve a
value of 4 psec. The experimental data obtained with the SNIM-2 spectrometer are very difficult
to interpret. Recently, however, we managed to carry out a series of experiments which provided
the theoreticians with interesting results. In particular, detailed information was obtained about a
spin-flip transition in antiferromagnetics with a rhombohedral structure, namely, the dynamic
magnetic phase diagram of a-Fe203 and Cr;0; in a strong magnetic field was investigated. A
series of unusual phenomena which do not fit the generally accepted mechanism of phase
reconstructions were observed, including in particular, the presence of a limit hysteresis loop,
and the smallness of the velocity of domain wall movements ncar the critical field value which
cause a delay in the process of magnetization rotation. Investigations of the AF-ordering induced
by an external magnetic field in HoFeO3 were complctcd.' The temperature dependence of the
AF susceptibility for a subsystem of Ho"® ions was determined. Interaction constants were
determined in the investigation of “weak” antiferromagnetism in YFecO3 and HoFeOs .

Small-angle neutron scattering. On the YUMO spectrometer a diverse program for
investigating the structure of macro-inhomogeneities in a medium by small-angle neutron
scattering was carried out. ' ,

One of the fundamental problems, whose solution is a matter of great interest in
molecular biology, is the determination of the ribosome structure and its subparticles. The
combined use of neutron scattering, X-rays, and synchrotron radiation is one of the most
prospective methods for the solution of this problem. Experiments for studying the 50S
subparticle of the E.coli MREG60O ribosome were conducted at the DESY synchrotron (FRG), at
the reactor of Riso (Denmark), and at the IBR-2 reactor (Russia) (Fig. 4). The data were
processed using a method of spherical harmonics which allowed a model of the structure to be
derived with a resolution of about 40 A.

The SANS method was also used to determine the structure parameters of lipid
membranes (the thickness and location of a deuterium label). The measurements were carried
out with a DPPC compound in a DMSO/water mixture. The use of a special method for
preparing lipid vesicles with the help of an extruder permitted obtaining a homogeneous mixture
of particles with a radius of about 800 A and a prolonged linear part of the Guineir-curve. This
provided the possibility of determining the parameters of the membrane with good accuracy. In
addition, data on the dependence of the radius of gyration of membrane vesicles on the DMSO
concentration in the water solution were obtained.

12



Lnt
N
1

0.00 0.05 0.10 0.15 0.20 0.25

Q

Fig.4. The dependence of the intensity, I, of the small-angle scattering of neutrons on the 50S
subparticle of the E.Coli MRE600 ribosome on the Q (A1) momentum transfer as measured with the
YUMO spectrometer.

Work to study structures of tilacoid membrane chloroplasts participating in
photosynthesis in plant cells was initiated in cooperation with MSU. The first small angle
scattering curves were obtained and a number of structure parameters were estimated.

In a joint experiment with physicists of the Bayreuth University, FRG, the volume
occupied by a water molecule in a microscopic size drop was determined by the SANS method
for the first time. This volume appeared to be unexpectedly large (45 A? instead of 30 A3).

The first measurements of self-organizing systems were carried out. These included
investigation of the influence of a charge on the self-organization of a micellar system. This
influence is demonstrated as a change in the shape of a micelle from cylindrical to spherical.
The first results on the influence of pressures on self-organizing systems were also obtained.
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Fig.5. Changes in time of size distributions of Portland cement particles from 33 hours to 620
days following the moment of hydration. The data were obtained with the YUMO spectrometer.
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Under the auspices of the FLNP and German institutes joint program for investigating
materials having practical importance, a large volume of information on the processes of
Portland cement solidification was obtained with the YUMO spectrometer. The SANS method
permits one to trace the size distributions of particles formed in the process of cement
solidification to a comparatively large depth (up to several mm). Figure 5 shows how these
distributions change in time beginning from several hours to two years following the moment of
hydration for one of the samples of industrial cement.

Investigations of some new surface-active substances (surfactants) were completed and
information about the structure of their micellar aggregates was obtained. Work to study the
effect of salts on the structure of non-ionogenic surfactant aggregates started in cooperation with
the Kiev University (Kiev, the Ukraine)) and the Riso National Laboratory (Riso, Denmark).

Neutron optics with polarized neutrons. Investigations with polarized neutrons were
carried out on the SPN-1 spectrometer which can be operated in two modes: depolarization and
reflectometry. In the first case the depolarization of a primary polarized neutron beam
transmitted through a sample is measured. In the second case, the intensity of neutrons reflected
from the surface of a sample at small incidence angles is measured.

Systematic research of neutron depolarization in HTSC near the phase transition point in
a wide range of external magnetic fields revealed previously unobserved anomalies revealing
new properties of the mixed state of superconductors.

Investigations by a depolarization method were carried out with a Li-Zn-Ti-Fe, ferrite, a
magnetite-based magnetic liquid, and a Y-123 superconductor. Indications of the existence of
subregions with an induced magnetic moment were obtained. The H-T phase diagram of the
behavior of a system of Abrikosov vortices near T. was obtained for Y-123.

The first experiments to observe the effect of the Berri geometrical phase on the
transmission of polarized neutrons through a medium with a collinear magnetic field were
performed.

On the SPN-1 the reflectometry method has been used for several years in joint ILL
(Grenoble) investigations on the analysis of magnetic interactions in multi-layer superthin films.
In the reported year the Pd/Co/Pd and W/Fe/W magnetic films were investigated. The main
attention was given to obtaining information about the value of the magnetic moments of Co and
Fe atoms. So, for the magnetic moment of Fe with a layer thickness of only 6 A at 300 K the
value of u=1.80 pp was obtained. This value is in good agreement with theoretical predictions,
allowing for a partial suppression of the Fe moment in a W matrix.

Neutron reflectometry was also used to analyze new materials on the basis of thin films
alternating with layers of selectively deuterated polysterensulfonate and polyalamine. To obtain
multilayer structures a method of successive absorption recently developed at the Meinz
University (FRG) was used. In the SPN-1 experiments the assumed organization structure of the
films was confirmed and the values of the main repetitiveness periods were obtained.

Inelastic scattering of neutrons. Inelastic scattering of neutrons, used to investigate
the dynamics of atoms and their magnetic moments, is studied with three spectrometers at IBR-
2: NERA-PR and KDSOG-M operating in the inverted geometry regime, and DIN-2PI in the
direct geometry regime. '

With the NERA-PR spectrometer, information about molecular dynamics and phase
transitions in the Ki.x(NH4)xSCN, NH4HSOs, (NH4)3;H(SO4)2 compounds was obtained for
temperatures from 100 to 300 K and pressures up to 400 MPa. The ordering processes of NHa"
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ions were observed and interpreted. In crystals of the camphor family (CijoHi60) whose
molecules have a nearly spherical form, phase transitions from the orientational disorder state at
room temperature to the complete order state at T < 200 K were discovered. A large cycle of
investigations with amino acid crystals was also conducted. Data on the main vibrational modes
of L-leucine and L- and DL-valine were obtained.

A series of investigations of the contribution of hybridization to the crystal field in
ReCu,Si> (Re - rare earth) compounds were completed. Systematic studies of spin dynamics.in
the transition from a state with heavy fermions to a state with variable valency in Cej.xYLaxAls
compounds were carried out. The obtained results are evidence of the existence of a specific s-f
interaction in such systems and can be interpreted only in the frame of a hybridization model.
The phonon density of states in the La;CuOs.1 superconductor was investigated. Indications of
the nonphonon origin of the excessive density of low-frequency excitations were obtained. Work
continued on the investigation of the interaction of hydrogen with p-elements in solid solutions
of transitional metals. Data were obtained for the Ta-V-N-H, V-O-H, and Fe-Ni-H systems. An
unusual behavior of hydrogen in the V-O-H system was observed.

Investigations of excitation spectra of liquid “He continued on DIN 2PI. Data on the
three previously observed types of excitation whose demonstrations differed in dependence on
temperature and wave vector were refined. Additional information was obtained about two
characteristic regions of spectrum reconstruction: the temperature region - near the superfluid
transition point, and the wave vector region - in the interval 0.5-0.65 A" following the transition
from phonons to maxons. Investigations of liquid metals continued. In liquid potassium,
collective excitation modes were observed up to k~1.25 A, Investigations began of ionic and
hydrophobic effects in liquid solutions. The first results were obtained for CsCl and (CH3)sNCl
solutions. Detailed data on the influence of nitrogen on the lattice dynamics of austenite alloys
were also obtained.

1.1.2. METHODOLOGICAL WORK

In the course of the reported year methodological work on the development and
upgrading of equipment for all diffractometers was carried out.

For the HRFD, the new Li-detector at the scattering angle of 90° was manufacturcd
assembled, and tuned. This detector will provide considerably better conditions for internal stress
measurements than the 152° detector and will allow us to start experiments at high pressures
with a gas cell for up to 15 kbar.

The DN-2 possibilities for conducting real time experiments were increased: 8 spectra for
different scattering angles can be simultancously measured. A two-dimensional multi-wire
detector with a position resolution of 3 mm in both coordinates was prepared for operation.

At the DN-12, the second ring of 16 counters was prepared for operation. This ring will
reduce the typical experimental time by 2 times.

For the NSVR, a "HUBER" automatic multi-axis goniometer was purchased and made
ready to operate. This goniometer will permit us to start experiments for analyzing the
relationship between the texture and internal stresses in industrial products and minerals.

On SNIM-2, work continued to put into operation a generator of rectangular pulses
which would make the staging of experiments easier and clarify the interpretation of the
performed investigations of transitional processes in magnetic crystals.
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A complex for measuring- intcrnal mechanical stresses in industrial
products and samples by the non-destructive method of neutron
diffraction is being built for the HRFD Fourier diffractometer.
G.D.Bokuchava is adjusting the new 90°-scattering neutron detector.

S.A.Kutuzov (left) and A.l.Beskrovnyi arc preparing the
two-dimensional detector and helium refrigerator to
begin measurecments with the DN-2 diffractometer.
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V.P.Glazkov and B.N.Savenko arc tuning a high
pressure cell with a sample on the DN-12 diffractometer.

G.A.Varenik is adjusting a pulsed magnet for the SNIM-2 diffractometer.



K.Walther and N.N.Isakov are¢ preparing the
HRNS diffractometer to start experiments.

J.Heinitz and K.Walther are tuning the program for the new
multi-axis goniometer, a product of the HUBER firm, to be
used for measuring internal stresses in geomaterials.

18
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A.LKuklin is installing a cassette for changing samples
by remote-control on the YuMO spectrometer. '

Bt % 5!

I.Natkaniec, L.S.Smirnov and S.1.Bragin are preparing experimental
eauipment for measurements with the NERA-P_R spectrometer.
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A.V.Petrenko is checking the precision of sample
positioning at the SPN-1 spectrometer.

D.V.Lezhnev is assembling a cryostat at the REFLEX-1 facility.

20)

W

¢

F s



For the YUMO spectrometer, a resistive anode-based ring PSD was manufactured and
tuned.

The new background chopper was installed at KDSOG-M. This provided a several times
increase in the effect to background ratio.

The new cryostat with a superconducting solenoid for the temperature range from 1.5 to
300 K and a furnace were prepared to operate with the SPN-1 spectrometer.

At the REFLEX spectrometer for reflectometry experiments with both polarized and
unpolarized beams of neutrons, the biological shielding and the assembly and adjustment of the
main spectrometer block - the optical system - were completed. Its start-up is scheduled for the
next year.

In the reported year, one of the important events was the test of the cryogenic methane
moderator mounted on the side of channels N 4, 5 and 6 at the IBR-2 reactor (the YUMO,
HRFD, DN-2, and SNIM-2 instruments). The most interesting results from the viewpoint of
diffraction experiments were obtained with the DN-2 in investigating the kinetics of fast
transitional processes studied in real time. A considerable increase in the cold neutron flux (by
about 20 times for A = 8 A) permitted measuring diffraction spectra with good statistics for d >
2 A during a time of about 1 min. The diffractometer's time-of-flight resolution of At/t ~ 5-10°
over this region and a small number of diffraction peaks provide a means for reliable
identification of crystal phases arising and vanishing in the process of the investigated reaction.

1.1.3. THEORY

High-temperature superconductivity. The discovery of high-T. superconductivity

stimulated a great number of theoretical works on this problem. The antiferromagnetic order
observed in CuO2 planes at small carrier concentrations indicates that the magnetic subsystem is
of great importance to the formation of the superconducting state. Structural phase transitions, as
well as a number of other experiments, give evidence of the important role of electron-phonon
interactions. The reports concerning the direct observation of polarons in the dielectric phase
upon carrier doping and small, but non-zero isotope effects lead to the same conclusion. It was
shown that formation of a polaron in the 2D case within the model of local electron-phonon
interaction is accompanied by the formation of a barrier attributed to a finite electronic
bandwidth (lattice discreteness).

Yet, lattice discreteness has no influence on the qualitative picture of the formation of the
self-localized state in 1D and 3D cases. The medium-size polarons are supposed to be formed in
high-T. superconductors. ‘

The problem of the role of magnetic fluctuations on the appearance of the
superconducting state in high-T. superconductors has been discussed. In order to understand
properly the microscopic nature of the superconducting state, experimental investigation of spin
dynamics in the CuO: planes seems to be of great importance. In particular, the results of
inelastic neutron scattering ‘and nuclear magnetic resonance (NMR) experiments are of
significance. The results of inelastic neutron scattering experiments on crystal field (CF)
cxcitations in Tm substituted YBaCuO were analyzed and discussed in connection with the
NMR results on 89Y, %Cu and V0. It was shown that in the insulating state, the main
contribution to the line broadening of the 4f transitions of Tm ions arises from the magnetic
subsystem of Cu ions. The temperature dependence of the linewidth was described in terms of
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linear spin-wave theory with a rather weak interaction of 4f levels with the magnetic moments in
the CuO; planes. On the other hand, in superconducting compounds, due to the small coherence
length of AF fluctuation, the direct contribution of AF fluctuations to the broadening of
transitions is small. The temperature dependence of the linewidth is determined by the
temperature dependence of the uniform static susceptibility.

Mid-infrared spectra have been obtained by exact calculations of the optical conductivity,
o(®), of a finite size Holstein model. 6(®) shows a number of peaks corresponding to the bound
states of polarons with different numbers of phonons. It was found that for intermediate
coupling, the o(w) peak is strongly asymmetric. The optical conductivity of the 2-site model in
the presence of two electrons was studied. Numerical results show a shift of the o(®) peak to
the low energy region with an increasing Hubbard U for strong electron-phonon interaction (E,
> U) whereas the peak moves to the high energy region for U > E;. A new peak in the high
energy region starts to develop at large U limit in the presence of phonons. The significance of
these calculations for experimental observations of the mid-infrared spectra of high-T. cuprates
was discussed.

Neutron reflection. Studies of various kinds of multilayers have important practical
applications in the construction of mirror walls for neutron guides. To increase the reflection
coefficient from multilayer mirrors it is necessary to choose both layer materials and layer
thicknesses properly. Recently, numerical calculations of the reflection of a plane wave from an
equidistant set of delta-function potentials with two different strengths, u and v, which are the
model parameters characterizing two sorts of materials, were performed. The sequence of
potentials was chosen to form the so-called Fibonacci words. As the result of introducing
disorder of a quasicrystal sort into the sequence of the neutron mirror material, the full reflection
region may shift both into the small k-th and into the opposite values of momentum k.

Statistical mechanics. A lattice model having an exact solution in all dimensions was
completely investigated. Partition functions of the model have been calculated by the Kirchhoff
theorem. Universal behaviour of the thermodynamic functions were found in the limit of dense
packing. A matrix procedure was developed for calculation of the correlation functions. The
average number of atoms with given valences has been computed for the whole density range of
polymers.

An exact enumeration of self-avoiding loops in a set of finite simple square lattices was
performed. The partition function zeroes distribution was shown to be oval-like, in contrast to
two intersecting circles, as in the case of the Ising model. An analysis of the partition function
zeroes distribution showed the closeness of the critical point of the model to the ferromagnetic
one of the Ising model.

Quantum mechanics. It is known that quantum systems with time-periodic hamiltonians
have some general properties, depending on the fact that the hamiltonian is hermitian and time-
periodic, but which do not depend on the details of the hamiltonian structure. An investigation
of the general propertics of quantum systems with time-periodic hamiltonians was continued.
The scattering theory was constructed, the kinetic equation was introduced and the quasienergy
spectrum transmutation was investigated.
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1.2 NEUTRON NUCLEAR PHYSICS
1.2.1. EXPERIMENTAL INVESTIGATIONS

In the reported period, programs for investigations in the FLNP traditional research
directions: experimental investigations of the fundamental properties of the neutron, studies of
the processes of P-parity violation in different nuclear reactions induced by neutrons,
investigations of high excited states of nuclei in reactions with resonance neutrons, etc., were
continued.

The main part of these investigations were carried out on the neutron beams of the IBR-
30 booster and the IBR-2 reactor. A number of works, however, were conducted in collaboration
with nuclear centers of Russia, the Ukraine, Germany, Belgium, the USA, and China at the
neutron sources of these centers.

Electromagnetic properties of the neutron. The n-e scattering amplitude is the critical
parameter in determining the mean square charge radius of the neutron. The existing spread of
experimental values leads to different sign assignments for this quantity.

The processing was completed of the data obtained in high precision measurements of
total cross sections and scattering amplitudes with 206,207.208pp, and Bi samples which were
carried out by a Dubna-Garching-Riga collaboration. The n-e scattering length of
bpe = (-1.3210.03)-10"3 fm as earlier measured in Garching was confirmed, which led to the
conclusion that the sign of the mean square charge radius of the neutron was positive, in
contradiction with the standard theory. A new value for the coefficient of the electric
polarizability of the neutron, o, = (0.040.5)-10" fm, was also obtained. The planned experiment
to investigate the scattering of slow neutrons on noble gases to prove the possibility of
measuring the n-e¢ scattering amplitude with an accuracy better than 5% by using the time-of-
flight technique at the IBR-30 and IBR-2 facilities was modeled.

In the frame of the program for studying the electromagnetic properties of the neutron,
measurcments of the total neutron cross section of 2°®Pb for three energy intervals were
conducted to determine the polarizability of the neutron using resonance filters on the 70 m
flight path of the IBR-30. The obtained results are being processed.

In cooperation with INI AS of the Ukraine, a measuring procedure was tested and a
preliminary result was obtained on the value of the total cross section of 298ph for quasi-
monochromatic neutrons with the energy of ~ 24 keV, obtained with Fe+Al+S filters at the
VVR-M stationary reactor. In 1995, continued measurements with other filters will permit us to
increase the accuracy of o, coefficient determination.

The situation regarding experimental determination of the considered fundamental
clectromagnetic characteristics of the neutron remained rather uncertain. Hence, new methods
and additional measurements are necessary, the preparation of which is actively being pursued in
FLNP.

Parity violation in neutron reactions. The analysis was finished of S-parity violation
effects in 25 p-wave neutron resonances measured with the 3¢ enriched isotopic target by a
FLNP (Dubna, Russia), LANL (Los-Alamos, USA) and IRMM (Geel, Belgium) collaboration.
The resonance averaged value of the matrix element of weak interaction for nuclei with the

mean atomic weight M(''’Cd)=2.07}¢ was determined (fig.6). For the first time, the
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dominance of the mechanism of compound-compound parity mixing was experimentally
confirmed, and the first step towards investigating the mass dependence of M was also made,
which is most important for theory.
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Fig.6. The credibility function, L(M), in dependence on the M matrix element of weak
interaction for the 113Cd target nucleus.

The new technique for measuring P-odd correlations with polarized thermal neutrons in
reactions with the emission of charged particles was eclaborated in cooperation with a PINP
(Gatchina) group. The corresponding instrument for measuring P-odd correlation in the
"°B(n, a)’Li —»y reaction with y-registration was constructed and tested in a beam of polarized
neutrons with a flux of 10° n/s. For the final tuning of the equipment and conducting the main
measurements a flux of 10'° n /sec is necessary, which is expected from the VVR-M reactor of
PINP in 1995. ‘

Neutron radioactive capture. Measurements of radioactive neutron capture provide
valuable information about the structure and properties of the decay of excited states. During the
past several years FLNP has collected a large volume of (n,2y) reaction data for 18 spherical
and deformed nuclei from *"Ba to '»®Au which was used in a comparative analysis of the
probability of excitation and decay of intermediate levels at neutron energies close to the neutron
binding energy. It was shown that the observed experimental dependences were difficult to
describe in the frame of generally accepted models of radioactive transition widths and energy
dependencies of excitation level densities. This should stimulate further experimental and
theoretical research in the given direction.

With the ROMASHKA multi-detector facility measurements of gamma-quanta
multiplicities and the determination of the parameters of neutron resonances: spins, radioactive
widths and neutron strength functions, and mean gamma-ray multiplicity, in separate resonances
of the ""Hf, 78Hf, ''°Sn, 310, "5In isotopes over the energy interval from 0.015 to 1.5 keV
were conducted. The importance of these measurements was determined by the incomplete data
on spins and radioactive widths and a practical lack of information about the gamma-spectra of
neutron resonances of the mentioned nuclei. The radioactive neutron capture cross section of the
Hf, Sn, and In, isotopes in the resonance neutron energy range is interesting from the point of
view of understanding the process of nucleosynthesis. At the same time, these investigations
have certain applied importance. Some of the above mentioned isotopes are used in reactor
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building, where new and more exact and reliable data are now necessary in connection with the
increasing precision of nuclear reactor calculations. A detailed study of the resonance parameters
of, ¢.g., hafnium nuclei, is necessary for the determination of different reactor parameters, such
as resonance integrals and Doppler reactivity coefficients. Data on the spectra of capture y-rays
are important for shielding calculations.

Reactions with the emission of charged particles. Investigations of the (n,at) and (n,p)
reactions on slow neutrons were continued. Data processing on the 1“'N(n,p)”C reaction was
completed and the results were published. Cross section measurements of the 35C1(n,p)3SS,
36Cl(n,p)36S, 36Cl(n,ot)”P reactions on thermal neutrons were begun. Mecasurements of the
36S(n,';()”S reaction, being of great importance to astrophysics, were carried out at the energy of
25 keV in collaboration with Karlsruhe.

In the field of investigations with fast neutrons, data processing on angular distributions
and cross sections of the 58Ni(n,a)55Fc reaction at 5.1 MeV was completed in collaboration
with the Beijing and Tsinghua Universities (Beijing). The 64Zn(n,OL)6lNi reaction was measured
for the neutron energies of 5 and 6.5 MeV. Data processing is being performed now. Work to
systematize (n,ot) and (n,p) reaction cross sections in the neutron energy interval from 2 to 16
MeV for the wide range of atomic weights A=19-197 was carried out. The dependence of cross
sections on the (N-Z)/A parameter was obtained.

The first phase of the experiment to measure the energy dependence of the angular
anisotropy of fragment emission following the fission of aligned U nuclei induced by
resonance neutrons was completed (fig.7). Although the statistics were low, the interference of
s-resonances with different spins, predicted earlier by FLNP, was discovered. For qualitative
analysis of the discovered effects, however, an essential increase in the statistics, as well as a
number of technique and equipment improvements, in particular a replacement of the cryostat by
an updated one, are necessary.
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Fig.7. The energy dependence of the Aj; coefficient of the angular anisotropy of fragment
emissions in the fission of aligned 23°U nuclei induced by resonance neutrons. The solid line is the result

of the calculation without consideration of the interference of compound states with different spins.
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1.2.2. METHODOLOGICAL DEVELOPMENTS

In 1994 construction of the UGRA facility for precision measurements of the angular
distribution of resonance neutrons was continued. The large volume of work done allows us to
schedule the on-beam assembly of the facility at IBR-30 for the first half of 1995.

The construction of the test prototype of the high density ultracold neutron source on the
basis of the BIGR reactor (Arzamas-16) was completed (the ISPIN project). Full-scale tests of
the facility were carried out. Transportation of the facility and assembly in Arzamas-16 are
scheduled for the first half of 1995.

The modernization of the KOVSH facility for measuring the life-time of the neutron by
the method of UCN storage was completed in collaboration with PINP (Gatchina). The new
UCN trap with movable sides and a new cryogenic system were constructed, and the system for
oxygen spraying -was modernized. Measurements will begin at the UCN source of ILL
(Grenoble) in the first half of 1995.

The new, more perfect cryostat for experiments studying the dependence of fission
fragment emissions following the interaction of neutrons with aligned nuclei was installed on
beam 5 of the IBR-30 booster. Its in-beam adjustment is in process now. The temperature of the
sample surface in the beam is estimated to be ~ 0.15 K. First experiments with the new cryostat
will be carried out at the beginning of 1995.

The ISOMER instrument for measuring delayed neutron yields and, additionally, for
measuring prompt neutrons of isomeric fission had underwent radical improvements on beam 11
of the IBR-2 reactor (fig.8). The facility tests with 235U and U nuclei were conducted.

E
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Fig. 8. Schematic of the IZOMER setup: 1 - reactor core, 2,3 - collimators, 4 - mirror neutron
guide, 5 - chopper, 6 - moderator, 7 - neutron counters, 8 - Cd cylinder, 9 - sample.

Experiments to measure fission spectra of neptunium and coincidences with prompt
fission gamma-quanta over the resonance neutron energy range from 3 to 500 eV were carried
out with the new ionization fission chamber containing 1.5 g of high purity 237Np (the portion of
uranium and plutonium nuclei is ~10°). The measurements were carried out with the aim of
studying gamma-quanta yield fluctuations in separate resonances. The data processing has been
started.

The detector system of the ROMASHKA spectrometer was modernized. The HPGe
detector was switched on in coincidence with the Nal scintillation detector and, as a result, the

26



Assembling a pneumatic drive for the transport system of the ISPIN
facility - UCN neutron source at the BIGR reactor (Arzamas-16). '

A.B.Popov is preparing a cryostat for the 2y aligned nuclei target
to perform measurements on beam 5 at the IBR-30 booster.
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The POLYANA set-up on beam 4 of the IBR-30 booster.
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I.LRuskov and V.Konovalov, members of the nuclear fission group, are
tuning equipment for carrying out measurements with a neptunium target.
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parameters of the facility were essentially improved. Work to create a high pressure
spectrometer for the registration of gamma-quanta from fission fragments was carried out on the
basis of the HPGe spectrometer with BGO anti-Compton shiclding.

Work on modeling a unique experiment for direct measurements of neutron-neutron
scattering at the BIGR pulsed reactor was conducted with participation of specialists from
LCTA, Dubna and VNIIEF, Arzamas-16.

In addition, much work has been done to improve experimental techniques and to create
a new generation of measuring electronics. This work was orientated to conducting experiments
at the new source of resonance neutrons, IREN, which is currently under construction. The
characteristics of this source (an order of magnitude shorter pulse duration at a two times larger
mean neutron flux) would permit carrying out experiments on shorter flight paths and permit a
considerable increase in the electron tract loads'in a majority of experiments.

1.2.3. THEORY

Cluster radioactivity. New possibilities of discovering the spontancous cluster
radioactivity of unstable heavy nuclei with consideration for the conditions of obtaining them in
amounts necessary for measurements, were investigated. In 1994, the theoretical prediction of a
new island of cluster radioactivity in the region of A = 140 was confirmed in the measurements
by a German-Italian group in Darmstadt. The recent data are in good agreement with the
corresponding investigations performed by LNR, JINR following the proposal made by FLNP
theoreticians in 1993.

Fission. A new theory of nuclear fission induced by resonance neutrons was developed.
The new and sufficiently natural interpretation of A.Bohr fission channels follows from this
theory. The description on the same basis of both P-even and P-odd angular correlations of
fission fragments has been gained. Part of the predicted new effects found confirmation in the
works performed at FLNP.

x-meson gas. Investigations continued of the behavior of =m-meson gas at high
temperatures and densities which arise following collisions of high energy heavy ions. The pion
spectrum, density, thermodynamical potential, entropy and other characteristics were calculated.
The obtained results permitted, in particular, the temperature characteristic of the cyral
condensate to be obtained.

UCN. It has been shown that a discrete energy spectrum in an UCN beam can arise not
only at fast chopping of the beam (the quantum chopper) but also as a result of UCN diffraction
on a fast moving grating. It was found that a quantum modulator can be used not only for
coherent splitting of the initial monochromatic beam into a series of waves with different
energies and wave numbers (quasienergies), but also for the inverse process. The use of a
combination of quantum modulators permits the creation of a new type of device which is called
the time interferometer. The theory of such a device was developed and a brief analysis of the
possibilities of using it in fundamental investigations was made.

Work continued on the theoretical investigation of the dynamic reflection of neutrons,
i.e., of the reflection of neutrons from an oscillating potential.

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

The use of the recurrent method developed in FLNP to solve the problem of the
scattering of neutrons and X-rays on surface layers shows that contributions to the scattering
intensity from the investigated layer and substrate can be divided analytically by introducing a
narrow imaginary gap between them.

1.3 APPLIED RESEARCH

In the reported year, in addition to traditional FLNP nuclear methods, such as neutron
activation analysis, scattering of charged particles, etc., the method of neutron diffraction and the
depolarization of polarized neutron beams upon their transmission through the investigated
sample were used to solve applied problems.

Neutron-activation analysis. The program for investigating the ecological situation in
the Tver Region, in the region near Dubna, and in the Kola Peninsula (in regions close to the
nickel smelting plant) and in some regions of Norway by using moss and pine needles as
biomonitors was started in 1993 and continued in 1994. In ecological investigations in Franz
Josef Land, indigenous lichens, samples of fresh snow, firn, melt water, and water from three
lakes were used.

To activate these natural monitors, the irradiation channels of the IBR-2 reactor with
cadmium and gadolinium screens were used. The possibility of reliable identification of secveral
dozens of elements, including rare-earth elements (REE) was demonstrated. For example, 45
clements, including 10 REE were identified in the DK-1 moss. Important results were obtained
which would allow us to follow changes in the ecological situation in the investigated areas and
give recommendations on regulating the industrial activity.

The NAA method was used for nuclear, physical and chemical monitoring of water
ecosystems. The investigations were carried out in the Oka River basin together with the
Institute of the Lithosphere of the Earth, RAS. The results indicated the existence of
geochemical and biochemical anomalies in the investigated region.

To determine the element composition and quantitative content of microadmixtures, an
analysis of a number of samples of super-pure aluminum produced by the Voronezh plant was
carried out. To solve the question of the degree of Al purification by zone melting, samples
made from processed and raw aluminum were analyzed. It was established that pollution by
aluminum is mainly caused by raw aluminum, because the element compositions of super-pure
and raw aluminum are the same and differ in concentrations only.

Development continued of methods for dyeing topazes from different natural deposits in
the mixed neutron and gamma-fields of the IBR-2 irradiation channels. Results were obtained in
forming dyeing centers of different shades of blue.

Radiation investigations. In the frame of the ATLAS project (CERN) investigations
continued of the radiation resistivity of S-detectors using the fast neutron beams at the IBR-2
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reactor (together with LSHE). The results are used in developing equipment for high energy
physics.

In the reported year, the previous year’s experiment to check the radiation resistivity of
AsGa electronics in fast neutron fields was repeated. The difference was in the fact that the
repeated experiment was carried out at nitrogen temperatures with the IBR-30 booster, and the
first was conducted at room temperature with the IBR-2. The results of both experiments
coincided. The experiments were performed together with LSHE.

Neutron diffraction. The high resolution achieved at the HRFD Fourier diffractometer
permitted the start of the program for determining internal mechanical stresses in materials, by
the nondestructive testing method of neutron diffraction, in collaboration with the Saarbrucken
Institute for Nondestructive Testing.

A series of experiments was performed to measure residual stresses in cold-rolled steel
disks (500 mm in diameter and 2.5 mm thick) used in forming bottoms for high pressure gas
tanks. The results were compared with the data obtained by magnetic and acoustic methods. It
was concluded that the neutron diffraction method could provide good calibration for other,
more express methods. Recommendations on the technology of preparing the disks for the
forming process were given to the Manufacturer.

Polarized neutrons. In the reported year, the depolarization method was applied to
pérform nondestructive testing of industrial products for the first time. Fragments of the Ni-
coating from the walls of an internal combustion engine cylinder, whose earlier investigation by
acoustic methods pointed to the presence of inhomogeneities, were examined. The coating scan
by a neutron beam measuring 2x4 mm? confirmed the presence of inhomogeneities (fig.9), and
the analysis of the depolarization function led to the conclusion that these inhomogeneities were
related to the character of internal stresses in the Ni layer.
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Fig.9. The effect of depolarization of a polarized neutron beam measured on the SPN-1 spectrometer.
The beam scanned along one of the lines on the surface of the sample of Ni-coating from the walls of

the combustion engine cylinder.
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Charged particles. Investigations were carried out at the EG-5 electrostatic generator.
FLNP, in cooperation with the Electrical and Technical Institute of the Slovak Academy of
Sciences, continued investigations by RBS, PIXE, ERD and channeling methods of HTSC films
on different substrates, as well as of films with buffer layers, with the aim of elaborating a
technology for building buffer layers to enable conjunction of incompatible crystal structures of
the film and substrate.

A method of energy analysis following the scattering of helium ions had appeared to be
extremely productive in investigating multi-layered structures. The information about the
thickness and composition of each layer could be obtained without destroying the investigated
sample. Investigations of metallized coatings with enhanced adhesive properties deposited on
glasses and ceramics by the IBAD method were conducted.
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Neutron diffraction study of the high-T, superconductor
HgBa,CaCu,0Oq¢ 3 under high pressure

V.L.Aksenov, A .M.Balagurov, B.N.Savenko, FLNP, JINR, Dubna, Russia
V.P.Glazkov, I.N.Goncharenko, V.A.Somenkov, RNC KI, Moscow, Russia
E.V.Antipov, S.N.Putilin, MSU, Moscow, Russia

J-J.Capponi, Lab. of Crystallography, CNRS, Grenoble, France

In the recently discovered series of HgBa,Ca, ;Cu,Oan424x compounds/ 123/
as well as in other layered copper oxide high-temperature superconductors, a
significant increase in the superconducting transition temperature is observed
when high external pressure is applied/ >/ For example, in the compound with
n=3 (Hg-1223), T, increases from 134 K at normal pressure to 150 K at P=11
Gpa’ ¢, High-pressure neutron diffraction experiments have previously been
performed on mercury-based superconductors in’”/, where all three
representatives of the series were investigated: for compounds with n=1, 2, and 3,
an experiment was performed under pressures up to 0.6 GPa; for the compound
with n=3, additional measurements were carried out for P=4.0 and 9.2 GPa. One
/7! in the diffraction data analysis was the
presence of an appreciable quantity of impurities, such as BaCuO,,,, CaO and
Ba,Cu;0s,,, in the samples of compounds with n=2 and 3. In principle, their
influence could have biased the structural analysis results. It is this factor that the
authors of””/ emphasize to explain unusual behavior of the interatomic distances
in Hg-1223. Thus, more experiments are needed to confirm this data.

Our experiments were performed on the HgBa,CaCu,Os,, compound, the
synthesis and properties of which are given in’®, with the DN-2 and DN-12 time-
of-flight diffractometers. The experiment at the DN-2 diffractometer was
performed in order to determine the degree of phase homogeneity of the sample

of the problems which has emerged in

(the available amount of sample was about 0.2 g) and to refine its oxygen content.
Fig. 1 shows the measured diffraction spectrum after Rietveld refinement. It was
found that two phases were present in the sample: Hg-1212 and traces of metallic
Au. Evidently, the later fell into sample during extraction from the container. The
DN-12 diffractometer is specifically intended for work with high-pressure cells
based on sapphire anvils. The measurements at DN-12 were performed on a
sample with a mass of about 1 mg under pressures of P=0, 3.0 and 3.6 GPa; the
measurement time for each pressure value was about 50 hours. The diffraction
spectra were processed by the Rietveld method with the help of the MRIA
software.
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Fig.1. Diffraction spectrum from HgBa;CaCu;Og,, measured with the DN-2 diffractometer.
Experimental points, calculated profile, and difference curve (experiment - calculations) are

shown, The positions of the Bragg peaks for the main phase and metallic Au are also indicated.

Data processing was performed in several stages. The spectrum measured at DN-
2 was processed for the interval of 1.1<d}y<3.0 A which contained about 50 peaks

/8/ were used as

from the tetragonal phase, space group P4/mmm. The data from
the initial parameter values. The relatively low quality of the diffraction spectra
(bad effect-to-background ratio and restricted possibilities of analyzing data in the
region of small dy) prevented the thermal atom parameters from being reliably
evaluated. Therefore, we chose to fix them: B=0.5 A? for Ba, Cu, and Ca; B=1.0 A
for all oxygen atoms. Varying these parameters within the limits of 50% only
slightly influenced the structural parameters of the atoms. While processing the
spectra measured at DN-12, the thermal parameters, and the O3 oxygen content,
n(0O3)=0.3, were fixed. In addition, the lattice parameters at P=0, a=3.850 A and
¢=12.629 A, as determined by processing the data obtained at DN-2, were fixed as
well. From the comparing measured and calculated profiles it follows that the
spectrum fitting was quite good at zero pressure, but at higher pressures the
fitting quality is definitely worse. Another conspicuous factor was the sharp
shortening of the Hg-O2 bond length with the increase in pressure. That is why
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we undertook several attempts in order to change the initial model of the
structure. The best result was obtained for the model with disordered O2 oxygen.
Realistic values for the bond lengths were obtained on the assumption that O2 is
disordered along the diagonals in the (,b) plane, i.e., its position is described by
the (x,x,z) coordinates. The most easily evaluated and reliable results of our
measurements are the dependencies of the Hg-1212 lattice parameters on
pressure. They are shown in Fig.2 as normalized to P=0 together with the data
from’”/ obtained at the SEPD diffractometer. For our data, values are shown for
the models with ordered and disordered O2. Lines, obtained with the help of the
least square method, are drawn only for the second model. The least square line is
also drawn for parameter a according to the SEPD data. For parameter c, this line
is indistinguishable from ours. The compressibility values, determined as kq=-
(1/q)3¢/8P (10°/GPa), where q is the parameter, calculated for the crystallographic
axes and for the unit cell volume are given in Table 1. The compressibility values
for the distances are also given in Table 1. For comparison, the data from’”’ o
Hg-1212 and Hg-1223 are presented in that table.

n

Table 1.
Compressibilities of the lattice constants and selected bonds of Hg-1212, measured with DN-12
(up to 3 GPa) and SEPD (up to 0.6 GPa), and Hg-1223, measured with HIPD (up t0 9.2 Gpa).

Compressibilities | 1212512 1212ggpp 12234pp
Ka 3.48 2.94 2.28
Ke 6.15 6.04 4.7
Ky 13.0 11.9 9.1
KCu-O2 79 14 2
KHg.02 19 0 14

[ XBa02 25 50 10

Our results for the compressibility values of the Cu-O2 and Hg-O2
interatomic distances noticeably differ from the data in””’; Kcu.02 18 two times
smaller, kyg.0; is large. For Hg-O2 bound our result, in fact, correspond better to
the result for Hg-1223. In’”/, the data for Hg-1223 are regarded as unexpected and
the assumption was made that the diffraction spectrum analysis results were
distorted by the impurity phases in the sample. One can admit that a similar
systematic error is present in our work, but it should be noted that these results
were obtained on different samples and diffractometers. Another possible
explanation could be in a change in the character of the dependence of these

interatomic distances in Hg-1212 under pressures higher than 1 GPa. It is also
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possible that the presence of O3 oxygen in any quantity noticeably affects the

specific values of compressibility.

The greatest absolute values of
compressibility were obtained for the
distances between the Ba-O2 and Ba-
Hg atom layers. Despite a relatively
broad spread in specific values, the
general tendency is beyond doubt. It
was noted recently that the magnitude
of the Coulomb splitting of the cation -
anion layers is very sensitive to
changes both in the compound content
and in external conditions, when the
ambience charge is asymmetrical (Ba
and O2 layers in our case). The results
of our experiment and the data in’”’/
confirm this conclusion. Defining
more exactly the cause of the large
compressibility ~ values for these
distances, one may say that they are
due, to a great extent, to the motion of
Ba atoms towards the Hg atom plane.
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MEASUREMENTS ON THE HIGH RESOLUTION FOURIER DIFFRACTOMETER

V.L.Aksenov, A.M.Balagurov, G.D.Bokuchava*, J Schreiber**, Yu.V.Taran

Frank Laboratory of Neutron Physics, JINR, Dubna, Russia
* Institute for Nuclear Research of RAS, Moscow, Russia
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INTRODUCTION

Forming process outcomes can be influenced by residual stress states in the formed material. For example,
cold rolled steel disks used for forming small, gas pressure tanks can have inadmissible folds on their borders after the
first forming step. Residual stresses might appear in the disks due to several reasons, one being the means of cutting
the disk from rolled sheet metal. To have an effective forming process it is important to be able to check residual stress
states, as well as the initial material texture by a quick and easy testing method. For this purpose, magnetic [1] and
ultrasonic [2] nondestructive testing methods have been developed and utilised. These techniques have certain disad-
vantages, however. Magneto-¢lastic measurements do not permit direct testing of residual stresses and provide infor-
mation on stress states in the near surface region only. The ultrasonic technique gives stress values averaged over the
scanned path and the sound-wave beam cross-section. In both cases the rolled texture complicates the determination of
stress states in sheet metal. Calibration of these techniques is therefore necessary for a reliable assessment of rolled
plates used in forming processes. This calibration can be performed by neutron diffraction, a unique non-destructive
reference method [3].

This paper presents and discusses the results of estimating residual stresses in cold rolled iron disks by meas-
urements with the high resolution Fourier diffractometer (HRFD) at the IBR-2 pulsed reactor in Dubna [4]. A 6Li -
glass scintillation detector is installed at the scattering angle 26=+152° on the HRFD. The neutron intensity on the
sample is 107 n/cm?/s and the resolution achieved by the diffractometer is Ad/d=10-3. This allows the measurement of
strain in bulk metallic specimens with sufficiently high precision and within a reasonable measuring time.

To verify expectations for the possibility of strain measurements in steel components with HRFD, a relatively
simple program has been started using the back scattering geometry of this spectrometer. Prospects of HRFD devel-
opment will be discussed in the concluding section of this paper.

EXPERIMENTS

The tested objects were cold rolled steel disks of 2.5 mm thickness and diameter of about 500
mm (steel - C(0.127 %), Si(0.100 %), Mn(0.760 %), P(0.011 %), S(0.008 %), and AlS(0.043 %).
The bulk elastic constants were: E = 180 kN/mm?2, and p = 0.3. The yield point Ry of this material
was 276 MPa and the tensile strength R, was 434 MPa. A first indication of the presence of residual
stress states in the considered disk is disk unevenness (Fig. 1). The magnetic and ultrasonic meas-
urements carried out at the Fraunhofer-Institute for Nondestructive Testing in Saarbriicken indicated
characteristic changes in stress states across the disk. The magnetic testing method had a lateral
resolution of about 20x20 mm?, which was determined by the geometry of the magnetic sensors. The
gauge volume for the neutron diffraction measurements was chosen accordingly. With the help of a
boron nitride (BN) mask, the cross-section of the neutron beam was reduced to 2x20 mm? (Fig. 2).

To determine the strain tensor, €, from neutron diffraction spectra, the scattering vector, Q,
has to be oriented in different directions. Because stresses are averaged over the interior of the scat-
tering volume, the internal stress components belonging to the normal direction to the disk plane
should vanish. As a result, the determination of the main components of the local strain and stress
states is reduced to a quasi two-dimensional problem. Extensive investigations were not possible due
to the limited measuring time and, therefore, only four directions of the scattering vector Q were
chosen: the radial direction (¢'=0°) of the disk, the tangential component (¢'=90°), and the ¢'=+45°
directions in the (x’,y’) local coordinate system built by the radial and tangential components. At
several points the normal component of the strain perpendicular to the disk-plane was also measured.
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A survey of the changes in the internal strain and residual stresses was obtained for eight observation
points on a track lying around the disk at a distance of ~55 mm from the border of the disk.

{ Thsk
1.0 : i
% "‘zl'"' 25 mm

z-axis [mm)

S A R B Detector ‘
0 100 200 300 40 BN-mask
* (%]
Fig. 1. Disk unevenness: off-plane deviations were measured Fig. 2. The back scattering geometry for strain
at different angles @ around the disk at 50 mm from the disk measurements in a cold rolled disk, Q - the
border, the z-axis is perpendicular to the disk plane. scattering vector, ¢ - the scattering angle.

The lattice spacing in an unstrained state, d;*, was derived from the reverse time-of-flight
(RTOF) spectrum for an annealed powder sample made from the disk material. The lattice strain is
determined as a relative shift of the Bragg reflexes A™ = (d™'-d!™)/d?, where d* is the measured
lattice spacing. ’

RESULTS

By analysing the positions of available Bragg reflexes the corresponding crystallite lattice
plane spacing, dhkl, was determined by the centre of gravity method, which takes into consideration
the upper 50 % of the peak heights. The results are presented in Figs. 3-4.

A striking feature of all A™(o) is their correlation with disk unevenness. The obtained strain
variations for different angles, ¢, as well as for different local orientations (angle ¢') of the scattering
vector are rather strong. In addition, AMKl(¢) shows a pronounced anisotropic effect.
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Fig. 3. The lattice strain, Ahkl(q)), Jfor the scattering Fig. 4. The lattice strain, Ahkl(q)), for the scattering
vector, Q, along the radial vector of the disk. vector, Q, along the tangential vector of the disk.

In Fig. S the internal strain as a function of the anisotropy factor is presented. The irregular
behaviour of ARKI(T",p), points to a strong influence of plastic anisotropy and large stresses due to
grain interaction (microstresses - see [5], [6]), a linear dependence would have been caused by elastic
anisotropy. Microstrains, which are related to the line widths of Bragg reflexes, do not show any
significant dependence on the angle ¢ or on I". Only stochastic fluctuations seem to be present.

DISCUSSION
Actually, these results do not permit a quantitative analysis of stress [S]. Further investiga-

tions, i.e., measurements of the siny-dependence of ANKl(y ¢) are necessary. To acquire experience
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in analysing the measured strain data, the following evaluation procedure was performed. The least
squares method was used to calculate components of the strain tensor: ghkl=(ghkl(x' x") ghkley v
ehkl(x', y))T where T means the transposed form. For this purpose, the measured A™ () are col-
lected to form a 4-dimensional vector: AlKI=(A™ (0), A2 (@), AT (0), A2 (¢))T, where i denotes the
different directions of Q in the (x',y') coordinate system: i=1 - ¢'=45°, i=2 - ¢'=-45°, i=3 - ¢'=0°, i=4
- ¢'=90°. Then, the strain tensor k! satisfies the equation: AbKl = Axghkl The line of the A matrix is
defined as: Ai=(m’, n? , n; m;), where m=cos(¢;') and n;=cos(90°-¢;") are the direction cosines of Q.
According to the least squares fit procedure, €hk! can be obtained by the formula:
ghkl=(AT,A)1«ATxARKl
The relative fitting error can be estimated by the following formula:
8™ =|(A+(ATxA)1+AT-T)«AhKl/ ARK]

The principal strain, €P-hkl and the principal strain axis can be determined by diagonalizing

the strain tensor. Then, under the assumption of an elastic model, the components of the principal

3
stress tensor are related as: o2,=2 Ghkl gl 4 AhKID" DM - \pere Ghkl=Ehkl/2(1+,hkl) and
d=1

Ahkd— hkIghkl/(]_2, hkly(1+yhkl) The third component €3;™, which has not been considered so far,
can be derived from the condition that 6,=0. Unfortunately, the X-ray elastic constants are not
known for the steel used to make disks. Because the investigated material is nearly isotropic in our
case, the values of Ghkl and Ahkl were estimated on the basis of those for bulk material which were
determined by the manufacturer as G=70 GPa and A=104 GPa.

Table 1 contains the results of a least squares fit for the [222]-reflex, i.e. the measured strain,
A, the strain tensors €, the principal strains €D, the relative error 8¢, of the fit, and the principal
stresses o5, along the principal strain axes rotated through the angle 8¢' in the local system (x'y').
The €2, and €1, quantities are the theoretical (65,=0) and measured normal strain components,
respectively. The obtained results look quite reasonable, though the fitting errors are relatively large.
The situation similar to that illustrated in Table 1 also takes place for other [hkl]-reflexes. It would
be interesting to investigate whether the errors of the fit can be reduced by increasing the number of
observation points. Repeat measurements with better statistics are planned.

Table 1
[222]-reflex of Fe @=0° - @=90° @=180°
A [10'4] (-16.6, -13.4, -15.5, 10.1) (-6.2, 8.0, -2.0, 22.3) (-16.7,-3.2, -15.5, 13.6)
€ [10'4] (-21.6, 4.0, -1.6) (-6.6,17.7, -7.1) (-20.0, 9.2, -6.8)
(eﬁ, 8?2) [10-4] (-21.8,4.1) (-8.5, 19.6) (-21.5, 10.6)
8. [10°4] 0.4 0.38 0.34
I
(01, O») [MPa] (-410, -48) (-53, 340) (-365, 84)
5¢' [°] -4 -15 -12
8?3/8%“1’ 75/23 -6.8/-4.7 4.8 / not measured
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The calculated stress values are also rather large. Stresses along the rolling direction are no-
ticeably larger than at the yield point Ry, but the tensile stress is still smaller than the tensile
strength R, In our opinion, large fluctuations of lattice strains for different lattice planes neverthe-
less point to the fact that the calculated stress values not only reflect the existence of macroscopic
residual stresses (1st kind residual stress), but are also caused by residual stress of the 2nd kind [6].

Finally, a first comparison of the neutron diffraction
data with the results obtained by the ultrasonic and magnetic
methods can be made. In Fig. 6 the difference between the
radial and tangential stress components calculated by the
formula Ac® "=6"-c"=2G(A2"'-A2") is shown together with

the corresponding change in the velocity of SH-waves Av®™"
(the frequency is 800 kHz, the transmitter-to-receiver dis-
tance is 30 mm), and the Barkhausen noise amplitude,
AMEY], measured in ac fields (50 Hz, 10 A/cm) over the
frequency range of 10 - 30 kHz. The coercive field strength,
: . . - ) Hcy, for the mentioned frequency region does not yield a

[} 100 200 300 400 . . . . .
o ] significant @-dependence, which is evidence of a weak tex-
Fig. 6. Comparison of the angular depend- tUT€ mﬂuencg in the con31de1jed disk. . ]
ence of the residual stress, o, determined Despite the fluctuations, a correlation of the esti-
Jfrom the [211]-reflex contained in the neu- mated stress values with AV:"" and AM®_T can be detected.
tron diffraction data with the results on the Furthermore, angular dependencies of these quantities are
ultrasonic velocity, v, of SH-waves and the (1o cted in an obvious way with the disk unevenness, z.

Barkhausen noise amplitude, My, For all . . .
cases the difference between the radial and Hence, both residual stresses and disk unevenness influence

tangential components is drawn. The un- the result of the forming process, i.e., folds should appear at
evenness of the disk, z, is also shown. the disk positions for which significant changes in these
quantities are observed. We do not know yet what the forming procedure will result in, but non-
regular behaviour can be expected for the angles ¢ = 180° and 270°.

The existing deviations in the angular dependence of the three parameters Ac™ ', Av®" and
AM;, could have several origins. First of all is inhomogenous microstructure. The averaging pro-
cedure over different measuring volumes might also be responsible for that. For instance, the inspec-
tion depth of the magnetic method is on the order of 0.3 - 0.5 mm only, and the magnetic results
cannot be in correspondence with the bulk properties for any case.
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EXPERIMENTAL STUDY OF THE VIBRATIONAL SPECTRUM
AND STRUCTURE VARIATIONS IN NH,CI UNDER HIGH
PRESSURE.
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FLNP, JINR 141980, Dubna, Russia

A V.BORMAN, V.P.GLAZKOV, .N.GONCHARENKO, V.A.SOMENKOV

and G.F.SYRYKH
RSC " Kurchatov Institute",123182, Moscow, Russia

Ammonium halides NH A, where A=Cl, Br or I, are rather simple,
convenient and interesting objects for neutron scattering experiments. The strong
influence of pressure on phase transitions in these systems has already been
established by different methods, including neutron scattering. Under pressure the
NaCl type cubic structure converts first into a CsCl type cubic structure with
disordered and then with ordered ammonium ion arrangements, space group P43m,
with the single parameter of a hydrogen atom centered at the threefold position.

Vibration frequencies of NH4Cl have also been thoroughly studied. Together
with intramolecular (175-400 meV range) and lattice vibrations (0-20 meV
range), there is the libration mode (~42 meV) which is non-active in optical
spectra and corresponds to the rotation of the NH4* ion as a whole. It was
established earlier that most part of the intramolecular frequencies decrease with
pressure. As follows from the optical data a phase transition of unknown nature
takes place for ammonium halides at high pressure, and the question arose about
their stability if the density is high.

Recently, several studies of the atomic dynamics in these compounds by
means of neutron inelastic scattering were performed under high pressure. For
instance, NH4Cl has been investigated/1/ at the IBR-2 pulsed reactor under
pressures up to 10 kbar. The pressure of 25 kbar in the study of NHyBr has been
achieved/2/ at the pulsed source ISIS. Therefore, it is interesting to investigate the
frequencies and structural parameters behavior of ammonium halides under pressure
higher than before using sapphire anvils technique.

The neutron scattering experiments were performed at the IBR-2 pulsed
reactor with the DN-12 diffractometer. The sample was placed between sapphire
anvils, which were used to create the pressure. The sample volume was 2.5 mm3. A
ring-shaped detector (16 independent 3He-counters) 800 mm in diameter was used
to gather the scattered neutrons. The scattering angle was 90°; the diameter of the
incident neutron beam was 2 mm.

For analysis of the neutron energy transfer, Be filters (a 120 mm thick Be
layer, without cooling) were placed between the sample position and each counter.
Inelastic scattering experiments were carried out under pressure of 0, 10, 16, 27 and
40 kbar at room temperature. Additionally, neutron diffraction patterns were
measured at O and 25 kbar. Exposure time for the maximum pressure was ~50

hours for the inelastic and ~10 hours for the elastic scattering measurements. The
background was measured with the high-pressure cell but without the sample.
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The inelastic neutron scattering spectra were converted into generalized
vibrational density of states G(E). After spectra processing the positions and widths
of three low-frequency modes were obtained: libration, transverse optical and
longitudinal acoustic. The values of the observed lattice and libration frequencies
increase with increasing pressure, though with a different slope (dwis/dP and
doo/dP ~0.17 meV /kbar; doy;},,/dP 0.056 meV /kbar).

To study the structure parameter variations with pressure the deuterated
analog, ND4Cl, was investigated. The neutron diffraction patterns of ND4Cl at 0
and 25 kbar are shown in Figure 1. One can observe the sharp change in the set
and intensity of the lines with pressure. After Rietveld refinement of the diffraction
spectra at 0 and 25 kbar a definite result was obtained: position parameter u
increases with pressure from 0.154 to 0.168 at 25 kbar while the unit cell volume
decreases, with just the same slope as in/3/. The agreement of the calculated
intensities to experimental ones may be considered as satisfactory, taking into
account a low statistical precision. For zero pressure the u value agrees well with/4/,

Contrary to the intramolecular vibrations, all the low-frequency vibrations
obviously increase with pressure. The difference between the increasing rates of the
lattice and libration frequencies indicates the possibility of frequency crossing. The
point of intersection obtained by linear extrapolation is about 230 kbar. The
increase of structural parameter u means that a reduction in the D-Cl bond length
takes place with pressure (from 2.300 to 2.175 at 25 kbar) while the length of N-
D bond remains nearly the same (1.038 A at ambient pressure, 1.052 A at 25
kbar). It is evident that as parameter u reaches the value of 0.25, either a collapse
of molecular ND4t ion or a change in its form or orientation towards the anion
should be observed, because as ¥=0.25 the length of the N-D bond will be equal to
the length of the D-Cl bond. The linear extrapolation of u to 0.25 gives a pressure
value about 130 kbar for this transition. So, we may assume that the phase
transition of unknown nature in ammonium halides is connected with the existence
of a dynamics and structural critical point. It is also possible that the transition
pressure is determined by the anion polarization ability and decreases with its
growth ( P =100 +10 kbar for NH4Cl, P =80 +10 kbar for NH4Br and P =54 +4
kbar for NHy41).
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Precision Neutron Diffraction Study of the
High-Temperature Superconductor Y(**Ca)Ba,Cu,O4

AM. Balagurovl, P. Fischer?, T.Yu. Kaganovichs, E Kaldis®,
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The high-temperature superconductor, YBa,Cu,Og, with partial substitution of Ca
for Y was investigated with a high-resolution neutron diffractometer over a wide
temperature range. A partial substitution of Ca for Y (~10%) in Y124 leads to an
increase in the superconducting transition temperature from 80 K to ~90 K and the
occurrence of a phase transition at T=150 K. The phase transition was first found
by means of elastic and specific heat measurements in a Ca doped compound’"’.
Indications of its existence were also detected in the powder neutron diffraction
study of Y(Ca)-124’% and the X-ray structure analysis/ 3 of Y-124 and Y(Ca)-124
single crystals.

We have attempted to clear up the situation by carrying out an experiment on the
same sample studied earlier in’?. We performed our experiment with the high-
resolution neutron Fourier diffractometer (HRFD) put into operation recently at
the IBR-2 pulsed reactor in Dubna’*. The resolution of HRFD is approximately 2.5
times better than that of the mini-SFINKS diffractometer in Gatchina where the
results of Ref.”*/ were obtained.

The neutron diffraction experiment was performed on powdered YBa,Cu,Og that
had 10% of its Y replaced by “Ca. The coherent scattering length of the *Ca
isotope (1.42 F) differs appreciably from that of Y and Ba (by=7.75 F, bg,=5.07 F)
thus facilitating the problem of identifying Ca atoms in the positions of Y or Ba.
The X-ray phase analysis revealed the presence of small amounts of CuO and Y,0,
in the sample. The temperature of the superconducting phase transition was 87 K.
The diffraction spectra were measured with good statistical accuracy at
temperatures of 135, 165, and 293 K; structural analysis was then performed over
these data. Additional measurements were performed at nine temperature points
in the interval of 8 to 288 K. These data were used only for determining the
temperature dependence of the lattice parameters. The spectra were measured
with high resolution by the detector at a fixed mean scattering angle of 26=152° in
the d-spacing range of 0.75 to 3.0 A. The unit cell parameters were refined using
the data from the interval of 1.35 A <d <297 A; Rietveld structural analysis was
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performed on the interval from 0.73 A < d <297 A. Fig.1 shows portions of the
spectrum with the experimental points, calculated profile, and the difference
curve. The indication of the presence of a structural anomaly in the proximity of
150 K was obtained. It manifests itself by a change in the expansion coefficient
along the b axis, irregular behavior of the orthorhombicity coefficient (Figs.2 and
3), and a noticeable change in bond lengths. The most distinct change is a
contraction of the distance between the Cu2 copper atom and the apical O1
oxygen, as well as a change in the distance between the O2 and O3 atom chains in
the CuQ, layer.
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Fig. 1. A portion of diffraction spectrum from the powdered Y, " Cay Ba,Cu,O5 measured
on the high-resolution Fourier diffractometer at the IBR-2 pulsed reactor showing the
experimental points, profile calculated by the Rietveld method, and the difference curve.

The population factor n(Y) was found to be 0.889(5), which is practically equal to
the nominal value of 0.9. The population factor of the Ba position coincides with
the nominal value within the limits of error, which confirms the conclusion made
earlier’”/ that it is the Y position and not Ba that is replaced by Ca. This points to
the main role in the substitution mechanism being played by the small ion radius
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of Ca**, which practically coincides with the Y** radius, and not by its valency,

which is equal to that of Ba.

To confirmed the results obtained a more detailed measurements as a function of
temperature are planned on a new purer sample.
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THE CRYSTAL STRUCTURE OF THE IONIC
CONDUCTORS BaCe(l_x)YxO(3_x/2)

A.lBeskrovnyi*, A.V.Strelkov**, I.G.Shelkova*

* Frank Laboratory of Neutron Physics, JINR, Dubna, Russia
** The Moscow State University, Department of Chemicals, Russia

The crystal structure of BaCeQO; was examined by numerous authors [1, 2].
Atomic coordinates, Pbmn the space group, and the structural parameters a=
6.212(1)A, b=6.235(1)A, c=8.781A were determined in [1]. It was noted, that the
general regularity of the orthorhombic perovskite structures: a<c+/2 <b, was broken
in BaCeOs. In [2] the compound, BaCeO; was assumed to have the tetragonal
structure with a=6.212(2)A, ¢=8.804(4)A.

Further, an interest in BaCeQs, doped trivalent metals, arose due to the
discovery of their high ionic conductivity [3, 4]. It was suggested, that the ionic
conductivity, which appeared following the substitution of Ce* by trivalent
cations was realised via oxygen vacancies. The protonic conductivity is the result
of the action of water vapour on these materials. ‘

In [5] the structural data, confirming the existence of oxygen vacancies in
the amount of x/2 in a compound, doped with Y=0.1 and Gd=0.1, are given.

The examined samples were the BaCe.5Yx0; (x=0.05, 0.10, 0.15, 0.20,
0.25, 0.30) compounds. No other phases were observed in the samples. Rietveld
fiting was done under assumption, that the vacancies can occupy the positions O1
and O2 and their total number equals x/2. The diffraction patterns for x=0.05 and
x=0.20 are shown in fig.1 and 2. Splitting of the diffraction peaks (110) and (002)
(d=4.393A) and their second orders (d=2.197A) in a sample with Y=0.20 are
illustrated on fig.2. A change in the lattice parameters following Y- doping is
presented in fig.3. A very weak dependence on a,b and a high sensitivity ¢, to Y-
doping attract attention. Another peculiarity of structural changes is the existence
of the oxygen vacancies in four O2 positions only, which are in the apices of the
octahedral basis. Two Ol are on a line parallel to c.

Obviously, the reason for a high ionic conductivity in BaCeQOs;, which is
doped with trivalent cations, is actually a high concentration of oxygen vacancies.

1. A.J.Jacobson, B.C.Tofield, B.E.F. Fender, Acta Cryst. 1972 b28, 956-61

2. V.Longo, F. Ricciardello, D.Minichelli, J. Mat. Sci., 1981, 16 3503-05

3. N.Bonanos, B. Ellis, K.S. Knight, M.N. Mahmood, Solid State Ionics, 1989,35.
4. H.Iwahara, H. Uchida, K. Ono, J. Ogarki, J. Electrochem. Soc., 1988, 135

5. N.Bonanos, M.Soar, Annual report ISIS, 1992, A56.
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TEXTURE INVESTIGATIONS AT THE NSHR DIFFRACTOMETER:
METHODICAL WORK

J Heinitz, N. N. Isakov, V. Luzin, A.N. Nikitin, D.I. Nikolayev, K. Ullemeyer & K. Walther
Joint Institute of Nuclear Research, Dubna, Russia

Introduction

Beside the carrying out of pole figure (PF) measurements on geological samples by our group
and external users, even methodical work is performed to rationalize PF measurements and to
improve the extraction of pole density data from the recorded spectra. This research is based on
the demands of structural geologists: to derive the development of geological structures from the
textures of the rock forming minerals, generally many samples have to be measured. The
reduction of measuring time for one sample without loss of texture information therefore is
desirable. On the other hand, good counting statistics require long measuring times, and the
determination of the lowest possible time is essential to avoid data falsification. One possible test
to control the reduction of measuring time by means of data smoothing is reported.

Furthermore, some work has been initiated to improve PF extraction from time-of-flight
(TOF)- spectra by means of peak profile analysis considering also the shape of the peaks. The
fundamental concept is explained in this report.

Rationalization of pole density measurements

. The required measuring time to obtain adequate texture information of one sample is
determined by the number of sample positions [1,2], but also by the measuring time at one
position. Since the quality of the recorded TOF- spectra depends on counting statistics (noise)
and therefore on time, some expense is necessary to control the reduction of measuring time. This
may be done by means of data smoothing.

The experimental PF P, () is considered to be the sum of some function and a superimposed
noise &, i.e. we usually get F, (y)+9. It is assumed, that a long time measurement has a lower

level of noise as a short time measurement and after smoothing better fits the real pole density
distribution. Thus, the comparison of two smoothed data sets obtained with different measuring
times will test the quality of the short time measurement. As an example, a carbonate mylonite
was measured twice with 17 and 2 min exposure times, subsequently the extracted PFs were
replaced by smoothed PFs F’(y) applying a Gaussian to determine the weights w, [3]:

]JA )= Zw }'}7 (yj /Zl W, w, = exp(—wi/wg)

In Figure 1 the experimental and smoothed PFs of two overlapped Bragg reflections are given
as an example, their differences are described by the statistical error parameter RPO [4]. Rather
good conformity even in detail is deduced from small RPO- values and from visual comparison,
this is valid for experimental (RP0=3.6%) and smoothed (RP0=1.2%) PFs as well. In sections
7 = constant it becomes more obvious, but slight differences should also be noted (see Fig. 2). It
seems, that for the considered PF an exposure time of 2 min is sufficient. On the other hand, we
observed greater differences for weakly scattering peaks. As low intensity peaks determine the
quality of quantitative texture analysis, a measuring time of 2 min to accumulate one spectrum is
too short. We conclude, that the exposure time in principle may be reduced, but its lower limit
must be determined carefully also considering the scattering behaviour of the present phases,
sample volume and other parameters.
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Extraction of pole figures from TOF- spectra by means of peak profile analysis

To extract a PF one has to determine the integral intensity S* of the associated Bragg reflection
in dependence on a certain grid. The pole density £, (y) and §" must be proportional to the

scattering volume V(A | y):

V(h
1)}1 (y) ~5 M

Commonly a PF is considered as a normalized function S(4,,
S )
Py (y)=

NU )y

Two different approaches in the processing of the experimental data and to obtain the estimate
S may be realized - a parametric approach and a nonparametric one. Here, the parametric
approach assumes a parametric model of the diffraction peak and not a parametric Poisson model
of the countings in each channel. The approximating curve is composed of a limited set of
parametric curves, which better match the experimental data. The area below the peak is obtained
by integration over the intensities of that approximating curve, which is easy to calculate
analytically. That property is desirable especially for texture analysis.

The parametric model overcomes several problems, but other problems arise. The most
important one is the assumed peak shape. Accumulating all experience, the peak of the NSHR-
instrument may be properly described by a composed function of the following type:
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where o, and o, are determining the width of the Gaussian regions at the left and right side of the
peak and y is the decay constant of the exponential region. The position #, =1, + yo’ ensures a
smooth transition between the regions.

Recently PFs obtained by means of the parametric model are compared with PFs obtained from
the nonparametric model. First results show several advantages of the parametric model.
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COLD MODERATOR AT THE IBR-2 REACTOR AS A BASIS FOR NEW
POSSIBILITIES IN NEUTRON SCATTERING EXPERIMENTS

G.M Mironova
Joint Institute for Nuclear Research, Frank Laboratory of Neutron Physics,
141980 Dubna, Russia

With the DN-2 difractometer (flight path 25 m) at the IBR-2 pulsed reactor the
theoretically available range of neutron wavelengths is 1-30 A, the lower limit
being caused by the use of a bent neutron guide-tube and the upper is the recycle
limit of the reactor. As the resolution Ad/d~At/t for scattering angles near 180°
and At~300 ps, we obtain Ad/d=2-10"2 (A=2 A) - 10-3 (A=30 A). So, the larger
the available wavelength, the higher the resolution of the device becomes.
The diffraction pattern of a Y-123 ceramic sample measured at the temperature of
the water moderator 300 K is presented in Fig.la. It is obvious that the most
useful information is located in the wavelength interval of 2-6 A where the
maximum available resolution is ~6:10-3 (A=6 A). Fig.1b represents the
diffraction pattem‘ obtained under the same conditions, but at the temperature of
the solid methane moderator, T~30 K. The quality of the structural information
significantly improved due to strongly enhanced large wavelength neutron flux.
Perhaps the brightest illustration of neutron spectrum completness at large
wavelength and T, 4=30 K is Fig.1c (the upper curve). It is remarkable in several
aspects: /1/ one of the weakest reflexes of the Y-123 structure - (002) - has been
measured at the 175° angle, /2/ the effect-background ratio is <1, /3/ the
wavelength in this region of the spectrum is about 11 A, /4/ measurement time is
1 minute, /5/ the sample volume is about 1 cm3.
The practical consequences of using large wavelengths in backscattering
diffraction are shown in fig.2, where the diffraction patterns of 'blue' phase -
Y,Cu,05 (2a), 'green’ phase - Y,BaCuOs (2b) and Y-123 (2c) are presented. All
the phases measured simultaneously were purely resolved at A>6 A. There are
two circumstances promoting this fact:

1) the resolution Ad/d is less than 5-1073 in this region;

2) the natural rarefying of diffraction lines is significant.

A resolution on the level of 10-4 would be necessary to solve the problem
of quantitatively separating these phases at wavelengths less than 6 A.
Taking into account the minute exposition being enough to have appropriate
statistics in large wavelength range it is clear that quite new possibilities are
offered in studying transient phenomena and chemical reactions in complex
systems.
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Fig.1a

The part of diffraction pattern
measured for 1 min. from a 1
cm3 Y-123 ceramic sample for
a  channel width 128
microseconds, the range of
wavelengths 1-9 A  and
temperature of water
moderator 300 K.

Fig.1b
All conditions are as in
Fig.la. The temperature of

methane moderator 30 K.

Fig.1c
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Non-Ionic Surfactant Structures in Saline Water Solutions by SANS

L.A.BulavinD, V.M.Garamus2), T.V.Karmazina3

1) Physical Department Kiev University, Kiev, Ukraine
2) Frank Laboratory of Neutron Physics, JINR
3) Institute of Colloidal Chemistry and Chemistry of Water, Kiev, Ukraine

The influence of salt on surfactant aggregates is a widely studied field in the case
of ionic surfactants with a large electrical charge. Micelles formed by non-ionic surfactants
contain a very small positive charge and the salt effects are considered negligible.

A sct of experiments with two types of surfactants: ethoxylated di-isononylphenol
(ODNP) and tetramethylbutylphenol ethylene oxide (Triton X-100) in NaCl and NaBr
water mixtures with varying surfactant and salt/surfactant concentrations were performed
on the "MURN" small-angle neutron scattering spectrometer. ODNP, recently synthesized,
is an original two alkyl chain surfactant with specific properties which act on the oil-
surfactant-water interface. The study of ODNP/water mixtures by SANS were performed
earlier by our group [1]. Triton X-100 is a commonly used research subject because it has
a well defined chemical structure [2].

In the case of dilute surfactant solutions (surfactant volume fraction is 0.01) the
addition of salt gives rise to increases in the radius of gyration of the micelle. But direct
use of the Guinier approximation is not valid because of interference effects in the
scattering curves. The experimental results were modeled in two ways: monodisperse
spheres with an adhesive potential, and ellipsoidal particles with a screened Coulomb
potential. Both fit procedures gave consistent results: with the addition of salt the
aggregation number and micellar repulsion decreased, and the radius of gyration increased.
Micelles also became more non-spherical. The surface electric potential increased but the
radius of the screened Coulomb potential decreased and effective micellar repulsion
decreased, as well. The value of the surface potential was close to 1 mV (in the case of
ionic surfactants, about 10-100 mV and decreasing with the addition of salt).

For analyzing data on concentrated surfactant solutions (surfactant volume fraction
of 0.1) integrated parameters (Porod invariant, parameter K = [d=(q)/dQqdq)
of the scattering curves were used. The average radius of the aggregates, Porod radius
(V/S, where S is the total surface of aggregates and V is the aggregate volume) and their
ratio versus NaBr concentration are represented in the table.

NaBr, g/cm3 | Average radius, A | Porod radius, A Ratio

0 35.9 26.1 1.37
0.025 35.2 249 141
0.055 33.6 23.4 1.43

The ratio points to the slow increase of some non-spherical aggregate shapes with salt
concentration.
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The influence of salt on non-ionic surfactant solutions is somewhat different than

for ionic surfactants, i.c., aggregate volume and aggregation number decrease, and the
surface potential increases.
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Fig.1. Expcrimental curve of ncutron scattcring of 8.11 mmol/l ODNP, 50 mmol/l NaCl
and curve of the model for cllipsoidal particlcs with screcned Coulomb potentials.
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Investigation of the structure and dynamics of lipid biological
membranes via neutron and X-ray scattering

V.L.Gordeliy, M. A Kiselev, A.LKuklin, V.G.Cherezov, S.P.Yaradaykin, A.H.Islamov,
A.D.Tougan-Baranovskaya*, A.V.Pole*, P.Balgavy®, V.A.Chupin®, G.Klosc®,
L.S.Yaguzhinskiy*

*_ Moscow State University

*_Moscow Institute of Fine Chemical Technology
*_University of Bratislava, Slovak

*_University of Leipzig, Germany

+_Moscow Engineer-Physical Istitute

Investigations of membrane structure and the problem of membrane interactions were carried
out at the YuMO spectrometer, DN-2 diffractometer and the DRON-4 X-ray diffractometer.

1. Small-angle neutron scattering.

1. The method developed in " was used for measurements of membrane structural parameters
(membrane thickness and positions of deuterium labels in it) by small angle neutron scattering. For
this purpose it is important to have vesicles in the solvent with a radius larger than 500A. This is
necessary for a precise structure determination. This fact is demonstrated in Fig.1. A sample of
one kind was taken (DPPC in a DMSO/water mixture with DMSO molar concentration 0.05), but
two ditferent methods for preparation of the vesicles have been used: the first - ultrasonically (in
this case we have small vesicles with about 150A radius) and the second - using an extruder (in
this case the radius of the vesicles is determined by the radius of the nuclear membrane in the
extruder, about 800A)”. The linear part of the curve for the sample prepared by extrusion is
longer in the region of small q* - that giving the possibility to determine the membrane structure
parameters with a higher accuracy relative to the sample prepared by ultrasonics.

2. A similar method was used to determine the membrane thickness and the location of
surfactants in lipid unilamellar vesicles. The structure study of lipid membranes containing
nonionic polyoxyethylene type surfactants has direct implications for a wide range of questions: for
example, the origin of so-called hydration forces between lipid membranes, cell adhesion, cell
fusion properties, etc. To determine the surfactant location in the lipid matrix, the following
partially deuterated surfactants were used:

CanCDzO(CHzCHzO)nI‘I denoted by C]zEn'Dz ,

CuH;sO(CDzCDzO)uH denoted by Clen'D4.

According to the results obtained from neutron diffraction, the polyoxyethylene groups of
Cy;E, are entirely incorporated in the polar part of the lipid matrix and the lipid/water interface
increases. It was important to detect the location of the surfactant in the lipid matrix by SANS. The
measurements carried out with contrasts of 100%, 50% and 25% D,O showed that under the
influence of the surfactant molecules, the membranes became asymmetric. To obtain the
parameters of the asymmetry with sufficient accuracy, it is necessary to measure more points of
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the contrast. This work was performed in collaboration with Prof.G.Klose, Germany, University of
Leipzig.

3. The new direction of the SANS application to the study of biological membranes is the
investigation of the thylakoid membranes of chloroplasts. These membranes play an important role
in plant photosynthesis. The mechanism of photosynthesis and, in particular, the mechanism of
proton transport through the membranc remains unknown. The purposes of the performed
experiments were:

a) To properly extract single thylakoid membranes from the plants (spinach leaves) and to
make clear whether it is possible to investigate these objects by means of small angle neutron
scattering;

b) To measure the parameters of the thylakoid membranes.

Fig.2 represents the scattering curves at different contrasts in the D,O/H,;O solution. These
curves agree with the data in ™ The scattering amplitude density calculated from the neutron
experiments is p = 0.0169:10"'? cm/A>. This value is in agreement with the theoretically estimated
value of 0.0166°10"*cm/A>. The measured membrane thickness was 53A. This work provided a
basis for futher accurate determinations of the structure parameters of thylakoid membranes under
different conditions. The main aim of the planned experiments is to study the way of protons
during the proton pumping. This study is being done in collaboration with Moscow State
University, (Prof. L.S.Yaguzhinskiy).

II. Neutron and X-ray diffraction.

4. Up to now the mechanism of the huge repulsive forces acting at short distances between
membranes, some biological molecules like DNA, collagen and colloids is unknown. A series of
investigations have been done in order to understand the mechanism of the so-called hydration
forces.

To understand the contribution of the out-of-plane fluctuations of lipid molecules to the
balance of forces acting between membranes, the structure and hydration properties of membranes
from a newly synthesized polymerizable lipid DTDPC (phosphatidylcholine with two conjugated
diene groups on both ends of the hydrocarbon chains) were studied by X-ray diffraction and
NMR.

Electron density profiles of polymerized bilayers and electron microphotographs show that
polymerization occurs not only between adjacent lipids in the same monolayer but also between
lipids from opposite monolayers which links these monolayers together. See Fig.3.

The “hydration” forces were measured in polymerized membranes by means of the osmotic
stress method. It was found that the decay length of these forces has an anomalously low value ~
0.7A in polymerized membranes compared with nonpolymerizable analogs (~2A). This can be
attributed to restriction of the out-of-plane lipid motion caused by polymerization. Synthesis of
DTDPC and the NMR experiments were done at the Moscow Institute of Fine Chemical
Technology.

5. The second part of the membrane structure investigation was carricd out at the DN-2 high-

flux neutron diffractometer and was connected with the study of stacking disorder in model
membranes via time-of-flight neutron diffraction. The stacking disorder in membrane systems has
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an important implication for elucidating membrane structure and interactions. A knowledge of the
nature of the disorder would allow the out-of-plane thermal fluctuations of lipid molecules to be
determined correctly from neutron diffraction experiments. The latter is a “hot” problem
concerned with Israelachvili's theory of entropic contribution to the “hydration” forces™.

It is necessary to stress, however, that in traditional experimental set ups at steady state reactors
and X-ray diffractometers, the reflection widths are largely determined by instrumental
broadening, and it is practically impossible to remove this effect completely.

Time-of-flight neutron diffraction was used to extract the contribution due to intermembrane
distance fluctuations from the diffraction peak width™. This method was also applied to investigate
the second kind of disorder in model egg yolk lecithin membranes. The widths of several orders of
diffraction at different hydrations were determined. Based on this data, conclusions conceming

with the nature of the stacking disorder in model EYL membranes were drawn (Fig.4).

6. The membrane structure of a series of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC) modified by the nonionic surfactant C ,H, O(CH,CH,0) H (C_E)
(n=2, 4 and 6) in a lipid/surfactant molar ratio of 2:1 and 1:1 have been investigated by X-ray and
neutron diffraction at two relative humidities RH=85% and RH=97% (t=20°C, L phase). It was
shown that the position of C E_in the lipid matrix depends on the osmotic pressure, molar ratio

and length of the hydrophilic head of surfactant (CH,CH,0), . In some cases, with a decrease in

the osmotic pressure, the hydrophilic head of the surfactant withdraws from the lipid matrix in the
water layer. These data give important information for interpreting the results of measurements of
the hydration forces between bilayers. The study has been performed in collaboration with
University of Leipzig.

7. The mechanisms acting on the cells through biologically active molecules are being studied
intensively now. In order to understand the role of the lipid bilayer in such phenomena, a study of
the influence of local anesthetic on lipid membranes has been performed by X-ray diffraction™. A
simple mathematical model explaining the quasi-parabolic dependence of the local anesthetic
activity on the length of the hydrophobic substituent in the homologous series of tertiary amines
(TA) has been proposed. It is suggested that the molecules of TA intercalate between the lipid
molecules in bilayers. Due to the mismatch between the length of the lipid and TA hydrocarbon
chains the intercalation results in a decrease in the bilayer thickness. The quasi-parabolic
dependence is the result of the combination of partition equilibria and the geometrical parameters
of interacting molecules in the bilayer. The model predicts that the TA chain length at which
maximum activity is observed should depend on the lipid : aqueous phase volume ratio. The
empirical parameters used in the model were obtained from X-ray diffraction on multilamellar egg
yolk phosphatidylchoine (EYPC) dispersions with the monohydrochloride of the [2-(heptyloxy)-
phenyl]-2-(1-piperidinylethyl) ester of carbamic acid and from the partition equilibria of its
alkyloxy homologs with unilamellar EYPC liposomes. The results support the idea that one of the
mechanisms of the influence of biologically active molecules on biological cells is the change in
membrane thickness. This work has been performed in collaboration with the University of
Bratislava (Dr. P.Balgavy).
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8. Other kinds of work in the membrane field were started in 1993-1994 in collaboration with
Leon Brillouin Laboratory, Saclay, France and the Institute of Biological Structure of KFA, Jilich,
Technical University of Munich and BENSC HMI, Berlin, Germany. (See reports ).
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humidity. The linear approximation gives the repeat distance fluctuation:

Adyd = (1.08 + 0.04)-107,
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Material research becomes more and more important today, especially with regard to the
long time behaviour of the materials. In the case of hydrating cement paste it includes the
unhydrated clinker minerals as well as the hydration products [1]. The SANS gives the
opportunity to investigate cement samples with macroscopic thicknesses. In the case of
the MURN facility of the IBR-2 the wavelength from (0.7 to 1.5) nm is used. Therefore
SANS measurements on samples with thicknesses, which are relevant for building
industry (up to some millimetres), are possible without any necessary corrections of
multiple scattering effects. By means of different programs ( SAS [2], FUMILI, ITP 92
[3]) the scattering data were used for the description of the development of the particle
size distribution (Fig. 1) and of the time depending change of the interfaces (Fig. 2) [4].
By means of the inverse Fourier-transformation [3], it is possible to calculate the particle
size distribution. Figure 1 shows the time depending change of the particle sizes (radius)
in a 0.5 mm thick OPC (Ordinary Portland Cement) sample (not normalized). The SANS
experiments were carried out during about 2 years (sample set CEMPAS). On the first
hand it is visible that the size maximum position goes from about 5 nm up to 2.5 nm and
during the hydration a second maximum will be observable (about 10 nm). The
increasing of the integral about the probability shows that the number of scattering
objects in the investigated size range becomes more and more. This facts are
understandable when we assume that during the hydration the unhydrated clinker
minerals will decompose and form new hydrated clusters partially.

The approximation of the scattering curve by a potential function gives the possibility to
calculate an exponent A(2) of this function which can be associated with the dimension
of mass or volume fractals dy, (A(2) = dy,) or surface fractals dg(A(2) = 6-dg) [4],[5].
The sketch of fractals is very useful for modelling of the inner structure which is
important for description of the transport of liquids within the cement structure. The
long-time behaviour of the exponent A(2) of the set CEMPAS is discussed in detail.
With an increasing exponent the particle size distribution shows a translation of the first
maximum to smaller sizes. After 92 and 434 days a distinct change both in the value of
A(2) and in the size distribution was found. If the exponent decreases from 4 to 3 that
means the inner structure becomes more and more fine [5],[6]. Other investigations are
done on a set of 4 hydrating samples for the analysis of grain-size effects of the OPC
particles. In this case a set of four samples of a hardened cement paste are prepared from
ordinary Portland cement fractions of different grain sizes ((8-14)um, > 45 pum) and
water mixture (DoO/water = 0.80) with a given water to cement ratio of 0.38. (sample
set CPHYD) In the experiments an observation of the hydration progress within 378
days is done. Figure 2 shows the development of this exponent A(2) calculated by the fit
procedure FUMILI. '
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In the observable size interval of the SANS instrument MURN (about 1 nm to 30 nm)
[2] the cement structure can be described by means of volume fractals (in the first hours
of hydration) and surface fractals. In figure 1 and 2 it is shown that not only in the first
few days structural changes are visible, also after more than 200 days. Hereby the strong
changes in the particle size distribution correlate with such in the exponent A(2).
Experiments on single cement phases (Tricalciumsilicate) were carried out to complete
these measurements. The continuation of these studies has to show the further evolution
of the parameter A(2). In the case of A(2)= 4 the Porod law holds and the specific
surface of the sample can be calculated in a straight forward way. It will be interesting to
see whether the particle size distribution shows only one maximum.

In contrary of the hydrating cement paste the structure of irradiated and etched solid
state nuclear track detectors (SSNTD) is more simple, but there are a lot of unsolved
questions about the track formation, their shape and the spatial scattering length density
distribution. The observable size interval of the spectrometer MURN is favourable to the
investigation of the irradiation and etching process (etching time was up to 65 minutes).
Figure 3 shows the Guinier-Plot of the scattering curve of irradiated and etched SSNTD.
The radii of gyration R, calculated from the slope of the scattering curve move within a
range of about 5 nm to 15 nm for etched tracks. It shows a radius of the inhomogenieties
of about 10 nm. The Guinier-plots of the etched samples show regions with different
slopes, i.e. two Ry values. The Rg values measured by SANS were compared with the
Re values measured by a conductometric method. The dependence on the state of
etching of the nfagnitudes of the Rg and R are different. SANS reflects structural
changes of the neutron optical contrast. In contrary the conductometric method studies
the electrical behaviour. The etching time varies and an increasing of the track radii is
visible. Also only irradiated and non-etched SSNTD were investigated by SANS [7].

The authors thank the colleagues from the SANS group, especially A. 1. Kuklin, for their
helpful discussions and help in the SANS experiments. The experiments in the field of
SSNTD were done by cooperation with the colleagues of the JINR Dubna / Laboratory
for Nuclear Research Dr. M. Danziger, Dr. P. Yu. Apel, Dr. S. G. Stetsenko and Mr. A.
Schulz. We wish to acknowledge Dr. W. Birkholz ( Umweltministerium des Landes
Mecklenburg-Vorpommern Schwerin, Germany ) and Dr. V. P. Perelygin ( Laboratory for
Nuclear Research) for their permanent interest. The work reported has been performed
with partial support of the Bundesminister fiir Forschung und Technologie through grant
no. 03-DU3FHG and 03-EI3ROS. The authors are fully responsible for the contents of
this publication.
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Low Resolution Model of Ribosomes and their Subparticles.
Structural Model of the 50S Subunit of E.coli Ribosomes
from Solution Scattering

D.1.Svergun, M.H.Koch
EMBL, Hamburg Outstation, Notkestrasse 85, D-22603 Hamburg, Germany;

I. Skou Pedersen

Department of Solid State Physics, Risg National Laboratory,

DK-4000 Roskilde, Denmark;
and I.N.Serdyuk
Frank Laboratory of Neutron Physics, Joint Institute
for Nuclear Research, 141980 Dubna, Moscow Region, Russia

Advances in crystallization of ribosomal particles have aroused
hopes for their rapid decoding by X-ray anmalysis. However, a number of
emerging problems have led many researchers to the conclusion that the
decoding of the ribosome structure is, in all probability, a problem of
the 2Ist century. Without disclaiming the possibility of obtaining
electron density maps using powerful synchrotronmic sources with a 5-10 A
resolution, we believe that new possibilities of small-angle scattering
can today yield a 3-D resolution sufficient for constructing trustworthy
models. The direct method of interpretation of scattering curves using
spherical harmonics belongs to such possibilities [1-3]. In our work this
method was applied to create a structural model of the large subunit of
E.coli ribosomes.

The small-angle scattering intensity from monodisperse solution is
proportional to the scattering from a single particle averaged over all
orientations: I(s) = <[F {p(r)-po}]2>, where p(r) and p_ = are the
scattering  length  densities of the particle and the  solvent,
respectively, F denotes the Fourier transformation and s is the modulus
of the scattering vector s, s=(47n/A)sinf, A is the wavelength, and 26 the
scattering angle. The dependence of the scattering on the contrast p =
m—po, where p(r) is the average particle density, is given by (4)

I(s,p) = ﬁzlc(s) + pL () + L(s). 6)

Ic(s) is the scattering of a uniform particle with the same shape (”shape
scattering”), Is(s) that from inhomogeneities and Ics(s) is the cross
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m. As the 508 subunit from E.coli is a two-component particle
ntaining 980 KDa RNA and 34 proteins with a total molecular mass of 460
da, its scattering can also be represented as (5)

_ =2 - = —2
I(S,ﬁ) =/ RNAIRNA(S) + p RNAp proICross(s) + p proIpro(s) (2)
iere iin NA? /_)pm and IRNA(S)’ Ipm(s) are the contrasts and the

ittering intensities of the RNA and of the protein, respectively, and
Dss(s) is again the cross-term. The scattering densities of the RNA
1 proteins differ significantly from each other both for X-rays and
atrons so that contrast variation can provide valuable structural
‘ormation. Joint X-ray and neutron studies combine the advantages of
: high brilliance of synchrotron radiation and of the broader contrast
1ge of neutrons.

50S ribosomal subunits of E.coli MRE600 bacteria were obtained by
: standard procedure [6]. The same batch of 50S ribosomal subunits was
>d as for X-ray and neutron experiments. In the X-ray experiments for
atrast variation samples in buffers containing 0, 7, 14, 24, 32 and 38%
/w) sucrose were used. In the neutron experiments for contrast
riation samplés in buffers containing 0, 14, 40, 67, 97% D20 were used.

The X-ray scattering data were collected using X33 of EMBL on the
yrage ring DORIS III of DESY (Germany). The wavelength was A = 0.15 nm
d the range of momentum transfer [Smin, Sm“] = [0.08, 1.53] nm™.

The neutron scattering experiments were performed at the Riso SANS
sility using the cold source of the DR3 reactor. Two experimental
ttings were used: sample-detector distance 3 nm, average wavelength A =
8 nm (setting 1 covering the range of momentum transfer 0.09 < s < 0.70
a') and sample-detector distance 1 m, average wavelength 0.6 nm
stting 2, 04 < s < 2.0 nm'). The neutrons were monochromatized by a
schanical velocity selector giving a wavelength distribution with
lI-width-half- maximum 41/A = 0.18.

The neutron scattering experiments were performed also at the IBR-2
actor using the YUMO instrument. Two experimental settings were used:
) sample-detector distance 10.52 m (detector-1 in this position covers
e range of momentum transfer from 0.07 to 1.2 nm) and (2)
mple-detector distance 8.47 m (detector-2 in this position covers the
nge of momentum transfer from 0.5 to 2.5 nm™).

The scattering curves obtained are presented in Fig. 1 and Fig. 2.
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Fig. 1. Contrast variation data from the 50S ribosomal subunit. (1) to
(5) neutron data in 0, 14, 40, 67 and 96% D20 (Riso, Denmark).
(6) X-ray scattering in H20 (Desy, Hamburg). For clarity,
successive curves are displaced down by one logarithmic unit.
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Fig. 2. Neutron scattering curve from the 50S ribosomal subunit in D20
(IBR-2, Dubna).
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Decomposition into the basic scattering functions according to Eq. 1
or Eq. 2 by the indirect transform program CGNOM (6) yielded the integral
parameters. These are in good agreement with earlier results (7-9) and
confirm that RNA forms a compact core surrounded by a protein shell.

At the next step the shapes of the 50S subunit and of the RNA were
determined. The envelope of a globular particle can be described by the
angular function F(w) which is parametrized using the multipole
expansion:

L 1
F) = %, £, f. Y@, 3)

where the highest value of L determines the resolution (the angular
resolution is n/(L+1) and spatial resolution is Ron/(L+1), where R0 is
the radius of the equivalent sphere, flm are complex numbers, Ylm(a)) are
spherical harmonics and (r,w) are spherical coordinates. The partial
amplitudes A _(s) in the corresponding scattering intensity

L 1
i) = 2n° 2, 2 |A_ O], C

are expressed in terms of a power series with coefficients that are
non-linear combinations of the shape coefficients f1m' Using Eqs 2 and 3
for Ic(s) and I RNA(s) the envelopes of the 50S and of the RNA were
evaluated by a minimization procedure and presented in Fig. 2.

Our model for the 50S subunits (spatial resolution about 40 A) is in
good agreement with electron-microscopic models [10, 11], thus showing
that the new possibilities of small-angle scattering can today yield a
spatial resolution sufficient for conmstructing trustworthy models.
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Fig. 3. Stereo pairs of the model of the 50S subunit (the particle

envelope is shown in a red wireframe, the RNA-rich core in a blue
wireframe). Crown view (top), kidney view (down). Bar length
represents 50 A.
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Neutron Scattering Studies of Pressure Induced
Phase Transitions in NH4HSO4

L.Bobrowiczl), I. Natkaniec?), T.Sarga?) and S.I. Bragin
Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Russia

Ammonium hydrogen sulphate (AHS), NH4HSO, , undergoes two solid phase
transitions at atmospheric pressure. It was shown that in the temperature range of
phase II, between 270 K and 154 K, AHS is ferroelectric [1]. Nuclear spin lattice
relaxation time experiments [2] indicate a remarcable change in NH4 motion at lower
transition temperature, while no change is found at the upper phase transition. The
ferroelectric properties of this crystal disappear with with increasing hydrostatic
pressure [3] and proton superionic conductivity was observed at temperatures above
460K and pressures 500 MPa [4].

The results of neutron powder diffraction (NPD) and inelastic incoherent neutron
scattering (IINS) investigations of the different AHS solid phases in the temperature
range of 100 - 300 K under hydrostatic pressures up to 400 MPa are presented. The
measurements were performed on the NERA inverted geometry spectrometer [S] of
the IBR-2 pulse reactor at JINR in Dubna. The gas compressor made by UNIPRESS
(Warsaw, Poland) was used as a high pressure source. ‘
No change was found in the NPD and IINS spectra for the I - II second order phase
transition at 270 K, while the II - III first order phase transition at 154 K was clearly
seen .The latter phase transition is marked by a change in crystal structure and proton
dynamics.
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Fig.1. Pressure dependence of the neutron powder diffraction spectra of NH;HSO,.
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The latter phase transition is marked by a change in crystal structure and proton
dynamics. In the low temperature phase III well resolved bands corresponding to
the latice vibrations,translational and torsional vibrations of NHy ions, torsions of
HSO, ions and internal vibrations of the SOy tetraedron are clearly seen. With
increasing temperature these bands are smeared and look quite similar above ca
250 K in the both II and I phases [6].
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Fig.2. Neutron powder diffraction spectra of NH; HSO, at different pressures and
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Fig.3. The IINS spectra of the phases I, II and IV of ammonium hydrogen sulphate.

With increasing hydrostatic pressure at the temperatures of 290 K (phasel) and 250 K
(phase II) we have observed the first order transition to phase IV ( Fig.1 and 2).
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Below ca. 250 K phase IV becomes matastable and can exist even in atmospheric
pressure within temperature region of the phases II and III. With increasing
temperature phase IV transforms directly to phase I at about 270 K. As it is shown in
Fig.3 the IINS spectra of phases I, II and IV indicate on the stochastic character of
hydrogen motion above the temperature of the II - IIl phase transitions. The
quasielastic broadening caused by the fast reorientation of protons in the phase IV is
smaller then in phases II and 1. The diferences in vibrational spectra of phases III and
IV ( Fig.4 ) at low temperatures are caused by the ordering of NH,* ions in two
different crystal structures.
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Fig.4. Generalized phonon density of states of the phases III and IV of NH; HSO;,.
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INVESTIGATIONS OF THE LIQUID HELIUM-4 EXCITATIONS SPECTRUM STRUCTURE

1.V.BOGOYAVLENSKII*, L.V.KARNATSEVICH®, Zh.AKOZLOV®, A.V.PUCHKOV®

3 ystitute of Physics and Technology, Kharkov, 310108, Ukraine
Joint Institute for Nuclear Research, Dubna, 141980, Russia
CInstitute of Physics and Power Engineering, Obninsk, 249020, Russia

The questions of fundamental physical reasons for the transformations of the excitation spectrum in
liquid He* in the transition from the superfluid to normal phase is still open for discussion. Progress in
understanding this behaviour was achieved due to the development of the microscopic theory of Bose-
liquids by Belyaev, Hogenholtz and Pines, Gavoret and Nozieres, Hohenberg and Martin, Shepfaluzy and
Kondor, Griffin and Cheung, etc. On the basis of the main previous achievements of the theory Griffin,
Glyde and Stirling {1] have proposed a new phenomenological model qualitatively describing the
spectrum of excitations in liquid He®. A rather complicated spectrum of liquid helium excitations
predicted in the above papers require a detailed experimental check in a wide range of wave vectors ¢
from O to 3.5 A-1 at various temperatures and densities of the liquid helium. We could start realizing this
check on a new spectrometer DIN-2PI [2].

The neutron inelastic scattering measurements in liquid helium-4 were carried out using the DIN-2PI
spectrometer. For experiments we took a cryostat [4] allowing us to operate with a sample of liquid
helium-4 of the volume 3.6 litres in the temperature range from 4.2 to 0.4K, the accuracy in maintaining
the temperature being 0.01K.

The measurements are performed at initial neutron

Ty energies from 2 meV and lower. The low initial
. e | energies allowed an essential reduction of the
_____ ] influence of multiphonon and multiple inelastic
h ; peutron scattering to obtain improved resolutions
/ between 50 and 100 ueV, depending on the
; wavevector. Fig.1 illustrated this words and shows set

of kinematic laws at initial neutron energy 1.6 meV.
Themeasurements of the double differential cross
section of the liquid helium were carried out at the
initial neutron energies E;=1.6; 2.08; 2.45; 3.5 meV

3.0
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MOMENTUN TRANSFER ¢q (1/A)

Fig. 1. The phonon-maxon-roton
dispersion curve in superfluid helium-4
(solid line) and  multiphonon
excitations (dashed line). Set of
kinematic laws at various angles
scattering at incident neutron energy
1.6 meV is shown.

and temperatures T=0.42; 0.45; 1.4; 1.45; 1.5; 1.72,
2.0; 2.05; 2.21; 2.25K in the range of the angle
scattering from 5 to 135° (or wave vector from 0.08 to
2.5A-1)[5]. The main results of our analyse are shown
in fig.2. The analyse was performed by the next way.
The experimental double differential cross section of
the liquid helium was transformed to the dynamic
structure factor §(g,¢). The shape of S(g,€)-peaks were
described by the various models. We could distinguish
three characteristic regions of the wave vector g for

which peaks are also different in shape. These are: the
initial phonon part of the dispersion curve, when
¢<0.5A°1, the maxon-roton region of excitation, when ¢>0.65A"!, and the so-called transition region,
when 0.5<¢<0.654-1.

Below T, in the maxon-roton region, a one-particle sharp peak of 8(g,e) is ill described by a single
Gaussian (G) or a single Lorentzian convoluted with a Gaussian (LG). A two-Gaussian model (G+G) and
a two-convolution model (LG+LG) provides a better description of the sharp peak (in terms of x2, the
correlation coefficients of the model parameters, and other statistical criteria of approximation). Two
components of the scattering peak differ significantly in width, therefore, we will call one of them the
narrow component (n) and mark it on the fig.2 by the solid circles; and the other, the wide component
(w) and mark it by the open circles.
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In the phonon region of the spectrum, these components are observed also. For the reason to be
understood from a subsequent consideration, the narrow component here may be different in nature from
the (n)~component and we will denote it by (zs) and mark it on the fig.2 by the triangles. The wide
component is well seen in this region only about T, and at lower T its intensity decreases, thus making
its separation difficult. In the transition region, the picture is the most complicated. Here, obviously, all
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Fig. 2. The result of the description of experimental §(g,¢) at various T by the (G+G) and (G)-model.

Above T, in the maxon-roton part of spectrum only wide peaks (w) are observed, and they are well
described by one (G) or one (LG). In the phonon region, besides the broad component (w) a narrow
component (zs) is seen. In the transition region, the latter component becomes rapidly attenuating and
above g~0.65A"! it is not observed at all. The broad component in the transition region is ill defined. The
narrow component (n) typical of He II is not observed above T;.

The modern experimental facilities of the spectrometer DIN-2 admit the detailed research of inelastic
scattering in helium. The results were represent via the fit of the initial experimental data by the Gauss-
Gauss and Gauss-Lorentz convolutions and it promoted us to follow the evolution of the peak of the
scattering as a function of T and ¢. The origin of spectrum, in brief, is in accordance with the Griffin-
Glyde theory. The (n)-component may be identified as the result of the quasiparticle excitations. In the
normal state the narrow (zs) phonon branch may be explained as the zero-sound mode, and as the
superposition of such a mode with phonon part of quasiparticle excitation in superfluid phase. The (w)-
component may be understood as the collective excitations of phonon type, usual for the classical liquids.
As to the mechanism of "interaction" among these three branches, the Griffin and Glyde's idea about the

hybridisation of quasiparticles with the density fluctuations due to the presence of Bose-condensate to be
adequate to the picture presented above.
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NEUTRON SCATTERING STUDIES OF ORIENTATIONAL
DISORDER IN CAMPHOR-LIKE PLASTIC CRYSTALS IN THE
TEMPERATURE RANGE OF 10 - 300 K

K. Holderna-Natkaniec (1), I. Natkaniec (2)

(1) Institute of Physics, A. Mickiewicz University, 60-780 Poznan, Poland
(2) Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Russia
H. Niewodniczanski Institute of Nuclear Physics, 31-342 Krakow, Poland

Molecules of camphor C,H,0 and borneole C;H;0 are nearly
globular in shape, and at room temperature, the crystal structure
of these compounds shows orientational disorder. Neutron scattering
investigations of plastic crystals of d- and dl-camphor,
dl-borneole and dl-isoborneole have been performed down to helium
temperatures. Neutron diffraction (ND) and inelastic incoherent
neutron scattering (IINS) spectra have been recorded simultaneously
with quasielastic neutron scattering (QNS) spectra on the KDSOG and
NERA inverted geometry spectrometers of the IBR-2 high flux pulsed
reactor.

The ND spectra of d- and dl-camphor indicate structural phase
transitions in these crystals at ca. 240 and 200 K, respectively.
The IINS spectra clearly show that only the molecules of d-camphor
are completely ordered in the low temperature phase. In addition,
only six reflections in the ND spectra of dl-camphor and
dl-isoborneole have been well observed down to 10 K. This
relatively small number of reflections suggests the orientational
disorder of molecules in the low temperature phase of tetragonal
symmetry. Temperature dependence of the lattice spacing end
intensity of these reflections evidently confirms the structural
phase transition at 200K in dl-camphor and weakly indicates the
transition at 290 K in dl-isoborneole within the tetragonal
symmetry. The ND reflections of dl-borneole can be indexed in the
cubic symmetry. Their temperature behaviour does not indicate any
structural phase transition down to helium temperatures.

IINS spectra measured at low temperatures shows that internal
molecular vibrations are well separated from crystal lattice
vibrations. The differences in 1lattice and internal molecular
vibrations of d- and dl- camphor are caused by intermolecular
interactions related to various molecular packings in the crystals.
Appropriate differences between the IINS spectra of dl-camphor and
dl-isoborneole reflect the dynamics of slightly different molecules
with the same crystal structure. Comparison of IINS spectra of
dl-borneole and dl-isoborneole indicates the difference in the
dynamics of similar molecules caused by various molecular
conformation and crystal packing. The ND and IINS spectra of
dl-borneole exhibits that the disorder characteristic of the
plastic phase of camphor-like substances might be frozen down to
helium temperatures. The QNS component in these substances is
relatively weak and is caused mainly by stochastical jumps of
methyl groups observed at temperatures above 100K.
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THE TEMPERATURE DEPENDENCE OF THE PHONON DENSITY OF STATES OF
SUPERCONDUCTING LajCuQOy ¢
E.A.Goremychkin, 1.L.Sashin.
Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, 141980, RUSSIA
G.F.Syrykh, V.P.Glazkov
Kurchatov Institute, 123182, Moscow, RUSSIA

There have been numerous studies indication the importance of the electron-phonon
interactions in high-temperature superconducting ceramics, although it is not established that
a phononic mechanism is responsible for the superconducting transition.Various spectroscopic
techniques have shown evidence for a correlation between the lattice dynamics and the onset
of superconductivity .

The compound La;CuOy is a non-superconducting antiferromagnet but it was found
that the introduction of interstitial oxygen by high pressure and other techniques provides a
doping mechanism that produces T, approaching 40K

It is know that at low oxygen doping levels there is a miscibility gap with the two
phases consisting of the non-superconducting parent compound and a metallic oxygen-rich
compound which carries the supercurrent. Recent studies phonon density of states (PDOS) of
superconducting LayCuOy4 , measured by inelastic neutron scattering, at the room
temperature (1), has shown softening low energy part of the PDOS This provides a useful
opportunity to compare the PDOS in the parent compound with the doped superconductor at

different temperature
The measurements on inverse geometry spectrometer at KDSOG , Dubna, show an

unusual dependence of the low energy part of the PDOS on different temperature and oxygen
stoichiometry.The PDOS of pure La_CuO _  shows no temperature dependence . However, for
LayCuOy4 ; it was found substantial increasing PDOS in the low energy range with the
decreasing temperature . The comparison of the PDOS for superconducting LayCuOy 1 and
non-superconducting parent has shown excessive density of states for superconduction sample

up to 15 meV (FIG.1) and increasing AG(e) with the decreasing temperature .
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Fig.1. The PDOS of the LayCuOg4(open circles) and LayCuOy, 5 (closed circles) for T=290K and 8K

1. G.F.Syrykh et.al. ''Superconductivity:physics, chemistry, technics’, 1992, v.5, N11, p.2171.
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THE CRYSTAL FIELD EFFECTS IN THE YbCu3Sip COMPOUND

E.A. Goremychkin, A.Yu. Muzychka
LM.Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research

The investigations of the dynamic magnetic susceptibility of the YbCupSip
compound, which is known as a compound with the intermediate valency (IV) of the
rare earth ion, have been carried out with the help of the inelastic neutron scattering
(INS). The greatest difficulty in the data processing was blending of the magnetic and
phonon scattering.

Fig. 1 shows the scattering law at helium and room temperatures. An increase
in S(e) with a decrease in temperature in the energy transfer region 20 to 40 meV
points to a presence of a strong magnetic contribution to the neutron scattering in this
region. On the other hand, the peculiarity in the region of small energy transfer values
<5 meV is also of magnetic nature and it does not allow the magnetic scattering at
>20 meV to be interpreted as the quasielastic one. It is just this peculiarity that is
more likely to be a consequence of the quasielastic scattering.  Thus, the magnetic
response of the sample is a superposition of the
quasielastic component with the line width of ~2.5 meV and the inelastic component,
which is typical of the systems with heavy fermions (SHF) and not of the compounds
with IV.

By means of the cosistent description of the spectra at T=10, 80, and 300 K,
the magnetic response of the sample has been singled out (Fig. 2), on the basis of
which the crystal field (CF) parameters have been obtained:

B=02; B=-021.10"1; B=-0.1104; B=0.46.10-1; B=0.17-10-2 (meV)

The statistics deterioration with an increase in temperature seen in Fig. 2 is
connected with the way of the data processing: the phonon component obtained by
subtraction of the calculated magnetic one from the spectrum at T=10K was multiplied
by the temperature occupancy factor and subtracted from the spectrum measured at the
corresponding temperature.

The CF parameter analysis with the help of the superposition model [1], which
has earlier been performed for the compounds with other rare earth elements [2,3], has
allowed the internal parameters of the 4th and 6th orders for the Cu and Si
coordination spheres to be determined:

A4(Si)=-0.06; A4(Cu)=-5.5; A6(Si)=2.0; A6(Cu)=1.5 (meV)

The comparison of these values with corresponding parameters of other rare
earth elements gives one the grounds to make a conclusion that strong hybridization of
the f-electrons and the Cu electrons takes place in this compound contrary to the
CeCusSip SHF, where the Si electrons participated in the hybridization with the f-
electrons.
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1. D.J. Newman and B. Ng, Rep. Prog. Phys. 52 (1989), pp. 699-763

2. E.A. Goremychkin, A.Yu. Muzychka and R. Osborn, Pysica B 179, 184 (1992)
3. E.A. Goremychkin, A.Yu. Muzychka, R. Osborn. Theses of the XXX workshop
on the low temperatures. Dubna, 1994, v.2, p.224 (in Russian)
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THE SPECTRUM OF THE INELASTIC NEUTRON
SCATTERING FROM THE POLYMETHYLSILICATE
ACID XEROGEL

V.D.Khavryuchenko, A.V.Khavryuchenko
Institute of Surface Chemistry, Ukrainian Academy of Sciences, Kiev

A . Yu.Muzychka
Frank Laboratory of Neutron Physics, JINR, Dubna, Russia

The polymethylsilicate acid xerogel is used in medical practice as a highly active
enterosorbent, however, the mechanism of its action has not been investigated. The main
obstacle consists in an uncertainty of its amorphous state structure. The only way to
investigate the structure of such materials is the vibration spectroscopy, which includes both
experimental methods (infrared spectroscopy and the inelastic neutron scattering spectroscopy)
and the calculation methods in chemistry. To realize it, we have obtained with the help of the
inelastic neutron scattering the amplitude-weighed spectrum of the vibration state density for
an industrial sample of dried polymethylsilicate acid xerogel (Fig. 1).

According to performed calculations of the cluster models of the structure of this
material, a preliminary description of the vibration spectrum may be done as follows:

- the region of 0 to 60 cm~1 corresponds to the torsional vibrations of the O3SiCH3
tetrahedra relative to the Si-O-Si bounds;

- the region of 180 cm1 corresponds to the torsional vibrations of the methyl group;

- the region of 320 cm! corresponds to the deformation vibrations of the O-Si-C
angles;

the region of 800 cm corresponds to the deformation vibrations of the Si-CHj
angles.

Nature of peculiarities in the regions of 1500 cm~! and 4000 cm™! will be cleared up
in further Invesiiganons.
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Fig. 1. Polymethvisilicate acid xerogel, The inelastic neutron scattering

spectrim.
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ANOMALOUS DEPENDENCE OF NEUTRON DEPOLARIZATION ON
MAGNETIC FIELD IN YBa;Cu;0¢3 CERAMICS NEAR T..

V.L.Aksenov, E.B.Dokukin, V.K.Ignatovich,
S.V.Kozhevnikov, E.I.Kornilov, Yu.V.Nikitenko, A.V.Petrenko
Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna,
Russia

Yu.V.Bugoslavskij, A.A.Minakov,
Institute of Physics of the Russian Academy of Sciences, Moscow, Russia

This research is devoted to the investigation of magnetic field penetration inside the HTSC,
YBa;Cu3069 and of the vortex system dependence on temperature and magnetic field
strength. The method is based on neutron depolarization measurements as described in
[1). Former experiments [2-5] were performed in the temperature range of T < 0.57.. Here
we report the results of measurements in the temperature range near T in a field up to 1
T1 where the HTSC exhibit new properties that were not previously observed.

The experiments were performed at the SPN-1 spectrometer of polarized neutrons of
IBR-2. Neutrons were polarized and transmitted through the sample of YBa;Cu30¢ as
shown in fig.1. Dimensions of the sample and directions of the external magnetic field,
neutron polarization and the beam are included. The sample had a transition temperature
T.=90.4 K with a transition region width of 1 K, and its density was p = 4.9 g/cm3. It
had a texture and the axis (001) of crystallites was oriented mainly along the “a”-direction
of the parallelepiped, shown in fig.1.

Fig. 1. Geometry of the experiment

A spin flipper placed before the sample could reverse polarization of the incident beam.
A detector placed after the polarization analyzer measured the count rate N*(H, T, \) of
the transmitted beam in dependence on the field H, temperature T and the wave length
of neutrons A, with spin flipper switched off (+) and on (-) respectively, i.e., when the spin
of the incident neutrons was directed along the field and against it.

Polarization of the transmitted beam, P(H,T, ), was determined as the ratio:

N*(H,T,)) — N~(H,T, )

PETN = S E TN+ N-ETY) (1)
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The ranges of variables were: 0.5 < A < 154, 0 < H < 10 kOe, 77 < T < 94 K,
respectively.
Information about processes inside the sample was extracted from the ratio

P(H,T,))

P()\) = Bo(To, )’ (2)

where index 0 is related to measurements at the temperature T = T, = 250 K, high above
T., where YBa;Cu3069 is nonmagnetic and P(Ty, ) does not depend on the magnetic
field.

Besides the spectral polarization P()) (1) the integral polarization P was also used. It
was defined with the help of relation (1), where N*(H, T, \) was replaced with N*(H,T):

N(H,T) = / N*(H,T,\)d\.
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Fig. 2. Polarization in dependence on magnetic field. a) at an increase and, b)
at a decrease of the field.

Fig. 2 shows the dependence of integral polarization P/P, at the temperature T = 86
K on the magnetic field: (a) when the field increases, (b) when the field decreases. It can
be seen that besides the minima at H = H; and H = H,, which were discussed in {1],
there is a range of field strengths from H; = 4.1 kOe up to maximum 10 kOe, achieved
here, where the polarization curve P(H,T) has an irregular behavior.

We interpret the point Hz, which has an approximately linear dependence on temper-
ature, as the transition point from the region H < Hj, where the Abrikosov vortexes are
rectilinear and parallel to the external field, to the region H > Hj, where the Abrikosov
vortexes acquire bending excitations.

Fig. 3 shows three curves for polarization in dependence on neutron wavelength, A.
Curve 1 shows Py()); curve 2 shows P()) corresponding to the maximum point Hmax = 9
kOe of curve (b) in fig. 2; and curve 3 shows P()) corresponding to the minimum point
Hpin = 8.4 kOe of the curve (b) in fig. 2. Curve 3 in fig. 3 is where an anomaly is
seen: the change in sign and an increase in polarization at long wave lengths, which can
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be explained by inelastic scattering with a spin flip and the energy transfer from neutron
to vortex lattice.

Such a scattering should enhance the intensity at long wave lengths when the spin
flipper is switched on, or majority of neutrons are polarized against the external field. The
enhancement was observed.

Comparison of neutron spectra transmitted by the sample at temperatures high above
T. and below T, at the minimum polarization in the region of irregularities shows that
the energy transfer should be ~ 20 meV. Simple geometrical considerations show that the
inelastic scattering creates bending excitations of the vortexes perpendicular to the field
and to the direction of the beam.

The irregular behavior has a quasi-periodic character in dependence on the external
field that may be connected with the period of the vortex lattice and the fluctuations
appearing close to the lattice melting point [6,7].

The work was supported by RFFI (grants No. 94-02-04011, No. 93-02-2535) and by
ISF (grant No. NJZ000).
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Time-of-flight neutron depolarization for nondestructive testing

L.P.Chernenko, D.A.Korneev
Frank Laboratory of neutron Physics, JINR,
141980 Dubna, Moscow region, Russia

J.Schreiber
Fraunhofer-Institute for Nondestructive Testing,
Dresden, Germany

The run of 184 hr was carried on March 1994 to demonstrate the
reliability of SPN installation for characterization of industrial sample
like the car motor cylinder wall fragment. We performed a
nondestructive study of the sample, which was tested previously by
acoustic methods. The acoustic methods showed the existance of
inhomogeneity in the ferromagnetic Ni coated layer of the sample area.
According to the potential of the neutron depolarization method, it was
interesting to search for the micromagnetic properties of the sample
and make an evaluation of the important information for wear
resistance study purposes. The first aim was to prove the existance of
the acoustic methods pointing. We adopted the SPN set-up for a simple
area scan along the right line marked on the sample. Fig. 1 shows the
sketch of the experimental set-up. For the mode of data collection been
the quickest we measure the flipping ratio (Fig. 2), which reveals the
area inhomogeneiteis in correlation with the acoustic data. The series
of measurements was made at three positions on the sample scan with
coordinates equal to 25, 35 and 59 mm to compare the time-of-flight
data of those positions. As seen from Fig. 3 there are remarkable
differences in the behaviour of the depolarization functions at those
positions. Analysis of the peculariteis of the depolarization function
gives the conclusion about the character of stress condition in the Ni
layer. This is the essential benefit of the time-of-flight information,
which permits to develope the procedure of residual stress testing.
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Ground state moment reduction in an ultra-thin
W(110) / Fe (110) / W (110) film.

V. PasyukaC, O.F. K. Mc Grath?, H. J. Lauterd, A. Petrenko® A. Liénard?, and D.
Givordd

a Laboratoire Louis Néel, CNRS, BP 166, 38042 Grenoble Cedex, France.
b ILL, B.P.156, 38042 Grenoble Cedex 9, France.
€ Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Russia.

Despite the large body of theoretical work devoted to the evaluation of the ground
state moment in reduced dimensional magnetic systems, there exists very little
experimental evaluation of the absolute value of the moment in ultra-thin films. Only one
exact determination of the moment in ultra-thin Fe films has been previously reported [1],
where the average moment in a monolayer and two-layer thick Fe film was deduced from

magnetisation measurements and quartz microbalance thickness measurements.

In this paper we present an account of an experimental determination of the

average moment in a three layer Fe (110) film.

A buffer layer of W (nominal thickness = 500A) was initially deposited on Al,O3
(1120) by pulsed laser deposition, as reported elsewhere [2]. A detailed structural
analysis of the growth of Fe on W was performed by means of in-sitt RHEED and
Auger and ex-situ by means of grazing incidence X-ray diffraction and specular reflection
and will be reported elsewhere [3]. RHEED and grazing incidence diffraction analysis
showed the Fe to grow epitaxially directly onto the W ; all crystallographic axes of Fe
being paraliel to the axes of W of the same index. The first monolayer of Fe is found to
adopt the lattice parameter of bulk W, the film then relaxes as the thickness (d) increases.
The relaxation follows an approximate 1 / d behavior. The film nucleates through the
formation of in-plane isotropic crystallites which are greater then 50A with a
misorientation which is less than 1.8°. As the film thickness increases the crystallite size

increases and the misorientation decreases. The film was subsequently protected by a
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deposition of W (nominal quartz thickness 100 A)at arate of 0.5 A.min-! at 300 K. The
W was found to grow epitaxially directly on the Fe.

The film thicknesses were determined by specular x-ray reflectivity, by fitting the
experimental specular X-ray reflectivity protile. The obtained thickness of Fe (110) is 7
+-2A . A SA roughness is found on either side of the Fe layer, the origin and the nature
of this roughness was determined by the neutron reflection experiment and is discussed
later in the text.

The polarised neutron reflectivities of the film were measured with the SPN
spectrometer at the IBR-2 reactor. The R+(-) reflectivities were measured at 300K by
applying an in-plane field {500 Oe) along the easy axis with the neutron beam polarised
parallel (anti-parallel} to the magnetisation. The R* and R- data, corrected for the
imperfect polarisation of the neutron beam is shown in figure la and 1b respectively. The
fitted reflectivities yield layer thicknesses and interface roughnesses which are in
agreement with the x-ray data. The obtained thicknesses are: W(110)100+/-
sA/Fe(] 1{]}6+,-'-1;5Lf W(110)5 50+/-5SA. The neutron scattering length density profile
normal to the film surface that was obtained after the fit is shown in figure 2. The origin
of the 5A roughness on the Fe/W interfaces determined by X-rays was studied more
precisely by means of neutrons. A 5A non-magnetic layer is found on either side of the
Fe layer which contains approximately 20% Fe and 80% W. From the RHEED pattern
during the growing of the Fe layer on W and then of the W layer on Fe one sees that the
structure was not influenced by the small amount of the interdiffusion of Fe and W. 5o,
basically, we had a system which was close to a model system.

The flipping ratio (R*R) (figure lc) enables the magnetic interaction to be seen
more clearly, The best fit yields an average magnetic moment of 1.80 +/- 0.035 pg in the
Fe film. No magnetic moment, to within experimental error (0.05 pg) is detected in the

intermixed layer either side of the Fe film.

In order to compare the above results with theoretical calculations one must

extrapolate the 300 K value to 0 K. The thermal variation of the film magnetisation was
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a PNR 2.1+/-0.1 Mg
NN
2.53+/-0.12 Mg
b magnetometry
N
2.46 +/- 0.15 Hg
i 2.18 pg
. \Y
C theoretical - 217 pg
Bl -k NN - At

Figure 4. Schematic representation of the ground state moment (in units of pug) in various
ultra-thin Fe films; a - polarised neutron data (this work), b - magnetometry data (from

[1]), and ¢ - theoretical calculations (from [5]).
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measured by means of a SQUID magnetometer. The film was oriented onto the sample
holder with the easy axis to within 0.5° of the field direction. A constant field of 1 kOe
was applied and the magnetisation was measured at each temperature step (10 K) from
4.2 K to 300 K (fig. 3). The magnetisation is found to decrease from 1.85 +/- 0.05x10-5
emu at 4.2 K to 1.57 +/- 0.05 x 10-5 emu at 300 K. Assuming that the thermal decrease
from 0 K to 4.2 K is negligible then the 300K moment, as determined by neutrons
(1.80+/- 0.05 uB) can be extrapolated to 2.1 +/- 0.1 uB at OK.

The above data is compared with the magnetometry / quartz data [1] and band structure
calculations [5] in figure 4. Although a direct comparison between the three sets of data is
not possible, the theoretical prediction that W leads to a reduction in the magnetic moment
at an Fe interface appears to be verified by the above neutron data. Theoretical
calculations for the symmetrical W / Fe / W system, including interface roughness, would

enable a better comparison between theory and experiment to be made.

In conclusion, the average magnetic moment in a W (110) / Fe (110) / W (110) film,
where the Fe thickness is three layers, has been measured as 1.80 +/- 0.05 ug at 300 K.
The value extrapolated to 0 K is 2.1 +/- 0.1 pug which agrees with theoretical predictions

that W leads to a reduction in the Fe moment at an interface compared with a free surface.
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ON THE NEUTRON MEAN SQUARE INTRINSIC CHARGE RADIUS

Yu.A.Alexandrov
Frank Laboratory of Neutron Physics, JINR, Dubna, Russia

In 1994, the physical community of the world continued discussing the issue
of the value of the n-e scattering length, a,, and of the sign of the neutron mean
square charge radius <r?,>n. The latter is related to a, through the Foldy
relationship (Foldy, 1952) which Foldy obtained by solving the generalized Dirac
equation:

<r%>N = (3hYMe?) (ape - ap), (1)

where ap = pg(e?2Mc?) = -1.468x10 fm Foldy scattering length.

With respect to neutron experimental data processing results physicists can
be divided into two groups [1]: those belonging to the first group believe that
<ape> = (-1.31:t0.02.)x10'3 fm (Krohn, Ringo (1973), Koester et al. (1988)) and,
consequently, <> > 0 (see (1)), and the others who believe that
<ape> = (-1.58:t0.03)x10'3 fm (Melkonian et al. (1959), Alexandrov et al. (1975
and 1986)) and, consequently, <r?> <0.

Calculations performed in [2] on the basis of the S-matrix of neutron
scattering which take into account the phenomenon of inter-resonance scattering
(Wigner (1946), Fogt (1958)), yielded an analytical expression for the inter-
resonance interference term. This term, e.g., for bismuth for the neutron energy on
the order of 10 eV is 90 times less than the total neutron cross section. In [2], it
has also been shown that far from resonances the interference term is practically
independent of neutron energies and thus cannot influence the value of age
obtained in Dubna, especially, if this value is obtained in a diffraction experiment.
It has moreover been shown that the sum effect of resonance effects and inter-
resonance interference is almost equal to zero for even-even nuclei (for the isotope
208py, and the neutron energy of 1 eV the contribution of this sum effect to the
total cross section is approximately 10%x10%* cm?), what means that for an even-
even nucleus the resonance scattering should not affect the value of age.

Reasons for a discrepancy in the determination of the a, value from
transmission experiments performed in Garching (Koester et al. (1988)) and in
Dubna (Alexandrov et al. (1986)) were also considered in [2]. It has been shown
that the most probable reason for this discrepancy is the calculation methods by
which the influence of negative energy resonances is accounted for. The Dubna
calculation method seems to be a more preferred method.
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In [1,2,3], a comparison was carried out between experimental and
calculated values for a, and <r’;>n on the basis of modern theoretical
representations of the nucleon. It has been shown that the well-known theoretical
ideas of the nucleon structure based on the old meson theory by Yukawa (Cloudy
Bag Model (Thomas (1983), Skyrme model (Skyrme, 1962), Numbu-Jona-Lasinio
model (1993), collective model (Bijker, Iachello, Leviatan (1994), etc.) disagree
with the experimental value <ape> = -1.31x1073 fm (<r%p>n >0), and agree with
the value <ape> = -1.58x107 fm (<c?p>n <0). This point of view has recently
received positive response at the XVIII International Nuclear Physics Symposium
at Oaxtepec (Mexico) held on January 4-7, 1995. At present there exists no
adequate idea of the nucleon structure which would explain the value
<ape> = -1.31x103fm.
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RECENT INVESTIGATIONS OF NEUTRON
POLARIZABILITY

T.L.Enik, L.V.Mitsyna, V.G.Nikolenko, A.B.Popov, G.S.Samosvat
( Joint Institute for Nuclear Research, Dubna)
V.G.Krivenko, A.V.Murzin, P.N.Vorona

( Institute for Nuclear Research, Kiev )

The electric polarizability of the neutron reflects its internal charge structure.
For the polarizability coefficient, different theoretical models predict very similar
values [1] °

an ~1-1073fm3, (1)

But the situation with the experimental value of ay, is not clear. At the first sight,
the problem seemed to be solved by the result of ref.[2]

an = (1.20 £ 0.15 £ 0.20) - 103 fm?,

obtained in Oak-' Ridge from neutron total cross section o; measurements on *** Pb
in the wide energy range up to 50 keV. But the careful analysis presented in
ref.[3] showed the authors conclusion (2) to be too optimistic and the systematic
error was to be increased by several times. Finally, there is a new result a, [4]
obtained by the Dubna- Garching- Riga collaboration from o; on 2°®Pb for five
quasi- monochromatic neutron groups, 1.26, 5.19, 18.6, 128 and 1970 eV:

_ f(-1.3£05)-103fm® for by =(—1.59%0.04)-107%fm,
"7 1(-0.3+£0.5)-10-3fm3 for bn. =(—1.32+0.04) 10-3fm.

It conflicts both with the theory (1) and with the previous result (2), especially
if we use n-e scattering length b,., which theoretically seems more acceptable.

A program of further a, investigations was developed in 1994 at Dubna and
Kiev reactors.

In Dubna at the IBR-30 booster, we have started to measure o; for 8P}
by classic time-of-flight method with the Co, Br, W, Ag and Rh filters with black
resonances being permanently present in the beam for the background isolation.
The neutron detector is 20 cm long 10 atm 3 He— counter, the flight path is 70.8 m,
the beam diameter is 11 mm, the sample thickness is 20.8 mm (0.06872b7'). The
runs with a sample (15 min) and without a sample (10 min) were alternated and
controlled by the PC-286. 10 energy intervals between 1.6 and 97 eV have been
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chosen for the o, calculation. The result of the first seven 24-hour long runs is
shown in Fig.1 by open circles together with 4 Garching points (full circles). The
new o; below 4 eV seem to be systematicaly higher than the old ones by 10—20 mb.
We do not know yet the real reason of such a significant difference in the o, values.
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Fig.1. Total cross sections of enriched 208 Pp measured
in Garching (full circles) and in Dubna (open circles)

The most important aim of the investigations is to get o, at E > 10keV
because the a, influence on o; is proportional to E'Y? and the b, contribution at
such energies is zero. E = 24 keV is chosen as the first step, which can be realized
by transmission of the white spectrum neutrons through a thick layer of **Fe. In
order to suppress the other neutron peaks, one uses additional filters such as Al
and S.

The measurements with 24 keV neutrons have been executed with the same
technique as in the case of the eV neutrons, except filters, the flight path, and
the 3He—counter, which were 24 em of natural Fe plus 10 or 20cm of Al, 74.4m,
and 50 cm, correspondingly. Fig.2 pictures the result of the one-day run including
the time-of-flight spectrum without the sample and calculated transmission of the
sample. The total result of 15 days is

or  11.047+0.019b. (4)

The most essential result has been obtained in Kiev at the WWR-M reactor,
in a beam of which the filters of 37 cm of 6 Fe, 22 cm of Al, and 10cm of S were
placed. The 3 atm 22 cm long Hy—counter was used as a neutron detector, the
beam and the sample diameters were the same as in Dubna. The measurement
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Fig.2. Result of one-day exposure with  Fig.3. Result of 20-hour exposure with
24 keV neutrons in Dubna. 24 keV neutrons in Kiev.

went on during 7 days by 2 — 3 hours runs, with the 100 seconds exposure with and
without the sample being alternated in each run. As an example, the spectrum of
the 20-hour measurement with the sample is displayed in Fig.3. Some undulation of
plateau is caused by the electronics nonlinearity. The underlayers of y—background
and peaks of the higher energies have been subtracted from the total spectrum to
calculate the transmission. Processing about one third of data gives

oy = 11.009 £ 0.003 b. (5)

Both (4) and (5) values , as well as the open circles in Fig.1, are rather pre-
liminary results and they are to be confirmed in the future investigations.
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Forward-backward asymmetry and p - resonances in the fission of

23U and U by neutrons

1.S. Guseva, G.A. Petrov, A K. Petukhov, V.E. Sokolov
Peterbirg Nuclear Physics Institute of Russian Academy of Sciences, Gatchina, 188350, Russia
and
V.P. Alfimenkov, L.B. Pikelner, V.I. Furman
Frank Laboratory of Neutron Physics Joint Institute for Nuclear Research. Dubna 141980, Russia

The first parity violation effect is such reactions was observed by Abov et al. [1] in the
asymmetric emission of y - rays at the capture op polarized thermal neutrons. Later a similar asym-
metry was observed in fragment emission during the fission of heavy nuclei [2]. The next step in this
field was the discovery of parity nonconservation in p - wave neutron resonances [3]. The helicity
dependence of the neutron cross section in such resonances amounts to ten percent.

Al of these effects were explained as being the result of mixing s - and p - resonances by
weak interaction [4,5]. The values of these effects depends very strongly on the parameters of the
resonances, which are well - known for s - resonances but are unknown for p - resonances. This is
specially true for fissionable nuclei where information about p - resonances is totally absent, and is
the reason why any new properties of the p - resonances is quite interesting.

One of the methods for discovering and studying p - resonances is the observation of various
fission correlations. The angular distributions of fragments at the fission of nuclei by neutrons may be
expressed as:

we®e) =1+ aW(anﬁn) + a‘Lkan[ﬁf X ﬁn] + a‘FB(ﬁfpn)
where G, p, and P, are unit vectors in directions of neutron polarization, neutron momentum and
light fragment momentum, a, is the coefficient of the P - odd correlation and a;z and agp are the
coefficients of P - even left - right and forward - backward correlations. All three coefficients are
functions of the same parameters. Only @, contains additional weak matrix element between the s -
and p - levels.

The a coefficients are quite low, so the experimental results were only for thermal neutrons
and not for resonance neutrons. Recently measurements of am for B5%U were began in PNPI
(Gatchina) and then continued on the IBR - 30 high intensive neutron source in Dubna.

Measurements were made with the 23U and #°U isotopes. For detection of fissed fragments

a multisection ionization chamber was used. It gave the possibility of identifying both light and heavy



fragments escape: forward or backward relative to the neutron momentum. The chamber can rotate
around the vertical axis and remain at 0° or 180° relative to neutron beam. This was necessary to re-
move apparatus asymmetry, which could distort the true value of a.
Measurements were carried out by time - of -flight method on neutron beam No. 1 of the
IBR - 30 at the flight path of 30 m. The asymmetry coefficient was determined from the relation:
N -N.
G TN TN
where Nare the counts of the fission chamber at the detection of fragments of certain mass.
As a result of these measurements and calculations, the values of ams were carried out for
2317 and 2*U over wide energy interval 1 - 70 eV. Fig 1 shows the energy dependence of ap for
B3y (above) and the experimental fission count (below). It seems that the energy dependence of

or(E) has a complicated shape, which was expected because at a which was expected because at a

NEUTRON ENERGY (eV) many p - Wwave resonances.
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L especially if the other correlation,

" a:r(E), is also studied. Presently
.;, ,..l,., ,.:., :,, ,;, .;, .,;, ,;, .;, in FLNP JINR such an experi-
CHANNEL NUMBERS ment is being prepared and
Figure should begin in 1995.
References

1. Yu.G.Abov et al. Phys. Lett., 1964, v.12, p.25

2. G.V. Danilian et al. JETP, Pis’ma 1977, v.26, p.197

3. V.P. Alfimenkov et al. Nucl. Phys., 1983, v.398, p.93

4. O.P. Sushkov, V.V. Flambaum JETP, Pis’ma 1980, v.32, p.377
5. V.E. Bunakov, V.P. Gudkov Ztschr. Phys., 1981 d303, p.285
6. AM. Gadarski et al. JEPT. Pis’ma 1991, v.54 p.9

106



PARITY NONCONSERVATION IN
NEUTRON CAPTURE ON !3Cd
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Significant experimental progress has been achieved during the last
years [1] in the study of parity nonconservation (PNC) in p-wave neutron
resonances using longitudinally polarized beams of resonance neutrons and
the time-of-flight methods of neutron spectroscopy. Parity-violating longi-
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tudinal asymmetry of the cross section appears in those p-resonances which
have large enough weak matrix elements M,, to mix them with the s-wave
resonances with the same spin J. Only the spin channel j=1/2 component
of the total neutron width contributes to the experimental effect, therefore,
spins and spin channel mixing ratios should be measured as well. The final
parameter needed for the theory of weak interaction in compound nuclei is
the root-mean-square value of matrix elements, M, or the corresponding
spreading width Iy, of the weak interaction
2

M=,/<Mi>, 1*.,,=2”34 1)
which are independent of details of the wave functions of individual res-
onances (here, D is the average level spacing in the compound nuclei at
given excitation energy).

If the spreading width I',, is essentially independent of the atomic mass
number A, then the mass dependence of M should reflect the mass depen-
dence of the level density D. On the other hand, a slightly different mass
dependence of the kind ?

M =13 x10"%/Au;;D (2)

was argued in the work of Ref. [2] based on the mechanism of dynamical
enhancement due to the virtual excitation of a giant 0~ resonance by the
weak interaction. The mass dependence of the weak interaction matrix el-
ement has not been experimentally tested yet: only the work of Ref. [3]
touched on this subject when analysing the early class of experiments with
statistically inadequate data for single resonances in each nuclei. Therefore,
after results for A ~ 235 nuclei, the TRIPLE Collaboration started mea-
surements of the PNC asymmetries in many resonances for nuclei around
the 3p-maximum of the neutron strength function, A ~ 100. The results
for the target nucleous 1'>Cd only are reported here.

The parity violation phenomenon in Cd was first discovered in 1964 at
ITEP [4] as the asymmetry of y-quanta decay of Cd after the capture of
polarized thermal neutrons, and studied in 1991 at JINR [5] at a single
resonance E,=7.0 eV by a polarized neutron transmission technique. In a

'n this formula M, D and the effective excitation energy u.s; are in eV
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given work, parity violation in 22 p-resonances found in Ref. [6] was inves-
tigated by measuring the total capture cross section of **Cd on the longi-
tudinally polarized neutron beam at the LANSCE pulsed neutron source
of the Los Alamos Meson Physics Facility. A 4r-capture detector based
on BF; crystals was used. The sample was a highly enriched (93.35%)
13Cd -metal disk. The spins of resonances were determined by measuring
gamma-ray spectra from the individual resonances at the GELINA pulsed
neutron source (IRMM, Geel) with the use of Ge-detectors and the same
sample. The assignment of the spins was based on the population of low-
lying states. A typical time-of-flight spectrum with the 3Cd sample is
shown in Figure 1 in logarithmic scale. The data were analyzed in the
energy interval 7-495 ev. The results are listed in Table 1.

Four resonances showed non-zero parity violating asymmetries at the
level equal or greater than 2.5 0. From spin measurements it follows that
only 10 resonances are liable to exibit parity violation, namely those with
spins J = 0,1 but not J = 2. The statistical approach was applied to the
analysis of the obtained data. The Dubna results of Ref. [7] on the neu-
tron strength functions for j=1/2 and j=3/2 channels were effectively used
instead of unknowm spin channel mixing parameters of resonances. The
likelihood function of rms matrix element M was constructed and calculated
giving for the first time the result

M(M3Cd) = 2.0 118 meV.

This value is to be compared with the root-meam-square PNC matrix el-
emets obtained at LANSCE for *Th (8] and 23*U [9]:

M(*2Th) = 1.2 35 meV

M(**U) = 0.56 138 meV.
The results indicate a smooth, if any, mass behavior of the weak matrix
element.The statistical uncertainty of the above results do not allow to
distinguish between different approaches to the mass dependence of M .
PNC asymmetries measurements for more nuclei from the mass region of
the 3p-maximum of the neutron strength function are necessary. They are

under preparation as well as the spin assignment measurements on targets-
candidates for parity violation study.
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Table 1: PNC asymmetries and parameters of the p-wave resonances in

113Cd
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FIG.1 Neutron capture detector yield for 1'3Cd in the energy range
E,.=7-530 eV as obtained at the 60 m flight path of the LANSCE
pulsed neutron source.
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ABSTRACT

Neutron time-of-flight spectroscopy measurement
was made on the sample enriched in '’Sn at the pulsed
neutron booster /BR-30 of the Joint Institute for
Nuclear Research (JINR) in Dubna. The capture
measurement was performed on the 502 m flight-path.
The gamma-cascades from neutron resonances were
measured with the NaJ(7/) multisectional 4 z-detector
in order to obtain gamma-multiplicity spectra of
resolved resonances in the energy range from 20 e}’ to
2000 eV . The Boron converter, positioned inside the
detector, gave the opportunity for detecting of neutron
scattering events by measuring monoenergy gamma-
quanta from the "B(n,ay) reaction. The correlation
between the multiplicity spectra and the spins of the
resonances was investigated. Spins and radiative widths
of resonances were determined.

I. INTRODUCTION

Studies of the radiative capture of neutrons are
stimulated by the present-day physical picture and
theoretical description of this process still remaining
quite incomplete. Application of the method of
multiplicity spectrometry of gamma-quanta1 together
with the time-of-flight (TOF) method yields extensive
experimental information on radiative capture in the
region of resonance neutron energies and on
parameters of resonance levels. The data on the spins of
the resonances of certain nuclei being fragmentary
determines the interest in those characteristics of
gamma cascades, which exhibit systematic dependence
upon the spins of resonance levels.

“ On leave of absense from the Institute for Nuclear
Research and Nuclear Energy, Sofia, Bulgaria
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In this work preliminary results are presented of an
investigation of the radiative capture of resonance
neutrons by '”Sn isotope in the region of resolved
resonances making use of the method of multiplicity
spectrometry. The choice of the indicated isotope was
due to the data on its spin and radiation width being
incomple:te2 .The cross section of radiative capture by
11%8p isotope in the region of resonance neutron energies
is interesting from the point of view of understanding
nucleosynthesis.

II. EXPERIMENT

A multisection 47 - "Daisy-type" scintillation
detector located at the 502 -meter-long TOF base of the
IBR-30 pulsed neutron booster of the FLNP JINR*,
was used for measurements. The mean booster power
and the resolution were 10 kW and 8 ns/m
respectively. The detector consisted of 16 independent
NaJ(T!) crystal sections with a total volume of 36

litres and geometric efficiency of 80 %. A '’Sn target”
5.97.10* nuclei/barn thick was wused in the

measurements. The sample of Sn0O, enriched in "Sn
to 90.7 % abundance was positioned in the center of the
detector in a thin 4/ container.

The neutron beam was monitored by two counters of
SNM -17 type and these were positioned at 60 m
distance from the source. A B,C (10 mm) filter was
constantly in the beam to remove the recycling
neutrons. The neutron TOF and the coincidence
multiplicity of gamma-quanta were determined for each
interaction event. In parallel with the gamma-quanta
from radiative capture in the target, single 480 keV

® The S target was provided by Institute for Nuclear
Research and Nuclear Energy, Sofia, Bulgaria



gamma-quanta produced in the '"B(n,ay) reaction,
caused by neutrons scattered in the target and occurring
in the Boron converter surrounding it, were detected.
At the same time the converter screens the detector
from scattering neutrons. The capture-event and the
neutron scattering-event parameters are stored in the
memory of the measuring module if the sum energy of
the registered gamma-quanta is in the energy interval
from 2 to 9MeV and from 0.35 to 0.50MeV
respectively. Thus, the same detector registered events
of radiative capture and of neutron scattering in the
target simultaneously and in identical conditions. The
high efficiency of the detector permits enhancement of
the number of measurable resonances in neutron-
scattering experiments by this method.

III. RESULTS

The experimental spectra were processed for
determining the areas S (x) under the resonance peaks
in the time-of-flight spectra of differing multiplicities
(x) for detector sections fired simultaneously. Thus,
the experimental gamma-quanta multiplicity spectrum
P(x) = S,(rc)/z S,(x) for each resonance was

obtained, and the mean gamma-quanta multiplicity
(k)= Z xP(x) determined. It turned out to be that for

the even-odd '"°Sn isotope the (k) values concentrated
around two points: (k) =2.50 and (k) =2.79. Thus,
in the range of energies up to 2000 eV, 9 spin 0
resonances and 13 spin 1* resonances were successfully
identified for ''*Sn-Table 1.

For determining the parameters of the resonances a
program was written which made possible computation
of the expected TOF radiative capture and scattering
spectra and fitting them to the respective measured
spectra by varying the resonance parameters and
fitting the parameters of the neutron spectrometer. The
resolution function of the spectrometer and the
detection efficiencies for various events were fitted for
the whole set of resonances. The radiation width T,

was fitted with the aid of the ratio of the partial areas
Ar and 4, under the respective resonance peak in the
radiative capture and scattering spectra, of the known’
neutron width T, and of the distribution function
obtained. The A4, /4, ratio is practically insensitive to
the shape of the spectrum of incident neutrons and to
details of the resolution function.

Table 1. Resonance parameters of ''°Sn

. BNL-325 Present work
E, J| T, E, J°| T,
eV meV eV meV
-10 1+ | @D
6.2210.06 |
74.76£0.08 | 74.57£0.04 |(0*)
114.810.2 114.83+0.07 | 1+
140.9£0.3 140.86+0.10 | o* | 57+19
145.710.3 not observed
2226104 [222.64+0.18 | 1+ | 68+30
261.6£0.5 261.15+0.23 | o*
283.110.6 282.95+0.25 | 1+
330.0+0.7 c
408.1£0.5
4558%1.0 ||455.61-0.5 a*) [149£57
657.211.0
69712 ||696.1i1.0 at) [115£39
738.6%1.1 1t
83012 828.0+13 [+ | 98+28
885.0+1.8 8833%+15 | o*
948 Ir941.1i 16 |a*)
1012+2 1t
10262 1t
107942
1150 1144%2 ot
1258 || 12553 ot
1310%3
1348%3 ot
1393%3 ot
175514 1*)
Il 17974 1+
]| 193915 ot
Il 1987+5 1*

The energy limits of the calculated areas were chosen
so as to reduce as much as possible the influence of
adjacent resonances and of peculiarities of the incident

° The Mn content in material of the vacuum neutron
guide tube prevents the observation of this resonance.
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neutron spectrum. In the fit, that value of I, was
determined for which the computed 4, /4, ratio was

in agreement with its experimental one. The radiative
widths for five resonances were obtained - Table 1.
Those data were used to extract the average value of T,

for "Sn — (T,)=97+17 meV .

Besides the levels indicated in ref.” , 13 new levels
were observed for 'Sn in the enmergy range up to
2000e¥V -Table 1. The neutron resonance energy
values were determined by using those of 2*U as a
standard® . The resonance energies are obtained
practically without systematic errors because of the
identical conditions of the measurements and data
processing for '""Sn and *U. The values of
D, =62+21eV for '°Sn was obtained in the energy
range up to 1000 eV.
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After the Dubna pioneer work on parity nonconservation (PNC) in
neutron p-resonances [1] parity violation has been observed in a number of
nuclei [2], [3], [4] and now appears as to be a general feature of compound
states. A new approach to this phenomenon [5] treats the symmetry-
breaking matrix elements as random variables and expresses their root-
mean-square value M through the effective nucleon-nucleon weak coupling
constants. Up to the last year the M-value was obtained only for Th?3? and
U?8, For further study of the mass dependence of M it is important to
obtain more experimental data on p-wave resonances of nuclei-candidates
for PNC measurements. In the given work this is done for indium which is
near the maximum of the 3p peak in neutron strength function. The known
data and simple statistical arguments suggested that the available sets of
resonances in 13In and '®In were incomplete even in a low energy region
up to several hundred eV, therefore new measurements were of interest.

The transmission time-of-flight measurements were made on the 56m
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Table 1: 15In p-wave resonance parameters

117

E,(eV) gl (meV) E,(eV) gln(meV)
29.67+0.05 0.0011 +0.0001 219.740.4* 0.01440.006
40.66+0.07* 0.0041 =+0.0005 246.7£0.4 0.09 £0.003
58.70+0.10* 0.00014 +0.00002 | 264.5+0.5* 0.04 +0.02
66.40+0.12* 0.000040+0.000002 | 275.0+0.5* 0.01 +0.01
73.04+0.13 0.011 +0.001 276.9+0.5* 0.04 £0.01
77.89+0.14* 0.0015 +0.0006 282.3+0.5 0.05 +0.02
85.50+0.15* 0.003 +0.001 285.1+0.5* 0.014+0.006
86.32+0.15 0.017 +0.001 302.8+0.5 0.21 £0.07
88.404+0.16* 0.0017 +0.0005 304.1+£0.5 0.16 +0.09
100.8+0.2 0.032 +0.002 308.2+0.5 0.06 +0.02
103.7+0.2*  0.0004 +0.0002 313.41+0.6* 0.11 +0.09
110.84+0.2 0.016 +£0.002 317.0+0.6* 0.007+0.005
114.3+0.2 0.072  £0.004 325.84£0.6* 0.29 +0.06
120.6+0.2 0.025 +£0.003 329.5+0.6 0.18 £0.06
144.1+0.3 0.093 +0.007 333.5+0.6* 0.3 +£0.1
145.74+0.3 0.036 +0.007 336.7+0.6 0.4 0.1
146.9+0.3* 0.045 +0.008 344.7£0.6 0.11 +0.04
156.5+0.3* 0.008 +0.003 367.0+£0.6 0.38 +0.05
158.6+0.3 0.052 +0.005 379.0£0.7 0.71 £0.04
162.21+0.3 0.11 +0.02 389.5+0.7* 0.06 +0.01
174.240.3 0.096 +0.005 394.74£0.7* 0.2 £0.1
190.9+0.3* 0.08 - +0.04 398.2+0.7* 0.2 0.1
192.440.3 0.37 +0.09 431.240.8 0.09 +0.05
194.51+0.3 0.05 +0.04 474.0+0.8 0.6 +0.2
198.7+0.3 0.034 £0.009 481.440.8* 0.2 +0.1
214.1+0.4 0.09 +0.01 488.1+£0.9 0.16 +0.05




flight path at the LANSCE pulsed neutron source of the Los Alamos Me-
son Physics Facility. Neutrons were detected with a system of °B-loaded
detectors. The details of the experimental set up are reviewed in Ref.
[2]. A sample of natural indium had thickness 0.231 at/b. It was cooled
with liquid nitrogen to reduce Doppler broadening. An additional, cap-
ture gamma-ray measurement, was performed with the 9.61 g of a highly
enriched, 99.99%, !'%In sample shaped as a circular disk of area 20.8cm?.
This target was placed near a gamma detector consisted of two Csl (pure)
crystals. The crystals were shielded from scattered neutrons by 5 cm of
6Li-loaded polyethylene.

The data were analyzed in the energy interval 25-500 eV using the R
matrix code SAMMY of the Oak Ridge National Laboratory. The new
transmission data yield 43 new week resonances which are either s-wave
resonances in the 4.28% abundant isotope 1'®In or p-wave resonances in the
dominant '%In isotope. In the capture experiment with a highly enriched
115In  isotope 23 new resonances are observed, therefore identifying them
as 1%In resonances. The new resonances which were not observed with
the enriched ¥ In sample were assigned to '3In . The results for **’In
are listed in Table 1. Resonances labelled with an asterisk are new. The
present results imply a total of 50 p-wave resonances between E,=25 and
500 eV in 1'5In which are suitable for study of parity violation pending the
absence of information on their spin values.
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The theoretical analysis developed, for instance, in the quasiparticle-phonon nu-
clear model (LTP JINR) shows that the structures of wave functions for rather high-
lying (Eez > 2 MeV) levels of compound nuclei contain a great number of similar
magnitude components of various types. But this fact does not prevent the possibil-
ity that wave functions for some number of levels can contain the large components
connected with simple excitation modes. For example, there can be vibration modes.

Presently, the only real possibility to experimentally observe such levels higher
than 2 MeV, for example, in deformed even-even (and all the more so in odd) nuclei
is the search for regularity in the spectra of the most intense cascade «-transitions.
Up to now such a regularity was observed most clearly in the intensity distribution of
cascades between the compound-state and the first excited state of the 174Y b nucleus.
In the corresponding spectrum there are at least four groups of practically equidistant
intense cascades. A similar equidistance can be revealed in all the cascade intensity
distributions hitherto obtained for nuclei differing by such parameters as nuclear
deformation or neutron number parity. It is very important to note that equidistant
intervals can appear not only between the single levels but also between the multiplets
of intermediate levels of intense cascades. This is a very strong argument in favour
of the nonrandom nature of the observed equidistance of enhanced cascades.

A method for the search near equidistant spacings between ”distinguished” inter-
mediate cascade levels in the bulky mass of data values was developed for the first
time in [1]. The functional connecting three tested cascade intensities, two spacings
between their intermediate levels and the value of equidistant period searched for
was suggested. It was assumed that average cascade intensities smoothly change
with variations of their intermediate level energies. Unfortunately, this functional
has not determined the solution in all cases which satisfy such limitations. In a
real nucleus the experiment shows the presence of local variations of average cascade
intensities at different nuclear excitation energies (it is a manifestation of nuclear
structure effects). Such a situation noticeably decreases the possibility of solving the
problem under study.

Nevertheless, the search for equidistance in a set of nuclei from *3Nd up to ¥W
shows the existance of equidistance periods whose values change rather regulary with
variations of atomic mass of the examined nuclei. It is also possible that these values
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differ for groups of nuclei with different ratios of reduced neutron widths of compound-
states, I'?, to their average values. The same is possible for different multipolarities
of cascade transitions.

The observed equidistance period varies over the range of 400-800 keV for the main
part of the investigated nuclei and its value is comparable with typical quadrupole
vibration energies both in spherical and deformed nuclei (corresponding 2% states
energies). A qualitative explanation for thisf effect may be obtained if one suggests
that a neutron captured by a nucleus does not pass on all of its energy to individual
nuclons (it means that many-quasiparticle states are not excited or are poorly excited)
but in some cases excites harmonic nuclear vibrations.

A preliminary conclusion about the possibility of observing a ”cold” nucleus in-
stead of a "hot” one after slow neutron capture was also made when analysing the
density of levels excited by cascade transitions and radiative strength functions for
primary low-energy transitions [2]. It is necessary to conclude that the experiment
distinguishes the states differing by two phonons as a minimum. The remaining
part of the energy inserted in to the nucleus by the neutron, is most probably con-
centrated on few-quasiparticle nuclear excitations. Accordingly, the primary and
secondary transitions of a trio of equidistant cascades connect states differing by one
to two phonons. The final proof or refutation of this hypotheses may be obtained
only in the investigation of cascade 7-decays of the neutron resonances in different
nuclei. Such an experiment is quite possible with the modern HPGe-detectors.
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For a better understanding of the excitation and the depopulation mechanism
for levels with different energies and structures, it is crucial to have information on
the dipole radiative widths over a wide region of nuclear excitations. At present an
unambiguous knowledge of this mechanism can be deduced only from investigations of
two-step cascades. Such experiments [1] give indirect but very important information
about level structures in the intermediate energy range from the ground-state up
to neutron resonance. In particular, two-step cascade y-decay spectra have been
measured for many nuclei from the region of the 45-maximum of the neutron strength
function - from 3"Ba up to %%4u.

An important advantage of this method is the opportunity to detect all possible
two-step cascades between the compound-state and several low-lying final levels and
to extract useful information, even in cases when the spaces between decaying states
are smaller than the resolution of the detector.

A very essential result was obtained earlier [1]: cascades from neutron resonances
with large I') mainly excite few-quasiparticle low-lying final states. Those from states
with small I') excite many-quasiparticle (collective) high-lying final states of rather
complex structures. This result leads to a qualitative explanation [1] of cascade
enhancements between compound-states with relatively large I'? and final states with
a pure single-particle nature. Such an explanation supposes the excitation of a system
of intermediate levels that have reasonably few-quasiparticle components in their
wave functions, as is the case for the decay of a compound state with a relatively large
single-particle component in its wave function (the case of large I'?). It also supposes
the excitation of a system of levels of a collective nature for cases of small single-
particle components in the compound-state structure. The main part of the two-
step cascade data for nuclei from the 4.S-resonance of the neutron strength function
corresponds to the first case. '

Information about the population probability of levels with different excitation
energies was obtained from usual cascade intensity distributions decomposed into
"primary” and ”secondary” components using the y-decay scheme constructed in the
same experiment [1].

Figs.1-3 present the typical dependences of intensity distributions on the primary
transition energy E,; for spherical (A ~~ 140), deformed (4 ~ 160) and also spherical
(A >~ 190) nuclei. The histogram shows the experimental data for two-step cascade
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intensities summed in 500 keV energy bins. The problems which arise when deriving
the data plotted in Figs.1-3 were discussed earlier [2,3]. It was shown that the possible
systematic error in the determination of cascade intensity most probably did not
exceed 50%.

The most noticable experimentally revealed feature of compound-state cascade
depopulation is "nonstatistical” - the strongly structured shape of the intensity spec-
tra (Figs.1-3). These structural effects regularly appear in different ways for various
nuclei. For spherical nuclei, the most intense cascades are measured at primary tran-
sition energies E; > 4 — 5 MeV (Fig.1). Low-energy primary transition intensities
in these nuclei are comparable to those calculated (or are less than the culculated
intensities).

l“Nd

7.5

o
o

3.5

Intensity, ® per decay
Intensity, ® per decay

—0. Coenneanggfanasaasealoasssnsaalones
%).5 2.5 4.5 6.5
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Fig.1. Distribution of total two-step cascade Fig.2. The same, as in Fig.1, for
intensities (in % per decay) as a function of pri- !*¢Gd.

mary transition energy for the spherical 1**Nd

nucleus.

In strongly deformed nuclei from the begining of the 45-resonance of the neutron
strength function, namely '*61%3Gd and ' Dy, a second local maximum of the inten-
sity distribution was revealed at the primary y-quanta energy of E; = 2 — 3 MeV.
This intensity enhancement is absent in the calculated intensities because the models
commonly used predict a smooth energy dependence for level density as well as for
the radiative strength functions.

In the middle of the 45-resonance region these two local intensity maxima prob-
ably create a joint peak, i.e., the greater part of the primary transition intensity falls
in the excitation energy region of about 1/2B,,.

122



Intensity, & per decay

Fig.3. The same, as in Fig.1, for 1% P¢.

In nuclei from the end of the 4S-resonance region, e.g., %Pt and °Au, this
second local intensity maximum is not revealed. Probably, when increasing the mass
number A and changing the shape of the nucleus, the cascade intensity distribution
changes its shape as well.

Such a tendency permits the assumption that two-step cascade intensities depend
on the shape of the nucleus. The coincidence between the intensity maxima for low-
energy transitions and the calculated energies for the one-quasiparticle 3p;/, and 3ps/,
neutron states for spherical nuclei, and the K™ = 1/2~ and 3/2~ states for deformed
nuclei, allows one to qualitatively explain this enhancement as a manifestation of
one-particle transitions between the 45 and 3P states.

Finaly, one may conclude that two sets of nuclei, generally differing in shape,
manifest different forms of cascade intensity distributions as a function of their pri-
mary transition energies.
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1. Aims of investigation.

A long-standing problem of nuclear fission is the origin and nature of the so-called Bohr fission
channels [1] including their interconnection and relation to fission modes recently considered in a
clear and instructive manner in [2]. An investigation of epithermal neutron induced fission via largely
isolated compound states, having a known spin J and parity &, gives a unique possibility, to get new
insight into the problem.

It is appropriate to note that from a more general point of view this is an interesting example of the
peculiar chaotic behaviour of a complex quantum system such as the heavy excited nucleus after
neutron capture. In this case the complex excited nucleus (chaotic system I) goes via a very limited
number of transitional states (Bohr's channels) of a highly deformed (and cold) nucleus to a nuclear
system broken up into two fragments which have a wide distribution over mass and kinetic energy
(chaotic system II) . These transitional states are relatively simple, but they are hidden between the
two chaotic systems and therefore difficult to study. However, a better understanding of such states is
of interest since they occur with nuclear matter in a rather unstable and excited condition.

The use of aligned target nuclei in the 235U(n,f)- reaction in the region of known s-wave neutron
resonances [3] allows us to directly investigate [4] the dependence of partial fission amplitudes on the
quantum number K, defined as a projection of spin J onto the deformation axis of a fissioning nucleus.
In the experiment of Ref. [4] angular anisotropy coefficients have been measured for several s-wave
resonances of the 236U compound nucleus. But, more valuable information can be extracted from
the study of the energy dependence of this anisotropy. The differential cross-section of this reaction
can be written in the following manner [5]:

Zgi :.4—71:[0-2]'(En)+f202nf(E,,)Pz(COSO)] "

ny

The total fission cross-section o,(E, ) is expressed by
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The energy dependent S, (5 > Kf ) is an element of the S-matrix describing the transition from the
entrance channel {JjI} (with an orbital momentum / , total spin j of the incident neutron and a

target nucleus spin /) to the inclusive fission channel f with explicit quantum numbers JK
energy dependent anisotropy is expressed by [5]:

0y = 7% 38,8, UG 2 J1) Y, CrnS(03 — Kf)S,(04 > K ) 3)
Jr

K

Here g, =(2J+1)(2(27+1))", U(21/2;JI)  is a Racah coefficient and C2% are Clebsch-Gordan

coefficients providing the K-dependence of the anisotropy part of the cross-section in a different way
compared to the total cross-section (2). A new and important point predicted by formula (3) is the
presence of interference between s-wave resonances of different spins.

To obtain unambiguous partial fission amplitudes characterized by quantum numbers JnK it is

necessary to make a combined analysis on the basis of formulae (1)-(3) of the data on the spin
separated total cross-sections [3] and the of,f(E,,) value. This is the aim of this paper.

2. Experimental arrangements

The 235U target nuclei were aligned using the electric quadrupole hyperfine interaction in the uranyl
group (UOz) in a single crystal of rubidium uranyl nitrate (RUN), cooled to low temperature [4].
Two mosaic samples made from single crystal slabs of RUN having total areas of 20 cm’ and 24 cm’
were used. All slabs were properly oriented and attached to both sides of a copper target plate
connected to the dilution chamber of a 3He/4He dilution refrigerator. The evaluation of the surface
temperature under neutron irradiation from the angular anisotropy of the a- particles gives 0.15°K.
From this the nuclear alignment parameter f, =-0.16 is calculated for 235U.

The fission fragments from each sample were detected by three silicon surface barrier semiconductor
detectors of rectangular form ((2x5)cm’ active area each) mounted in the directions 0°, 45° and 90°
with respect to the C-axis of the single RUN crystals which were oriented along the neutron beam. In
comparison with [4] the detectors at 45° were added to improve the investigation of fission fragment
angular distributions. For monitoring the neutron flux an additional layer of a non-orientable 235U
compound, about 0.5 mg/cm” thick, and a separate Si detector were placed in the neutron beam. All
detectors were mounted onto the 1°K screen.

The data acquisition system with a PC on-line, plus a hard disk, allowed the accumulation of seven
separate energy spectra (1024 channels each) of - particles plus fission fragments and seven time-
of-flight spectra (4096 channels each) of fission fragments.

The cryostat with an aligned 235U target was installed at beam No. 5 of the IBR-30 pulsed booster
source on the flight path length of 29.4 m. with a neutron pulse width about 4 us and a burst
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frequency of 100 Hz. The time-dependent (neutron) background was measured at the "black
resonances" of some beam filters.

A set of computer programs were developed for:

- calculation and extraction of neutron background from black filter files;

- correction for neutron background data files;

- calculation of real geometry experimental corrections using the Monte Carlo method;

-extraction of the coefficients 4, and 4, from data files.

3. Preliminary results

An example of a TOF-spectrum is shown in Fig.1. One can see that up to neutron energy E, <30eV
( channel numbers > 500), the energy resolution is satisfactory.

In Fig.2, the experimental values AZ(E,,) are shown as a ratio of!,(En)/ o{’,f(E") for the range of 0.2 -
70eV . This figure includes the results of a preliminary analysis of two initial runs. Due to low
statistics, a summation over groups of 50 TOF channels was done. As seen in Fig.2 a prominent
energy dependence of AZ(E,,) exists. For the first 4~ resonance the present data reasonably
resembled the old measurements [6]. The most interesting qualitative conclusion following from
Fig.2 is a first indication of the presence of interference between s-wave resonances of different spins
in the Az(E,,) on neutron energy. It can be seen immediately from a comparison of the measured 4,
with the calculated ones [7] obtained in a multilevel, two-channel approach neglecting, in formula (3),
the terms with J # J. But it is necessary to improve the statistics to obtain a more quantitative
conclusion.

At this stage of the experiments, it becomes clear that some improvements of the method are
necessary to achieve a desirable accuracy for measurements of the energy behaviour of the angular
dependent part of the fission cross-section. The needed improvements are: quality of the sample
surface, stability of the Si-detectors mainly against the y-flash accompanying the neutron bursts, and
the necessity to extend the measuring time at 0.15°K.

Now, a new dilution refrigerator with a "cold plate" to replace the 1°K helium bath is under
construction which will permit us to keep a low temperature during the full time of the run. A new
type of implanted Si detectors are at the stage of development and testing. Uranium monosulphide is
being investigated as a perspective replacement of the monocrystal sample, but this will require an
external magnet.
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Fig.1 An example of a TOF spectrum for the 235U target, aligned in the RUN crystal at T=0.15°K
measured at IBR-30. Experimental conditions are: t,=4.0us, L=29.4 m, initial delay 160ps. The time
scale was split into 3072 channels of 0.5 us and 1536 ones of 2.0 s.
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Fig.2 The dependence of A»(Ey) on neutron energy. The points are our results. The curve taken
from ref. [7] is a result of calculations without accounting for the interference of the compound-states
of different spins.
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1. INTRODUCTION

The investigation of nuclear fission induced by low energy, and especially resonance

neutrons, gives unique possibilities to clear up the basic mechanism of the manyparticle
rearrangement of nuclear matter in the fissioning process.
The existence of a correlation between these parameters and the properties of the end
fission process phase - fragment kinetic energy, charge and mass distribution, neutron and
gamma multiplicity * represent obvious interest in the understanding of the dynamic fis-
sion mechanism. As a rule, the above noted properties of fission products are measured
by means of mass separators, ionization chambers, fragment time-off-flight spectrometers,
and other arrangements with small amounts of fission materials in spectroscopic layer
form. These arrangements have poor high-transmission and may be employed only in the
intensive beam of high neutron flux sources. Another possibility, the use of gamma-ray
spectroscopy methods to determine fission fragment yields, was first demonstrated during
the investigation of spontaneous fission 22Cf [1]. The greater high-transmission of this
method was used in the investigation of gamma - rays from fission fragments of 23°Pu
induced by resonance neutrons [2]. The experimental data for thermal and resonance
neutrons were compared with the recommended independent yields from thermal neutron
fission and some peculiarities were observed. As the precision of the experimental data was
not enough, and the gamma-spectroscopy, as any indirect method, has different sources of
possible of systematic errors, it was necessary to verify these results by means of the new
measurements.

2. DETAILS OF MEASUREMENTS

The gamma-spectroscopy method is based on precise measurement and analysis of the
fission gamma-ray spectrum with further identification of fragments by refined gamma
lines. Neutron spectroscopy was carried out using the time-of-flight method with the IBR-
30 reactor as a pulsed neutron source. The fission chamber with 2**Pu is employed as the
target and as the fast detector of fission events. A semiconducting Ge(Li) detector was used
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to measure the gamma-ray spectrum. To ensure the absence of systematic errors in the
experimental data, fission yield fragments induced by thermal neutrons were measured. As
the recycling energy for the pulse neutron spectrometer is 0.17 eV there is no possibility to
use the time-of-flight method and a Cd-filter was used to separate out the thermal neutron
fission. For the first measurement with the Cd-filter in the neutron beam, the integral
yield of fragments for resonance neutron induced fission from the 0.4 to 230 eV energy
region may be calculated by the formula:

No.(1+a)

res Cd
Yr Ky /k’Y k‘—yf/yN?d (1)

where Y7, is the integral fragment yield per fission, YS¢ - the yield according the gamma
line per fission through measurements with the Cd-filter in the neutron beam, k, - the
number of gamma-rays per fragment, N,(;' 4 _ the area of photo peak in gamma spectrum, o
- the coefficient of intrinsic conversion of gamma-ray for this fragment, e, - efficiency of the
spectrometer, and N?d - the number of fission events during measurement with the filter.
After the second measurement without the Cd-filter, the yield of fragments for thermal
neutron induced fission, th’; may be calculated by the formula:

th .(N'v ; N$d') (1+a)

4 ; (2)
f N?d)'kv'ev

where NO% | N,,, N?d', Ny are the areas of the photo peak and the numbers of fission events
for the measurements with and without Cd-filter, respectively, normalized by the neutron
flux. The average squared deviation for n experimental means from recommended data of
fragment yields is characterized by parameter:

X'/n o (YRT YR /(AYa)]/n (3)
To increase the precision of comparative results the relative yields of fission fragments are
compared by calculating the following ratio:
1:3 N’YCd'(Nf_Njgdl)
t ’
Nf§¢. (N, — NS?¥)

4)

The error of this ratio is connected mainly with the precision of the photo peak areas and
it does not contain the error of specific gamma-spectrometer parameters.

3.RESULTS AND SPECTROMETER DEVELOPMENT

Partial results of comparative measurements are shown in Table 1. The independent
yields of 15 even - even thermal neutron fission fragments of 2**Pu, measured in this experi-
ment, are averaged with the few previous measurement results having different background

conditions. This values are in column Yj;*. The recommended values Y}f°, the ratio be-

tween resonance and thermal neutron fission fragment yields Pi¢* and the average squared
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Table 1: The comparative measurement results

0.83+0.20 [ 0.79 £ 0.03 | 1.08 + 1.25

1.14 £ 0.18 | 1.18 £ 0.05 | 2.50 £+ 1.22
2.79+0.26 | 3.14 £ 0.16 | 0.77 £ 0.42
2.85+0.25 | 2.85+0.14 | 0.54 + 0.56
4.724+0.16 | 4.76 £ 0.24 | 1.03 £ 0.10
145+0.13 | 1.19+£0.12 | 1.14 £ 0.22
4.50+£0.16 | 4.12+0.21 | 0.98 + 0.09
2.09+0.11 | 2.06 £0.10 | 1.71 £ 0.30

o 2.36 £0.07 | 2.76 £ 1.31

2.621+0.28 | 3.02 £ 0.36 | 3.38 + 3.43
3.95+0.23 | 4.08 £ 0.33 | 1.30 £ 0.37

3.01 £0.17 | 3.27+£0.26 | 0.25 £ 0.25
243+0.12 | 2.05+£0.23 | 1.21 £ 0.19
0.87+0.12 | 0.95+0.01 | 1.18 £ 0.45

. 1.47+£0.11 { 1.09 £ 0.12 | 1.75 £ 0.27

x%/n 1.07

deviation between the experimental data and recommended values are also shown in Table
1. The experimental results are in agreement with recommended data. The main differ-
ences of ratio P{f* from unity for some fragments and the size of its experimental error
are connected with the difficulties of y-spectroscopy because of high background in fitting
spectra and poor statistics for the measurement with the Cd-filter.

The main part of the experimental error is connected with the large continuous spec-
trum background due to the Compton scattered 4-rays. If the number of fission events
during measurement are 3 - 108, the experimental errors of calculated yields are about 5 -
25%. It can be reduced by about one order of magnitude by means of "active” shielding
of the Ge(Li) detector. The employment of a HPGe detector with high efficiency in the
gamma-spectrometer and a reduction of electronic equipment deadtime are necessary to
increase the number of identifiable fragments and the statistical provisions for measure-
ments [4]. At the present time here is no possibility to measure the fission fragment yields
of individual resonances for the range 40 - 230 eV due to insufficient neutron energy reso-
lution on the IBR-30. It will increase after reconstruction of its neutron source according
to the IREN project [5].
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4. CONCLUSION

On the basis of the comparison of our results with the recommended data for thermal
neutron induced fission, we can conclude that systematic error in the experimental data is
absent. As a result of this comparative measurement we have not observed the peculiarities
of integral yield fission fragments induced by resonance neutrons from 0.4 to 230 eV energy
region within the experimental errors. For higher precision measurements of the yields of
fission fragments by means of the gamma-spectroscopy method it is necessary to employ
the Compton-suppression spectrometer with higher quality equipment. In this way, the
namber of identified fragments will be increased and independent yields of more than 1%
could be measured to a precision of 1 - 3%. The measurements of the fission fragment
yields from individual resonances for the energy region 40 - 230 eV will be possible after
reconstruction of the IBR-30 reactor according the IREN project.
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The effective fraction of delayed neutrons, 8,,, = v, /v, is one of the principal
reactor physics constants, important for nuclear reactor design, nuclear safeguards, etc.
Here v, is the total yield of delayed neutrons (DN) per fission, v is the average number
of fission neutrons per fission. The basic results on DN are described in [1].

Recently, Filip and D’Angelo [2] have shown that due to the continuous progress
in nuclear reactor technology, measurements of enhanced accuracy are required of v -
values for thermal neutron induced fission.

In order to perform investigations of delayed neutrons with high accuracy and to
study short-time groups of DN, an improved experimental facility, using the method
of periodic irradiation, was designed and tested. The facility utilizes the Dubna IBR-2
pulsed reactor (PR), a mirror neutron guide, a neutron chopper (NC), and a *He-filled
multicounter neutron detector (ND).

The IBR-2 PR is used as a pulsed neutron source having a 200ms time interval
between pulses. The bent mirror neutron guide considerably supresses the fast neutron
background. The mean thermal neutron flux at a target is 2 - 10° n/sec-cm?.

The NC consists of 2 mm thick Cd disk with two symmetric 20° slits. To get a
better fixation of the termination of the neutron beam, the NC is mounted as close as
possible to the ND after the mirror neutron guide. Rotation of the NC is synchronized
with reactor bursts.

The ND consists of 12 3He-filled proportional counters placed in a polyethylene
moderator. There is a hole in its centre for inserting samples. Monte-Carlo calculations
show that the neutron detection efficiency for this setup is approximately 20%-30% in
the 0.2 - 2.0 MeV range.

The measurement data are collected in the form of a time distribution (TD) of
detected neutrons. All "start” pulses triggering the electronics are synchronized with
the IBR-2 neutron bursts.

The TD of the detected neutrons consists of two different parts. The first part
includes prompt fission neutrons (FN) detected during an exposure time At. The second
part represents the time distribution of the detected DN in the time interval when the
neutron beam is cut off.
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If Sppn is the number of detected prompt fission neutrons and Spy is the sum of DN
detected in the time interval (t1,¢;), (f1,t2 < T), where ¢, and ¢; are counted after the
exposure of the target is finished, then f.s; can be obtained from the equation:

SDN  €FN
IBBff= -‘SF'—N'ED—N'F(T,At,tl,t2) \*)

where epy and epn are the detector efficiencies for prompt fission neutrons and delayed
neutrons, respectively. One can readily obtain the value of F(T,At,t,,t;) from the
following expression, which takes into account the periodic exposure of the target and
the existence of 6 DN groups, as suggested by Keepin [1]:

‘ S.A loeNAL g |
FIT, At 1) = [Z)\ At 1 —eNT S(eTT —em ) (2)

1=1

Here A; is the relative yield (X%, A; = _, —_ .. - 0 . .ol

group of DN. ’
To test the facility, measurements with 23*U and 233U targets were performed. The

experimental TD of detected neutrons shown in Fig.1 and Fig.2 were measured with
2357 (0.3 g) and 23U (0.1 g) targets, respectively. The background was measured with

a 2 mm thick Cd filter in the neutron beam.
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Fig. 1. A TD of neutrons for 2°U. Time channels 1024 - 64us + 1024 - 128us.
lower curve is the background. Measurement time 15 h.

By using the known values of 8.;;(***U) = 0.0068 + 0.0002 [4] we obtained the
ratio of both neutron detector efficiencies for 2**U, which is in good agreement with the

calculated value.
Calibrating our 23U experimental data with the known data for 23*U, and making

the assumption that the efficiency ratio for 23U is the same as for 23U, we have obtained
the Bess value for 233U

133



Bess(33U) = 0.0029 % 0.0002.

This value is in good accordance with the results in [3]. We must emphasize that the
statistical error of the obtained values was several times less than system errors.
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Fig. 2. A TD of neutrons for 23U. Time channels are the same as on Fig. 1.
Measurement time 21 h. The lower curve is the background.
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Fig. 3. Decay curve for 23°U. Every point is the sum of neutron counts in a 6.4 ms
time interval.

The method of periodic irradiation allows the DN decay curve to be obtained from
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our data (see fig.3). Our estimations for the possible existence of a 7-th group of DN
with A7 = 14 sec™! (T1/,= 50 ms ) show that A; <0.003.

The facility for studying DN emission has been designed and tested. A method
for periodic irradiation of a target by a pulsed reactor has been realized and the first
measurements with good statistical accuracy and realistic results have been carried out.

The use of an extremely powerful pulsed neutron source, based on the IBR-2 pulsed
reactor, gives the possibility of DN detection between neutron bursts starting a few ”ms”
after termination of the neutron beam by the NC. The facility gives the opportunity to
estimate the contribution of short-lived groups to the DN emission.

We would also like to note that this is actually a multipurpose facility, which could
be utilized in solving other problems relevant to nuclear fission, (n, v)-reactions, etc. [5].
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STUDY OF FAST NEUTRON INDUCED CHARGED
PARTICLE PRODUCING REACTIONS

1. MEASUREMENT OF ANGULAR DISTRIBUTION AND CROSS
SECTION FOR THE 38Ni(n,a)>5Fe REACTION AT 5.1 MeV
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(Frank Laboratory of Neutron Physics, JINR, Dubna, Russia)
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Introduction

Investigation of charged particle emission reactions induced by fast neutrons is of
interest for both nuclear energy applications and the understanding of basic nuclear
physics problems. In particular the study of (n,a) reaction is important for estimating
radiation damage due to helium production in the structural materials of fission and
fusion reactors, as well as for testing nuclear reaction models.

Nickel is an important element of structural material. Natural nickel contains 68.27%
58Ni. But experimental data of energy and angular distributions of alpha particle and
cross section for the 38Ni(n,ct)>9Fe reaction are very scarce in the energy range of several
MeV. Because of this, was carmmed out measurement of energy spectra, angular
distribution and cross section for the 38Ni(n,o)>3Fe reaction at 5.1 MeV [1].

Experimental method and results

Experiments were made in the D+D peutron beam of the Van de Graaf accelerator at
the Institute of Heavy Ion Physics, Peking University, P.R.China. Emitted alpha particles
were detected with a parallel-plate, gridded twin ionization chamber with a common
cathode, which was made at the Frank Laboratory of Neutron Physics, JINR. The
ionization chamber was filled with a mixture of 98.3% Kr and 1.7% CO» to 2.2 atm
pressure. The first section of the twin ionization chamber contained studied target which
is a metal disk of 99.9% enriched 38Ni of 1.047 mg/cm?2 thickness. The target was
backed on the aluminium cathode. The second section was empty and was used for
background measurement. Neutron flux is monitored using a fission chamber with 238U
enriched to 99.997%. Two dimensional energy spectra of anode and cathode signals for
emitted alpha particles were obtained with the help of measuring system based on the
IBM PC AT-386 computer.

Cross section of the 8Ni(n,a)5Fe reaction at 5.1 MeV was found to be
47.415.0 mb. Angular distribution of alpha particles emitted in this reaction is nearly
symmetrical with respect to 6=90° (Fig.1).

The comparison of the experimental results with the statistical model calculations
shows [1] that the angular distribution and cross section for the 38Ni(n,c)35Fe reaction
at 5.1 MeV can be described by the compound nucleus model (Figs. 1 and 2).
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Figure 1.The angular distribution of alpha-particle emission n the 58Ni(n,0)7 Fe
reaction at 5.1 MeV. Black points are our experimental data. Solid curve is the statistical
model calculation.
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2. SYSTEMATICS OF THE FAST NEUTRON INDUCED

(n,p) REACTION CROSS SECTIONS
G.Khuukhenkhuu, Yu.M.Gledenov, M.V Sedysheva, G.Unenbat.

Introduction

In practice it is often necessary to evaluate the cross section of the nuclides, for which
no experimental data are available. Therefore, it would be useful to derive some empirical
law for governing neutron cross section variation. Besides, such empirical law is perhaps
useful for the understanding of nuclear reaction mechanisms. Several formulae have bee
suggested to describe the isotopic dependence of the (n,p) cross section around the
neutron energy of 14.5 MeV only (see, for example, ref. [1]). Recently, we observed a
similar dependence for the (n,p) cross section, averaged over the fission neutron spectrum
of 235U [2] and in the energy range of 6-16 MeV [3].

Formula and Data Analysis
For black target nucleus (n,p) cross section can be written as follows [4]:

oo ] KO »

where R =7,4"” is the radius of the target nucleus; X is the wavelength of the incident
neutrons divided by 2x; 4, N and Z are the mass number, the number of neutrons and the
charge of the target nucleus, respectively. The parameters K and C for different energies
of neutrons can be determined from experimental data fitting, using formula (1).

Analysis of known experimental (n,p) cross sections depending on the relative neutron
excess parameter (N — Z)/ A of the target nucleus showed that formula (1) satisfactorily
describes all experimental (n,p) cross section data in the wide energy range of ~2 to
16 MeV [4]. The known experimental values of (n,p) cross sections and the line fitted by
expression (1) at energies 6 and 16 MeV are shown, as the examples, in Figs. 1 and 2,
respectively.

Plus and minus symbols denote the positive and negative Q-values of reactions,
respectively. Corresponding values of the fitting parameters C and K are also given in
these figures. The comrelation between the (n,p) cross section and parameter (N-Z)/A in
the wide energy interval of ~2 to 16 MeV and for the wide range of mass number
A=19+197 indicate that this systematics (formula (1)) 1s apparently independent on the
nuclear reaction mechanisms.
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Figure 1. The dependence of reduced (n,p) cross section
upon the relative neutron excess parameter (N-Z)/A
of the target nucleus at E;=6 MeV.
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NUCLEOSYNTHESIS OF THE RARE ISOTOPE 36S:
MEASUREMENTS OF THE 36S(n,y) CROSS SECTION
AT kT=25 keV AND THE 35Cl(n,p)35S CROSS SECTION FOR
THERMAL NEUTRONS

Yu.M.Gledenov, Yu.P.Popov, V.1 Salatski, P.V.Sedyshev, M.V .Sedysheva.
Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980
Dubna, Russia.

H.Beer, F.Kappeler.

Kernforschungszentrum Karlsruhe, Institut fur Kernphysik 111, P.O.Box 3640, D-76021
Karlsruhe, Germany.

The synthesis of the rare nucleus 36S is a long-standing problem in nuclear
astrophysics. Most of the rare isotopes are thought to originate in explosive environments
in stars [1]. Up to now, however, all explosive calculations appeared to overproduce 36S.
Recently, investigations of the s-process contribution to the abundance of nuclei from the
S-Ca region have appeared [2]. One result of these calculations was that the s-process
can account for most of the observed 36S abundance. Both explosive nucleosynthesis and
s-process calculations, however, have a significant uncertainty because the cross sections
for the reactions that lead to 36S or destroy it have not been measured and theoretical
estimations are used instead. From this point of view, the 36S(n,y) reaction cross section
at star temperatures is very important, as up to now there was only a theoretical
estimation: 0.3 mb at 30 keV [3]. The 35CI isotope may also play a role in the
nucleosynthesis of 36S. This influence is introduced via branching, which determines the
relative probability of the 36S synthesis via the 35C1(n,y)36C1(n,p)36S and the
35CHn,p)33S(n,y)36S reaction sequences. It is clear that the Maxwellian average Cross
section (MACS) values at star temperatures (in the keV region) are needed in
nucleosynthesis calculations. An accurate cross section value at thermal neutron energies
18 also very important. The thermal cross section has a direct impact on MACS-values,
which may be significant, and this value is indeed to normalize cross section data at
higher neutron energies. So, Koehler investigated the 3-‘-’Cl(n,p)-"SS reaction from
25 meV up to 100 keV at the LANSCE facility, Los-Alamos (USA) [4] normalizing data
to a thermal value of 489+14 mb from [5]. Wagemans, et al, repeated these
measurements at the GELINA facility, Geel (Belgium) [6]. But they used the thermal
value of 440+10 mb for normalization, which they also determined at the Grenoble
reactor. Koehler's and Wagemans's MACS-values have a discrepancy factor of up to 1.5.
In connection with this we carmed out measurements of the 3f-’Cl(n,p)35S reaction cross
section for thermal neutrons.

The 36S(n,y)37S (5.1 min) cross section was measured with neutrons at the
pulsed 3.75 MV Van de Graaf accelerator of Kemforschungszentrum Karlsruhe
(Germany). Using the special properties of the 7Li(p,n) reaction near the reaction
threshold a Maxwellian neutron spectrum with a thermal energy kT=25 keV was
generated [7]. The cross section was determined by the fast cyclic activation technique
which is described in detail in [7]. Samples of elemental sulphur enriched with 36S by
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Fig. 1. The accumulated y-ray intensity from a 36§ activation.

5.933% were irradiated, sandwiched between two gold foils which served as the capture
standard. The y-emission from the sulphur and gold was registered by a 175 cm3 HPGe
detector. In Fig.1 the accumulated 3103 keV y-ray line from 36S activation is shown. A
preliminary MACS-value of 0.178 mb at kT=25 keV was obtained. The results were
presented in [8].

Two runs of measurements of the 33Cl(n,p)33S reaction cross section for thermal
neutrons were carried out on the neutron beam of the IBR-30 pulsed booster in Dubna.
We used our facility based on the double grid ionization chamber and multiparameter
data system acquisition [9,10]. The NaCl and LiF targets were prepared by vacuum
evaporation and the 6Li(n,tg4He reaction served as a standard. In Fig.2 the amplitude
spectrum of the 33Cl(n,p)3°S reaction is shown. We have a preliminary result for this
reaction at thermal neutrons: 6y,=540+40 mb. This result was presented in [11].
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Fig. 2. Spectrum of the protons from the 33Cl(n,p)33$ reaction at thermal neutrons.
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Fig.3 gives an overview of the nucleosynthesis reaction sequences in the sulphur-
calcium regjon. Stable isotopes are put into a full square, unstable but long-lived isotopes
into a square with intermittent lines and short-lived isotopes are surrounded by a circle.
Normal arrows mark (n,y) reactions and an intermittent line means a less probable (n.y)
transition due to competition with other reactions. The 363 production is mediated by the
36C1(n,p)36S reaction from seed nuclei A<36, seed nuclei with A>36 can contribute via
the 39Ar(n,c)36S reaction channel. But the destruction of 368 is only achieved through
the 36S(n,'y)?*F/S reaction. As our measured value of this cross section is by a factor of 1.8
smaller than the previously used theoretical estimate {3] the s-process production of 368
will be enhanced by a factor 1.8. Concerning the 35C1(n,p)358 reaction cross section, our
value for thermal neutrons is 19% higher than the value used by Wagemans [6] and 9%
higher than value used by Koehler [4,5). It should be noticed, however, that our result is
preliminary and we are planning to continue the measurements.

*ta |

‘Ca

Fig. 3. Partial nucleosynthesis network in the S-Ca region.
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