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RRC "Kurchatov Insti tute", 123182, Moscow, Russia,

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

infl uence of Ï .kind microstresses on the neutron results.
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Fig. 1. The investigated sample and the
(õ,ó,z) sample-related coordinate system.

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

à tensile test experiment.

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

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

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

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

of the H i l l model which assumes taking of an ar i thmetic average of the Reuss and V oigt model
values and gives the resul ts very close to the K roner model v alues. T hus, the fol l ow ing val ues were
obtained : Á ö — 6.70õ 10 ~ M Pa-' „ S t~ — — -2.24õ 10-~ M Pa-' , and S~~ -— 12 .43x 10 ~ M Pa ' .
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Fig. 3. Stress-strain relationships for di f ferent

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

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

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

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

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

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

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

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

Òî obtain information on the stress state at the interface of à Si -chip on à À120 3 substrate the
neutron and Õ-ray di ff raction results were combined. The residual stresses in À120 3 plate are due to
the housing of the Si-chip by an epoxidic layer. The results f it quite wel l with the FEM simulation.
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We have studied the powder sample of Yp qPrp qBaqCuqOq+Ä (further, Y(Pr)-123),

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

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

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

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

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

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

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

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

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

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

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

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

Instrument: DN-12. 20 =90 deg.

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

3.787(3)

3.844(5)

11.462(18)

166.855
0.95 — 2.56

0.7

0.3

0.176(3)

0.355(2)

0.158(3)

0.376(5)

0.369(7)

0.9

28 kbar
90'

3.768(4)

3.827(5)
11.38(18)

164.101
0.95 — 2.56

0.7

0.3

0.168(3)

33 k bar
90'

3.769(3)

3.827(3)

11.380( 15)

164 .626
0 .95 — 2.56

0 .7

0 .3

0 .165(2)

0 k bar
45' , 90 ' , 138'

3.824(3)

3.863(4)

11.563( 12)

170.8 10
0.93 — 4 .35

0.7

0.3

0 .181(2)

~

0 .359(2)

0 .163(2)

0.374(5)

0.378 (4)

0 .9

0 .358(2)

0 .155(3)

0.379(4)

0.369(7)

0.9

0.356( 1)

0 .155(2)

0 .378(4)

0.377(4)

0.9

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

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

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

~

Fig. 4. Dependencies of the z-coordi nates of Âà and 0 1
atoms i n Y(Pr)-123 structure versus pressure.
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I t has been known for some time that amphiphil ic block copolymers consisting of one
hydrophil ic hand one hydrophobic block form micelles with relatively narrow size ø aqueous
media. The abil ity of these micelles to solubil ize various hydrophobic organic molecules,
which has been studied by several techniques, is one of their important and interesting

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

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

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

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

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

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

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

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

spectrometer.
Results

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

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

not only for the static studies but also for the time resolved experiments with the temporal
resolution in the order of à minute. This is true even for not too strong scatterers like for
example the dHute solutions investigated here.
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î
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î
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Fig.1 Variation the micellar radius during solubilization of chloroform into PMMAËPAAc
micelles at chosen degrees of neutralization à . The mean radius was determined by the fitting
of the experimental SANS data to the theoretical scattering curve of homogeneous spheres
with à Schulz-Zimm distribution of radii .

4 3



B I L A Y E R T H I C K N E SS I N E X T R U D E D U N I L A M E L L A R
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D U BN I K OV Â .Ì ., K I SEL EV Ì . ' , B A L GA V Ð.
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Thickness of the lipid bilayer ø biological membranes profoundly affects properties of
transmembrane proteins. For example, the (Ñà-Mg)ATPase from muscle sarcoplasmic reticulum
displays maximum activity at particular bilayer thickness; the activity decreases in thinner or
thicker bilayers [1], the sodium channel ø nerve membranes is blocked at decreased bilayer
thickness smaller than optimal [2], etc. Determination of the bilayer thickness d is thus very
important for the biophysical characterization of parameters infl uencing the membrane protein
structure and function. In the present work we determined the bilayer thickness in large
unilamellar liposomes prepared from 1,2-diacyl-sn-glycero-Ç-phosphocholines (diCÄPC, è is the

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

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

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

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

è (' Ñ )

È

À~ã

12 (20)
32.4+0.2 À
30.5+1.0 À

14 (36)
34.2+0.2 À

34.0+1.0 À

16 (44)
37.3+0.2 À

37.0+1.0 À

18 (60)
39.8+0.2 À
40.5+1.0 À

1. Üåå À.G., East J.Ì ., Balgav P., Pest. Sci . 32, 317-327, 1991
2. Hendry Â.Ì ., Ell iott J.R., Haydon D.À., Biophys. J., 47, 841-845, 1985
3. Gordeliy VË., Golubchikova L.V., Kuklin À., Syrykh À.G., Watts À. Progr. Colloid Polym.

Sci . 93, 252-257, 1993
4. MacDonald R.C., MacDonald RË., Menco Â.Ph.Ì ., Takeshita Ê., Subbarao N.K., Hu L.-R.,

Biochim. Biophys. Acta 1061, 297-303, 1991
5. Lewis Â.À., Engelman D.Ì ., J. Mol. Biol . 166, 211-217, 1983
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C r i t i c a l F l u c t u a t i o n s o f L i p i d M em b r a n es

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

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

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

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

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

This supports the hypothesis on decreasing of membrane bending modulus due to the enhanced
in-plane density fl uctuations in the vicinity of critical point.
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Fig.1. Temperature dependencies of à) multi layer repeat distance.

Ü) l ipid bi layer thickness and ñ) intermembrane distance for lipid

membranes 6 om dymir istoyl phosphatidylcholine
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Å.Î .Ponyatovsky and F.Å.Wagner
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Chernogolovka, M oscow district , Russia
2 Insti tute of Chemical Physics in Chernogolovka, Russian A cademyof Sciences,
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The inelastic neutron scattering spectra were measured at 85 Ê for the sample of
hydroful lerite quenched àï åã à synthesis at 620 Ê under à hydrogen pressure of 0.6
GPa, and then for the same sample with à hydrogen content decreased by 1.4
hydrogen molecules per C~o molecule after à 35 h annealing at 300 Ê .

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

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

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

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

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

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

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

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

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

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

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

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

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

4

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

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

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

2. K olesnikov À .1., Antonov V .Å., Bashkin 1.0 ., Cornel l Ê ., M oravsky À .P.,
Ponyatovsky Å.G., and Wipf Í ., to be published
3. Hal l Ü.Å. et al, 1993 J.Phys. Chem., 97, ðð.5741-4

4. ÐÇ.R.Honebone et al Chem. Phys. Lett. 180, ð.145 (1991)
5. L .D .L andau and Å.Ì .L ifshitz, Quantum M echanics (Oxford: Pergamon Press,

1965), ð.6 1 6.
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*-Frank Laboratory of Nåutroï Physi cs, ËÈÊ 141980 Dubna, Russi a.
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Hydrogen bounded networks formed by water molecules in clathrate hydrates are
stabilised by guest molecules and à direct comparison of filled and empty structures is not
possible [1] . À remarkable exception is the clathrate-like phase of (Í ãÎ +Í å), whose ð-Ò phase

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

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

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

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

The phonon density of states G(E) obtained from the IINS spectra of (Í ~Î +Í å) in the
solid phases at Ð=1 kbar and Ò=236 Ê and at Ð=Ç kbar and temperatures of 236 and 115 Ê,
respectively, are presented in Fig. 2. One may conclude that the G(E) spectrum of (Í ~Î +Í å) at
1 kbar and Ò=236 Ê corresponds to ice Ih. The G(E) spectrum of (Í ~Î +Í å) at 3 kbar and
Ò=236 Ê is similar to the G(E) of ice II and this similarity enhances with decreasing
temperature, as one may see in Fig. 3. The G(E) spectra obtained at the same pressure for ice Ø
at 250 Ê and (Í ~Î +Í å) at 236 Ê are also presented in Fig. 3.

References:
l . Î .G. Malenkov, Zh. Struct.Khimii, 3 (1962) 220.
2. D. 1.î ï 4î ï î , W.F. Kuhs, Ï . Finney, Nature, 332 (1988) 141.
3. Î . I.ondono, Ï .. Finney, W.F. Kuhs, J. Chem. Phys., 97 (1990) 547.
4. S. Habrylo, $.1. Bragin, J. Brankowski, Ê. Zawalski, W. Iwanski, J. Mayer,

W. Nawrocik, 1. Natkaniec, ÐÒÅ, 5 ( 1989) 63.
5. I. Natkaniec, $.1. Bragin, J. Brankowski, J. Mayer, Proc. ICANS-XII,

Abingdon 1993, ÊÀ1 Report 94-025, ×î !. I. ð.89-96.
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Fi g. 1
Compari son of IINS spectra at à hydrostati c pressure
of Ð=Ç kbar f or i ce I I I at 250 Ê wi th à li qui d and
solid (Í ~Î +Í å) mixture close to the f reezi ng
temperature at 239 Ê.
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Fig. 2.
Pressure and temperature dependence of the G(E)
wei ghted densi ty of vi brati onal spectra of (Í ~Î +Í å)

ices.
At 1 kbar, the G(E) spectrum of (Í ~Î + Í å) i ce
corresponds to the G(E) spectrum of i ce Ih, whi le at
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spectra of i ce 11.
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T H E I N V E ST I G A T I O N O F I O N I C H Y D R A T I O N I N A Q U E O U S SO L U T I O N

O F L I C L B Y I N E L A ST I C N E U T R O N SC A T T E R I N G

À.G.Novi kov ,, Ì .È Rodnikovab, , V. Ê Áà~î ç1ò ' and Î . VSobolev'

Kaluga Region, Russia

Science, 117907, Moscow, Russia

The aim of this work: using inelastic neutron scattering method, to perform the
analysis of diffusion and vibration-rotation motions of water molecules hydrating Li+ þ ï

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

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

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

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

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

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

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

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

~

Ob Å ~ / 2 é — à Þ Å / 2
Ý ÿ Q ,å

(ÜÅ 2 / 2) + Å

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

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

diffusion [41 has been used:

å õð ( — 2W )

0 0

b Z Q ) = 2É

0

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

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

the mean-square amplitude of molecular vibrations.

~

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

by model (3).

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

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

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

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

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

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

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

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

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

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

ized frequency distribution (GFD) of proton for water molecules in ðèãå water and solution
studied.
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The procedure of GFD extraction for hydration molecules from inelastic neutron

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

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

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

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

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

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

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

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

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

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

perimental errors we consider as un-changed one.
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LATTICE AND Ì ÅÒÍ ÓË GROUPS DYNAMICS IN SOLID
ð-XYLENE WITI I l )IFFKRENT DEUTERATED MOLECULES

I . N atk aniec' , J. K alus~, , W . Griessl , Ê . Holderna-N atkaniec' .

' - F r a n k L a b o r a t o r y î / ' N e u t r o n P h y s i c s , J I N R , 1 4 1 9 8 0 D u b n a , R u s s i a ,

ü - I n s t i t u t e of P h y s i c s , U t i i v e r s i t y of B a y r e u t h , 9 5 4 4 0 B a y r e u t h , G e r m a n y .

' - I n s t i t u t e o f P h y s i c s , À .. M i c k i e w i c z U n i v e r s i t y , 6 1 - 6 1 4 P o z n a n , P o l a n d .

Solid p-xylene, Ñ~Í 4(ÑÍ ~)2, provides à relatively simple example of methyl group

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

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

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

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

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

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

l imited applications in the study of 1î ~ 4 ãåöèåï ñó rotational dynamics of molecular groups in
crystals.
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P h on o n d isp er si on cu r v es i n F e- 18 Ñ ã- 10 M n - 15N i F C C st eel

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

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

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

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

an angular divergence of the neutron beam.

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

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

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

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

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

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

32 meV [1] .

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

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

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

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

Figurel shows that the calculated dispersion curves are in good agreement with the
experimental data for the transversal branch Ti and longitudinal phonons for q/q < 0.4. The
difference for high-energy L-phonons (ËØ 32 meV) may be connected with à simplification
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of the dynamic model used or the incoherent scattering background. For the al loys studied the
incoherent cross section is signi ficant due to the presence of Ni and Cr. Therefore, for this
energy region it was diff icult to distinguish the peaks due to coherent scattering.
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Fig.l . Phonon di spersi on curves è a Fe-18Cr-10Ì ï -15Ni steel. • - experiment; — model.
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P O L A R I Z E D N E U T R O N S I N À M A G N E T I C A L L Y

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

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

ü

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

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

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

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

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

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

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

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

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

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

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

F i g ur e 1 pr esen ts th e i n teg r al i n w avel ength ( 1 : 12 Å ) coun t v er sus the gr az i ng angl e 0 „
of the tr an sm i tted beam . I t i s seen f r om th e f i g ure that f or f3= 70 ' as co m p ar ed w i th p= O' à
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Fi g. 1. The dependence of the i ntegral neutron i ntensi ty
1(ñî èï ~l çåñ) on the grazi ng angle Î ,„ ï 1 ~3=0' (à) and
70' (Ü) f or the "— — " (curve 1), " + + " (curve 2),

+ "(curve 3), " + — "(curve 4) beams.

~

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

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

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

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

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

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

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

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

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

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

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

from 0 to the boundary wavelength ë|;,„=1.6À (Õö,„ is the wavelength upper l imit below which
the "+ +" neutron transition on the first interface is realized).
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1 . I N T R O D U C T I O N

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

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

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

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

porous si l icon.

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

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

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

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

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

keV for 5.5 MeV à-particle. We have overcome the difficulties of the RBS method in the investigations
of the concentration of light element (0 ) along with the heavier (Si) and used in this case the nuclear

63



reaction '~0 (à ,à)'~0 to profile oxygen directly [5] . The elastic nuclear resonance at 3.045 MeV is

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

~

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

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

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

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

ß Î ~.
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E PI T H E RM A L N A A F O R ST U D Y I N G ÒÍ Å E N V I RO NM E N T

Ì .V . FRONT A SY EV A , Å . STEINN ES*

Joint Institute for Nuclear Research (JINR), Dubna, Russia
*Norwegian University of Science and Technology, Trondheim, Norway

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

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

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

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

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

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

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

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

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

is presumed to consist of two t erms

4 å bF + s|, ,,

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

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

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

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

( ò;„ ) = J ò p(r )dr ,

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

< ò;„ > : bF ) f rn86.4(Ü„ ,

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

in the proximity of t he two fol lowing values:

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

~

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

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

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

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

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

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

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

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

ÇÚ( ò' ) bÄ,
ò å~

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

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

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

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

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

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

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

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

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

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

elect romagnet ic fi eld À = (Ô, À )

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

Ot ñ

é — = ' È ô , . ä ô

Ot

~

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

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

prefi xed t o A H and to divE and þ [Å x p] are modifi ed in diff erent ways: t he anomalous
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magnet ic moment p', Üàç been added t o t he magnet ic moment ' in t he t erm cont aining

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

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

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

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

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

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

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

~

[ñ(ð „ ó"

é = Í ô
Bt

— À )[cn ( p

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

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

i h — = Í ô , . ä ô

Dt

~~

Í - (ð ( y p ) cr H —
2Ì ñ

~~~~

2Ì ñ 2Ì ñ - - - - -- ' 4M c 2Ì ñ

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

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

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

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

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

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

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

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

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

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

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

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

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

(2a)+ 2ð ) þ [Å õ ð ] [ ê 4 -

~ã

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



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

does not const rain t he equat ion

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

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

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

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

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

of neut ron scat tering (å = 0)

/ ÿ å ( × )

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

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

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

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

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

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

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

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

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

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

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

least , à model .

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

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

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

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

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

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

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

in t he framework of various approaches and models.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

~

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

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

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

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

ä î „, ( Å )
(2)

~~

w her e

— ", ~ , g S' (î ~ - êó
ê

(3)~ ãî

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

factors defined by

ð = (2J + 1)Ë (21 + 1) and
15I

,/(ã~+ 1)I (I + 1)(2I + 3) '

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

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

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

for more detai l , see [5] ) .

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

~ óã( ~ )

«~óî ~Þ
À, ( Å ) =

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

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

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

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

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

(6)

For neutron induced f i ssion w e have',

'7 )

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

to 10 å× . In any case, the analysis outlined above permits, in principle, to extract
unambiguously the partial f ission amplitudes of s-wave neutron resonances and gives
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~

The dependence of the angular correlation between spin orientation of target 2350 nucleus
and fission fragment momentum on neutron energy. Experimental data: circles - present

work, the fit: solid line - with JJ'-interference, dottted one - without it .
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The contributions of diff rent Ê-proj ections in the À2(Å) ,
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an appropriate basis for the quantitative analysis of the forward-backward, lef t-right

and Ð-odd correlations of fission fragments measured recently [ 10] .
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