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PREFACE

This symposium and school is the sixth meeting in the series of events we organise
regularly since the restart of the refurbished Budapest Research Reactor in 1992.
These international ,,autumn" meetings are organised in order to promote the national
and Central European regional user activity at the Budapest Neutron Centre (BNC)
and/or to contribute in specific topics to instrument development around this reactor
neutron source. Following a workshop on cold neutron source in 1992, then users'
meetings (Prague 1993, Budapest 1994) and symposiums on neutron reflectometry
(1995), inelastic scattering (1996), stress analysis by neutron diffraction (1997), the

was, devoted to small angle-.neutron_and_XHray scattering with
regard to the wide interest for this method in various fields of basic and applied
research.

The meeting was held at the Guest House of the Hungarian Academy of Sciences in
a splendid mountain forest site at Matrahaza, about 100 km east from Budapest.
Some sixty participants were gathered from 14 countries, but mainly from the
Central European region. More than half of the attendees was young scientists.
ReflfWJi Scientists from European laboratories gave introductory talks to various
subject fields "related to small angle^J^ttermg (SAS)_le^hniques__or__data analysis
methods as well "aTTopjFal research area e.g. soft condensed, matter, biology or
"rnateriaTs "science. (Unfortunately not all these invited lecture papers could be
included in this volume.)

An important number of contributed talks_3yjgre_ presented on neutron or X-ray
scatteringand_even on combining bQth_of_them, demonstrating the very__useful
co^lementarity of these methods. Somg_other papers give nice examples_jjf SAS
experiments completed by resujts_of other lei;hniqu^s_such_as NMR_pr 1 ight
scattering. The varietyjof pres_ented_contributions is a nice demonstration for the
interdisciplinary use of "small angle scatterin£_Jrorn^physics H T ^
chemistry, materials science to engineering.

<Jbo<xA s*^i^ltl\ I** Lt. im

Rosta Ldszlo
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INSTRUMENTATION FOR SMALL-ANGLE SCATTERING

L. CSER
Research Institute for Solid State Physics and Optics of the Hungarian Academy of

Sciences, Budapest, H-1525, P.O.Box 49 Hungary

1. Introduction

Instead of the historically accepted term "small-angle scattering" the expression small-q
scattering is much more relevant. In fact, the researcher is first of all interested of the
scattering amplitude density distribution, which can be obtained by the use of the Fourier
transformation from the measured scattered intensity expressed by the parameter

q = 7i0A. (1)
which contains two independent variables, 0 - is the scattering angle and X is the wavelength
of the radiation used. The practical importance of the above expression is that a small-angle
scattering experiment can be performed either by independent variation of one of the above
two parameters, or both of them. As it will be shown below, the choice made for one or other
options requires the adequate experimental set-up. The 0 - scan is typical for X-ray samll-
angle scattering experiments and neutron scattering measurements at the steady-state sources.
The A. - scan essentially is used at the pulsed neutron sources.
It is worth mentioning that despite of many similarities between the X-ray and slow neutron
small-angle scattering experiments the two kind of radiations are rather complementary than
competitive.
Remark: For the reason of shortening the text both the X-ray and neutron scattering will be
discussed in simultaneous way. In order to facilitate the separation of the two topics during the
whole text the words neutrons and X-ray will be always written in italics.

2. Elements of the instrumentation

In principle all small-angle scattering device consists of the same basic elements:
a.) the source of the radiation;
b) monochromators;
c) beam shaping;
d) sample environment;
e) detectors;
f.) data - acquisition.

a). Sources.

X-ray beam can be obtained either by sealed tubes emitting characteristic lines of the anode
material, e.g. Cu (X= 1.54 A), Mo (X= 0.71 A) and Cr (A.= 2.3 A). The size of the X-ray spot
is determined by the size of the exciting electron beam. The toady's state-of-art luminous X-
ray source is the electron synchrotron like ESRF, Grenoble, France. In an electron synchrotron
the electrons circulate with a velocity close to that of light. The electrons are kept in a closed
orbit by series of bending magnets. The electrons experience an acceleration when their



direction is changed and they emit electromagnetic radiation. Due to the relativistic effect the
radiation is strongly confined in the forward direction and as the electrons pass through a
bending magnet they emit a fan of vertically very well collimated radiation, (better than 0.1
mrad). This spectrum is "white". The photon flux can be increased by two kinds of devices:
wigglers and undulators. Both devices contains a set of magnets arranged in regular arrays
which make the electrons follow an approximately sinusoidal path. At the extreme positions
of the path there is an additional acceleration giving rise to the increase of the emitted
intensity in the short part of wavelength. If the radiation emitted from the different periods of
the device does not interfere the intensity is proportional to the number of periods and one has
a wiggler. If the radiation does interfere it will result in a peaked intensity at certain
wavelengths and one has an undulator. In general, X-ray sources can be characterized by the
parameters: size, divergence, band width and spectral brilliance. The latter is defined as
number of photons per (sec x mm x mrad x 0.1% relative wavelength band XIAX). This
value for a 12 kW rotating anode tube is about 107, while for the synchrotron ESRF (at 6 GeV
and 100 mA electron beam) is 1014. This figure for a 10-pole wiggler is 10 times larger and an
undulator of 70 periods gives 5000 times increased brilliance. The schematical view of these
elements are shown in the Figure 1.
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Figure 1. The schematical view of the synchrotron radiation formation (see the upper right
enclosure). On the left side the effect of the bending magnet (1), wiggler (2) and undulator (3)
on the X-ray wavelength and intensity distribution is shown. B is the bending magnetic field,
9 is the width and T is the height of the synchrotron radiation. The value of the height Q¥) is
determined by the ratio of the rest mass of the electron to its kinetical energy.



Neutrons are provided by a fission reactor or a spallation source. Both kind of sources can be
performed as steady state or pulsed ones. The neutrons from a steady state source have a
wavelength distribution which approximately corresponds to the Maxwellian spectrum with
the temperature of the moderator. This spectrum can be shifted towards the long-wavelengths
which widens the range of the scattering vectors to smaller values. The shift is obtained by a
cold source which is usually liquid hydrogen at temperature about 20 K. For a spallation
source the neutron beam is usually produced by exposing a target of heavy element (W, Hg ,
Pb, Bi or U) to a high energy ( E pr > 1 GeV) proton beam. The most powerful steady-state
reactor is operating at the ILL (Grenoble) and the steady-state spallation source SINQ in PSI
(Switzerland). The pulsed reactor (IBR-2, Dubna) produces neutrons by means of fission of
Pu by fast neutrons, while the spallation source (e.g. ISIS, Rutherford Lab.) uses pulsed high-
energy proton beams. The neutrons are pulsed with a repetition frequency 5 - 50 Hz and with
pulse duration of the order of hundred microseconds depending on the type of the moderators.
The luminosity of the steady state neutron sources can be characterized by the maximal
thermal neutron flux in the reflector (l,5xl01:>n/scm2 for the ILL reactor, 2x10 4n/scm2 for the
SINQ), while the typical characteristics of the pulsed source intensity is the peak value of the
flux 2.55x1015n/scm2 for ISIS and 3xl0I6n/scm2 for the IBR-2). The principle of operation
of these three types of source is shown in the Figure 2.

b) monochromators;

For conventional X-ray sources the monochromatization procedure should pick out the
characteristic line of the anode. For radiation from Cu anode the K(3 contribution can be
suppressed by the use of Ni filter (10 ji m thick), as the absorption edge of Ni lies between the
Cu Ka and the Cu Kp lines. The most typical way of mo'nochromatization can of course
carried out by Bragg scattering by single crystals, e.g. pyrolitic graphite with mosaic spread of
about 1°. Perfect crystals like quart, silicon and germanium are ideally suited for focusing
monochromators. The wavelength resolution is typically 0.1 - 0.01%. The reflectivity curve
has considerably wide and intense tails which means low contrast (worst than few percents) .
By allowing multiple bounces in a channel - cut crystals the tails get suppressed and in the
case of five bounces the contrast can reach the value of 1: 10"7. One of the major problems
when using synchrotron radiation is that a significant amount of the heat is absorbed by the
mono-chromator crystals. This can give rise 'to problems with the stability. The
monochromators are often water-cooled or cryogenically cooled.
The X-ray beam can also be monochromatized by a periodical multilayer. The advantage of
multilayers in connection with the synchrotron sources is their broad wavelength band (X/&X ~
1%) which gives a significant increase in intensity compared to perfect crystals, the typical
materials used for multilayers are Si and W. Due to the absorption the maximum reflectivity is
less than 50%. Since the Bragg scattering angle is about 1.5 -2° the length of such a multilayer
monochromator is rather large ( 10-20 cm). Multilayer monochromators used at synchrotron
sources should be cooled too.

The required wavelength band of neutrons can be prepared by the use of Bragg reflection by a
large single crystal (pyrolytic graphite or Ge of high mosaic spread) too. By placing several
crystals after one other with small off-sets one can increase the wavelength band up to 5 - 6 %
In order to remove the higher - order Bragg-reflections a polycrystalline beryllium filer cooled
to liquid nitrogen temperature should be used. As a neutron small-angle scattering experiment
does not require high wavelength resolution (the value (X/AX ~ 10% is satisfying) mechanical
velocity selector can be used for monochromatization. Such a device consists of a rotating
drum with helical slots and only the neutrons with velocity which match the rotation speed
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Figure 2. The illustration of the nuclear processes taking place in the various kind of neutron
sources.



will pass. The solid drum can be replaced either by a set of helical absorbing plates made of
composite material, or by properly positioned multiple discs along the rotating axis with a
sequence of windows on the perimeter of the discs.
At pulsed sources the monochromatization can be achieved by the proper choice of the
distance between the source and the detector. The time elapsed between the neutron -burst and
the instant of the registration of the scattered neutrons by the detector is recorded. From the
ratio of the time-of-flight and of the total flight path the velocity (and the corresponding
wavelength) can be determined. Simply speaking the total time-of-flight is proportional to the
neutron wavelength. This method allows to use the full "Maxwellian" beam. The principle of
the time-of-flight monochromatization can be easily explained using the so called "time -
flight-path" diagram (see the Figure 3).

t ~ X ~ 1/v

Figure 3. The principle of the time-of-flight monochromatization. S r the neutron burst, S2 -
the sample, D - the detector, L[ and L 2 stand for the distances between the source and the
sample and that of the sample detector distance respectively.



c) beam shaping;

In order to limit the X-ray beam divergence a system of slits made of strongly absorbing
material has to be used. Typical materials for X-rays are lead, tantalum or tungsten. The slits
should be very carefully machined in order to avoid parasitic scattering.
The slits in the case of neutrons typically are made of Cd.
Yor X-ray facilities the photon flux at the sample position can be increased by optical devices.
The most commonly used focusing devise is an X-ray mirror reflecting all photons impinging
the mirror below the critical angle 9 c for total external reflection:

0 C = X.(pe2/umc2)1/2 (2)

where p is the electron density, e and m stand for the charge and the mass of the electron
respectively, and c is the velocity of the light. In the focusing geometry the mirror surface
should follow the shape of an ellipse. The usual material for the mirror is fused quartz coated
by a heavy metal (Au, Pt) to increase the critical angle. In order to accept a considerable
amount of radiation the mirror has to have the length of 1 - 2 meters. This may cause
problems with mounting the mirror in a sufficiently stable way as it might bend under his own
weight. The problem can be solved by the use of segmented mirror. The individual segments
should be accurately aligned each to another.
The beam can also be focused by bending a single - crystal. The crystal should be cut with the
surface parallel to the lattice planes and the surface has to follow the Rowland circle.
Multilayers can also be used for focusing the beam. This can be obtained by simply bending
them.

The flux of the neutron beam can be increased at the sample position using so called neutron
guides. A neutron guide is a tube of rectangular cross-section made of flat glassy walls
covered by 2000 A thick Ni - layer. Those neutrons which enter into the neutron guide below
the critical angle 9 c will be transported from the source to the sample by multiple total
reflection.
Here 9 c is defined similarly to equation (2):

9 C = X(Nb/7t)1/2 (3)

where N is the number of scattering nuclei per unit volume, b stands for the average coherent
scattering amplitude.
Replacing natural Ni layer by a special system if two component multilayers (Ti and Ni) the
thickness of the pairs of Ni and Ti layers is changing by a given law (such system is called as
supermirror) the effective value of 9 c can be extended by a factor of two. This increase the
aperture of the guide tube and as a consequence depending on the size of the cross-section of
the guide gives rise at least twice higher flux at the sample. In order to increase of the incident
neutron intensity a converging multi-slit geometry is used. The aperture consists of several
( 2, 4 or 7) adjoining holes. The size of the apertures should be decrease in size towards the
detector in such a way that the beams passing through the various set of holes hit the detector
at the same position. For avoiding cross talk between the holes several apertures have to be
placed along the beam direction. This geometry allows to increase the sample area which
results in higher efficiency of the measurement.



d) sample environment;

The investigation of many various samples requires conditions different from the ambient
ones. Typically the properties of the sample material can be influenced by changing the
external conditions as : temperature, magnetic field, pressure. For creating high temperature
environment serve various kind of furnaces. Soft materials, like polymers, liquid crystals or
biological samples require only moderate heating, maximum up to 120 °C. While sintered
metals or fluctuations caused by phase transitions might be studied at rather high temperatures
(up to 1000 °C). Low temperature measurements can be done in cryostats allowing to cool
down the sample either to liquid nitrogen or liquid helium temperatures. Intermediate
temperatures can be reached by regulation of the cooling and heating power applied
simultaneously to the system. The material of the windows should be made of slightly
absorbing materials and not causing parasitic scattering. For X-ray 10 ji m thick mica or
capton windows are commonly recommended. For neutrons 0.2 mm thick Al-foils or 1 mm
thick quartz plates provide acceptable transmission. At present time pressure chambers
allowing to achieve pressures of tenth of kilobars can be easily manufactured. The windowof
a high pressure cell is usually made of sapphire.
Magnetic field of strength varied over the range 0.001 - 10 Tesla is desirable in studying of

ferro-, para-, antiferro- and diamagnetic materials. For neutrons the establishment or
destroying of the internal magnetic order of the sample can be connected with the application
of neutron polarization technique. Beside of the influence of the magnetic field on the internal
structure of the sample an external magnetic field can be used also for orientation of the
sample.

e) detectors;

There exist of large number of different detectors both for X-rays and for neutrons. The most
common point detector of X-ray photons is the Nal (Tl) scintillation detector. The
scintillation light is registered and amplified in a photomultiplier. A point detector with very
good energy resolution is the Si or Ge(Li) solid - state detector.
Gas detectors also known as proportional counters in which the X-rays ionize the gas atoms
are typically filled of a mixture of Ar (90%) and methane (10%). The electrons from the
ionization process are accelerated towards the anode and results in an avalanche of charge the
magnitude of which is proportional to the energy of the absorbed photon.
If the anode is made of high resistive wire the position of the avalanche can be determined by
the comparison of the charges collected at the two ends of the wire. Another way for
indetifying the position of the event is to analyze the time dependence of the arrival of the
signals at the two ends of the anode. This detector is a linear (ID) counter (Figure 4). For area
(2D) position sensitive detectors similar principle are used for recording the position of the
event. A 2D detector consists of three planes of wires. The primary signal of the electrons on
the anode wires induces secondary signals on the two cathode planes (Figure 5). Typical pixel
size of a 2D X-ray multidetector is lxl mm .

If the cathode wires are made of high resistive materials then the position of the event can be
determined by charge division for each cathode planes separately. The positioning can also be
done by connecting the wires directly to delay lines and recording the time differences
between the anode signal and the instants of the arrival of the cathode signals. This version of
the signal read-out is schematically shown on the Figure 6. For data collection at very high
count rates parallel readout of the signals appearing on different wires is used.
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Figure 4. The schematical view of a proportional chamber with high-resistive anode wire.The
lower part of the figure shows the principle of the position determination from the charge
division.

Gaseous neutron detectors has to contain isotopes which after capturing the neutrons emits
ionizing particles. There are two condition for these isotops to be fulfilled. First, the neutron
capturing cross-section will be considerably large. Second, they can be kept in gasous state.
There are two widely used isotopes satisfying to the above conditions: He and B. The last
one can form a gaseous chemical compound BF3. By the neutron absorption process JHe is
converted into triton ( H") and proton (H+). In addition 0.764 MeV kinetical energy is
released. In gaseous conter containing BF3 the 10B nucleus decays promptly into 7Li" and
positively charged alfa particle (4He). The energy released in this nuclear reaction is equal to
2.78 MeV. Thus, BF3 filled detector provides better signal-to-noise ratio than 3He filled one.
However, this advantege is wiped out due to high chemical aggressivity of the BF3 compound.
In reality, all kind ( ID and 2D with various read-out methods) of proportional counters for
recording of neutrons were developed and successfully used. The detector area is usually
divided into 128 x 128 or 64 x 64 pixels The corresponding pixel size of such a 2D neutron
detector is 5x5 mm2 or 10x10 mm .

Converting X-ray into visible light by external luminescent phosphor solid state position-
sensitive detector of X-ray can be built up of the array of photodiods in which the diods are
either biased p-n junctions or MOS capacitors. The individual diods are read out by a
multiplexing system which can be incorporated on the chip.
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Figure 5. The schematical layout of the multiwire detector.

One of the most effective position sensitive detectors is the image plate detector. The image
plate is a thin layer of phosphor of, for example BaFBr(Eu 2+). The X-ray excites the Eu
ions to Eu3 + and the electron is trapped in an F-center. After the exposition with scattered X-
rays the plate is scanned by a small light spot ( about 50 u. m in diameter) from aNe-He laser
beam
( X = 6328 A) which photon can release the trapped electron to the ground state with
concomittant light emission (X.= 3900 A). The emitted light is amplified and converted into
electrical signals by a photomultiplier. Typical resolution is 100x100 p. m2 and the plate size
20 x 20. cm2. There is no limitation on the count rate and in addition the plates are reusable.
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Applying at the front of the image plate a Gd foil the Gd isotope gets excited after
capturing neutrons. The excited Gd nuclei decay by emitting conversion electrons which
interacts with the image plate and excite the Eu 2+ ions similarly as X-ray photons do. After
removing the Gd converter the read-out procedure is the same as in the case of X-rays. The
main disadvantage of the use of the image plate for recording neutrons is that Eu nuclei get
activated by capturing neutrons and this activation decays slowly.

f.) data acquisition;

The events registered by the detector usually are collected by a Personal Computer (PC). The
speed and memory capacity of an up-to-date PCs (like Pentium) allows to handle of the
original data arrays for temporary storage and also for preliminary data processing. Beside of
these tasks Pcs are able to control the experimental conditions and run the measurement
including the protocol recording. However, long term data archivation requires huge memory
volume. E.g. a 2D intensity distribution measurement file may need several megabytes
memory. Such files can be formed in few minutes if the measurements are carried out at high
intensity sources (synchrotrons). A time-of-flight neutron scattering experiment would
increase the need for the memory additional two orders. Thus, the PC's memory content has
to be regularly transferred to the background storage device.
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Figure 6. The schematical view of the 2D detector with delay - time read-out.

10



3. Closing remarks

The present text is only a schematic layout of a rather short talk given at the school. Many
intriguing features of the small-angle scattering techniques had to be omitted (e.g. the Kratky -
camera or the Bonse - Hart setup, and so on). For those who are interested in more details of
the small-angle scattering technique the author recommends to read the valuable revue paper
written by J.S.Pedersen, "Instrumentation for small-angle scattering", H. Brumberger (ed.)
Modern Aspects of Small-Angle Scattering, pp. 57-91, © 1995 Kluwer Academic Publisher,
Printed in the Netherlands. This review also is providing the reader with a reach collection of
citations of original papers.

H



IT)

s
O
G>
CO

A Review on Research Activities Using the SANS Spectrometer in
Transmission Geometry at ET-RR-1 Reactor

M. Adib
Reactor & Neutron Physics Dept., NRC ,AEA , Cairo , Egypt

The phased double rotor facility operating at ET-RR-1 reactor (2MW) was rearranged to
operate as SANS spectrometer in transmission geometry. The rotors are suspended in magnetic
fields and are spinning up to 16,000 rpm producing bursts of polyenergetic neutrons with
wavelengths from 0.2 nm to 6.5 nm and beam divergence of 17' on the sample.

The review on research activities using the SANS spectrometer and its applications for
powder particle size determination and the long wavelength fluctuation of magnetization of the
Fe-Ni alloys are discussed.

Principle of the SANS Cross-Section Method

It was shown by Bacon [1], that the process of SANS is a combination of diffraction and
refraction. The predominant process depends on the differential phase change $ . When <j)» 1
, refraction is predominant, and when <{> « 1, only diffraction is important. As shown by Adib et
al. [2] that the beam broadening after traversing a sample of thickness Z, in terms of SANS
cross-section (JSANS can be expressed as:

bX

2nNZ R,

refraction case

diffraction case
(1)

where X , the incident neutron wavelength, Rp the average particle radius and b average value of
the bound coherent scattering amplitude.

Therefore, from the analysis of the neutron transmission measurements , one can
determine the structural inhomogeneneties of the sample under investigation.

The phased double-rotor facility operating at ET-RR-1 reactor [3] was rearranged to
operate as SANS spectrometer in transmission geometry . A horizontal view of the general
arrangement of the spectrometer is given in Fig. 1

Fig. 1. The General Arrangement of the TOF-SANS Spectrometer

The neutron transmission measurements through different iron powders were carried
out using the present SANS spectrometer [2]. Fig. 2. displays the.dependence of OSANS for iron
powder (Fe-1) samples of 3.0 and 4.85 mm thickness versus X2 ( closed squares and + sign ,
respectively ) , while the values of CSANS for (Fe-2) powder are displayed in Fig. 2 as x sign.
As reported by M. Adib [2], the accuracy in particle size determination was within 8%.

12
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However the refraction case was the predominant process to SANS cross-section of iron
powders (Rp ~ 25 u,m). Therefore, Adib et al. [3] reported the result of measuring the long
wavelength fluctuation of magnetization of Fe-Ni alloys .where the diffraction is the
predominant. They reported that the measured cross-section behavior a t of Fe-56.3 at.% Ni
showed a remarkable increase with the increase of neutron wavelength. Such increase was
interpreted as due to SANS broadening , while that of Fe-26 at.% Ni , the broadening didn't
exist. Therefore, the broadening effect in terms of (JSANS was deduced by incoherently
subtracting the values of a t of Fe-26 at.% Ni from that of Fe-56.2 at.% Ni The resulting CTdiW was
displayed in Fig. 3, where Rp was found to be (390±40) A. Such result is in agreement with that
given by Komura et al. [4], who reported that for highly concentrated alloys as Feo.65 Nio.35 long
wavelength fluctuations of the magnetization in cells of about 100 atoms were observed.

Recently A. Ashry [5] reported a design of a SANS spectrometer having a high signal-to-
noise ratio. The design principle is based on producing monochromatic neutron bursts using two
phased rotors with curved slots. An optimization study of their number and shape to achieve the
highly available intensity of monoenergetic neutrons at the required resolution is given. It was
shown that for rotors having 19 slots each with radius of curvature 96.8 cm , the intensity
on the specimen is 2xlO6 n s"1 for <J)0 of the reactor -lxlO13 n cm"2 s"1. Such SANS
spectrometer can be successfully applied at both high and low neutron flux reactors. The
advantages of using massive rotors is to overcome problems of high background level
accompanying the reactor thermal neutron beam without using long neutron guide tube.
Moreover the area of the sample under investigation is relatively small (= 1 cm2).
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SANS study of 0.073 M micellar solutions of Na- and Cs alkyl sulfates was made in function
of the alkyl chain length nc = 9-16 at temperatures 25, 40 and 55 °C. Micelles were assumed to
be ellipsoids; the effect of their random orientation on the scattering intensity was taken into
account. Model parameters of the OCM structure factor, as hard-sphere interaction radius,
micellar charge density and scaling length of the electrostatic field, were also treated as fitting
parameters.

THE MODEL

The formula used for quantitatively interpreting SANS patterns from solutions
of ionic micelles is calculated from a cell-model. If restricting ourselves to the case of constant
micellar aggregation number nag, the intensity 1(0) of scattered neutrons is expressed versus Q,
the magnitude of the momentum-transfer vector Q, in terms of the elementary scattering
amplitude A(Q) of the micelles and of the structure factor S(Q) as

1(0) = n • [(A2,4(0) ; (A(Q))2S(O)\ (1)

where n = (c - c^ -A^/«ag is the number of micelles per unit volume, given by surfactant molar
concentration c, critical concentration CM of micelle formation and by Avogadro's number NA,
(A2A(Q)) = (A2(Q)) - (A(Q)f, and the brackets () denote thermodynamic averaging.

Based on thermodynamic considerations, micelles are ellipsoids; in the micellar
model the particle is built of two confocal shells of different radii but of the same axial ratio sr,
the scattering contrast is homogeneously distributed in each shell. The basic quantity in the
further treatment is the scattering amplitude from a homogeneous ellipsoid, that can be exactly
calculated. Provided that R is the radius of the ellipsoid, Ap is the scattering contrast, and d is
the angle between Q and the axis of symmetry of the ellipsoid, A(Q) is expressed as

(2.1)
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where V(R,e) = 4-n-R3-e/3 is the volume of the ellipsoid, and

t(O,R,s,9) = Q'R' Jl + {e2 -l)cosS ; (2.2)

for s = 1 Eq.(2.2) results in OR, and Eq.(2.1) in the well-known formula of scattering ampli-
tude from spheres. The first- and second momenta of the scattering amplitude are given by
integrals over the equally probable orientations:

= \ [ A(Q; e, d) sin &/» and (A2 (O)) = £ {* [A(Q; s, S)]2 sin StfS (3)

The calculation of S(Q) is based on the mean sphere approximation (MSA) [1],
by assuming that the micelles form a one-component macrofluid (OCM) and interact through a
weakly charged dielectric medium via Deryaguin-Landau-Verwey-Overbeek (DLVO) potential
combined with a hard-sphere term:

17 <yi_ \d-Rl-vl-exp[-(r-2-R0)/K] It if r > Ro
UDLVOV) ~ \ , . V*)

[oo otherwise

where dis the dielectric constant of the medium, Ro the hard-sphere interaction radius, y/o the
surface potential and K the scaling length of the electric field; the two latter parameters are
estimated from the Debye-Hiickel theory.

MATERIALS AND METHODS

Cesium- and sodium alkyl sulfates were prepared with alkyl chain length 9-16
from high purity commercial alcohols by sulfation with chlorosulfonic acid at 0 - 5 °C; the salts
were twice recrystallized from hot 1:1 benzene/ethanol mixtures. Gas chromatographic analysis
of the products showed ~3-10'5 mole fraction alcohol; the sum of all other impurities was of a
similar amount.

Samples were prepared from dried (for 72 h at 55 °C) salts and from bidistilled
D2O; the aquamolality was fixed at 0.0729 M; in order to correctly subtract the background
caused by the incoherent scattering of H atoms, a H2O/D2O mixture was made for each alkyl
chain, that consisted of the same amount of hydrogen as the sample.

SANS measurements were carried out in the Budapest Neutron Center. The
small angle diffractometer was equipped with a velocity selector producing neutrons with an
approximately Gaussian wavelength distribution; the mean wavelength X may be set within the
range 3.5-20 A with a resolution AX/X ~12% independent of A Neutrons were detected by a
64x64 pixel two-dimensional position-sensitive detector; the applicable 0 range is 0.01-0.48 A'1

Primary data were processed by making use of numerical algorithms elaborated
in Saclay: raw scattering patterns were circularly averaged around the primary beam location
and corrected for background. Spectra were converted to absolute intensities dL>dQ by mak-
ing use of a 1 mm thick H2O standard.
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RESULTS AND DISCUSSION

Absolute SANS intensities arising from 25 °C temperature Cs- and Na decyl
sulfate as well as 40 °C temperature Cs- and Na dodecyl sulfate solutions are plotted in Fig. 1;
corresponding best-fit- and %2 curves are also presented. All other results exert similar proper-
ties and their plots are omitted. The applied model results in a good fit for all systems studied.
However, the maximum of the x2 curves, found systematically in the transition region between
the primary and secondary structure of the scattering patterns, suggests that the two-shell
assumption should be replaced by a less approximate distribution of the scattering contrast.

(c) 0.0723 M NaDDSat40°C r20

15

(a) 0.0723 M NaDSat25°C

0,1 0,2 0,3 0,4

(d) 0.0723 M CsDDSat40°C(b) 0.0723 M CsDSat25°C

5x10-<
0,0 0,1 0,2 0,3

Q [A-1]

Figure 1. SANS patterns from Na- and Cs alkyl sulfates recorded at 5.5 (A) and 1.3 m sample-
to-detector distance (SJ), best-fit curves (solid lines) and chi-squares (dotted lines).

The verification of best-fit values, where possible, is done by comparing them
with independent experimental results and/or with predictions of thermodynamic theories. The
theory of micellization, used for predicting experimental results in the present work, is based
on Hill's small systems thermodynamics [2]. The macroscopic micellar ensemble is described by
means of the time average properties of a small system - the single micelle, which is open to its
liquid surrounding and thus fluctuates in size and energy. The model involves both the phase
separation and chemical equilibrium concepts. The electrostatic free energy of micelles is
calculated from the Gouy-Chapman model. The calculations need some basic parameters (like
the free energy of monomer transfer from the aqueous to the micellar phase, the interfacial free
energy etc.) characteristic of the system, and result in the critical concentration of micelle
formation as well as in the distribution of the aggregation number. Experimental nag data for
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sodium alkyl sulfate micelles, obtained at 40 °C, are plotted in Fig. 2 as function of i^; within
experimental error they equal the results we published and discussed earlier [3]. For short alkyl
chains, up to n<; ~9-13 theory and experiment are in acceptable agreement. Possible sources of
the deviation of theory from experiment are that intermicellar interactions were disregarded in
the micellar model and that the free energy optimization was carried out for spheres rather than
ellipsoids.

100-

10-
O)

i

so

0.5

r150

-100

O • model
# • experiment

-50

8 10 11 12 13 14 15 16 17
n

c
Figure 2. Mean aggregation number of sodium alkyl sulfate micelles at 40 °C in 0.0723 M sol-
utions

The goodness of the fluctuating micelle model can be judged by comparing the
predicted and standard textbook c.v/ data; both are presented in logarithmic plot in Fig. 2.
Calculated and measured data points define different straight lines. At nc = 12 the discrepancy
corresponds to ~0.5 kT difference per ion between theoretical and experimental standard free
energy of micelle formation.

Best-fit values of core radius Rcore at different (25, 40 and 55 °C) temperatures
are seen in Fig. 3. as a function of nc. The results, which do not seem to depend on
temperature, define a joint straight line: R ^ * (0.992 ± 1.028) + (1.256 ± 0.079)-^ [A].
Derived from density measurements [4], the length Ec of the alkyl chain is expressed as tc

=2.77 + 1.27-nc [A]; determined from crystallographic information [5], ta =2.95 + 1.27-ric [A]
is obtained. The slopes of the literature data are identical and are equal to the experimental
result within 1.5%. In other words, the core radius and the alkyl chain length - in spite of the
uncertainty in the additive terms - are linearly correlated quantities.
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Figure 3. Radius Rcore of the micellar core of sodium- (solid symbols) and cesium (open sym-
bols) alkyl sulfates as function of nc, the number of carbon atoms in the alkyl chain. Data were
obtained at different - 25, 40 and 55 °C - temperatures. Straight lines obtained from fitting and
from crystallographic results are also plotted.
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Introduction
In the last decade a large amount of research has been conducted on mixed surfactant systems
[1,2], which can be attributed to their wide practical applications from oil recovery to
cosmetics industry. The widespread application derives from a useful feature of surfactant
mixtures, namely the possibility of adjusting the required surface active property by choosing
the appropriate composition of the constituents. The subject of the present work is the micelle
formation of a poly(oxyethylene) type nonionic surfactant Brij-35 (C12EO23) in aqueous
solutions, and the influence of anionic sodium dodecyl sulphate (SDS) on the aggregation
studied by small-angle neutron scattering.

Experiment
Brij-35 and SDS were purchased from Sigma, and were used without further purification. The
samples were prepared in the concentration range from 5 to 200 g/1 by dilution of a 200 g/1
stock solution having the desired Brij-to-SDS molar ratio (10:1, 10:2, 10:5). In order to
achieve high contrast, D2O was used as solvent. The solutions were placed in quartz cells
(Hellma) of 2 or 5 mm neutron path length depending on the concentration and were termo-
stated to 20, 40 and 60 °C in the sample holder from an external bath. The measurements were
performed on the SANS spectrometer installed at the Budapest Research Reactor and partly
on the PAXE SANS spectrometer at the Orphee reactor in Saclay, France. The primary
spectra were circularly averaged, corrected for background and transformed to absolute
scattering cross section using 1 mm H2O sample as standard incoherent scatterer.

Model calculations
In order to characterize quantitatively the aggregation taking place in the solutions, a poly-
disperse interacting 'hairy' spheres model was fitted to the experimental scattering spectra.

= N){P(q, Nag ) + F2(q, Nag )[S(q, Rk, (Nag)) -l]}f(Nag )dNag +B (1)

where JVis the concentration of aggregates, P(q,Nag) and F(q,Nag) are the form factor and the
scattered amplitude respectively, S(q,Nag) is the interparticle structure factor, f(Nag) is the dis-
tribution function of the aggregation number and B is a residual background term. The
Gaussian distribution function was used as f(Nag). The method of including the effect of poly-
dispersity in Eq.l corresponds to the local monodisperse approximation [3]. In the form factor
P(q,Nag) the correlation between the spheres and tethered chains, and additionally between the
chains is also taken into account, therefore F(q,Nag) is not equal with the square root of
P(q,Nag). The form factor for this particular case was derived by Pedersen and Gerstenberg [4]

+ 2N;igPxPcSJq,Rg,R(Nag))
where ps and pc are the excess scattering length of the dodecyl chain and the poly(ethylene
oxide) block respectively, Ps(q,R(Nag)) and Pc(q,Rg) are the form factors of a sphere and a
Gaussian polymer chain and can be given as follows:
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_ f3[sin(qR) - qR cos(qR)U p( R ,
)) = l (qR)3 J ' W'V*- tfRj2

where R is the radius of the sphere and Rg is the radius of gyration of the chains. The Scc and
Ssc are the correlation terms between the attached chains and between the chains and sphere
recpectively

For pure Brij-35 solutions a simple hard sphere structure factor [5] was used to take into ac-
count the interparticle correlation, while for mixed aggregates a charged hard sphere one
derived by Hayter & Penfold [6] and Hansen & Hayter [7] within the mean spherical appro-
ximation. In the case of mixed aggregation one has to consider the composition of micelles
for the calculation of the excess scattering lengths. The authors used the nonideal mixed
micelle model of Rubingh [8,9] based on the regular solution theory to calculate the aggregate
composition. Eq. 1 was least squares fitted to the measured scattering curves with Nag, R, Rg,
Rhs, o'Nag and B as free parameters, where Rf,s and ojvag are the interaction radius and the
dispersion of the distribution function respectively. The scattering curves from mixed
aggregates were fitted at several fixed values of the surface charge density and Debye inverse
screening length, and the value giving the best fit was accepted.

Results and Discussion
In Figs. 1-3 characteristic experimental and fitted scattering curves are shown reflecting the
main features of the aggregation and allowing to draw some qualitative conclusions.

10-

q.A"1

Figl. Experimental and model scattering curves characterizing the aggregates formed in
Brij-35 solutions at various concentrations. (T—40°C)
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The high-q part of the spectra does not change significantly with concentration and tempe-
rature, which presumably shows, that the spherical core does not undergo serious trans-
formation. The temperature has effect only on the low-q part of the spectra in Fig.2. This is an
indication of a transformation taking place at larger distances in real space, that is in the outer
shell of the aggregates containing the poly(ethylene oxide) moieties. The same behavior can
be observed on the scattering from mixed aggregates. In Fig.3 one can see the influence of the
electric charge, that is the screened Coulomb interaction on the interparticle correlation.

o

o
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•
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Fig.2 Effect of temperature on the aggregation of pure Brij-35 as revealed by the scattering
curves measured at 200 g/l concentration. The solid lines are the results of the model fit.

A detailed discussion of the results of the fit will be given in a separate paper. Here, because
of the length restriction only the main.conclusions are outlined. In pure Brij solutions the agg-
regation number increases both with concetration and temperature. At 20°C its value changes
from 37 to 59 in the concentration range studied. The temperature dependence is opposite of
that observed with ionic surfactant. This fact visualizes the possibility of preparing a mixed
system, whose aggregation behavior is independent of the temperature. These kinds of
systems can be very important in certain practical applications. The aggregation number ob-
tained at low concentration at 20°C (Nag=37) is close to that determined by Phillies and
colleagues from light scattering measurements (Nag=40) [10]. The authors report on a con-
stant value ofNag in the temperature range from 10 to 50 °C and detect increase only at 70 °C
which is not proved by our measurements. Instead, we detected a continuous increase. The
aggregation number Nag and core radius R were independent fit parameters. Therefore, the
sphere volume determined by R can be compared with that calculated from Nag and the
volume requirement of a dodecyl chain in the case of dense packing, which is equal to 350 A3.
The ratio of these two volumes gives information on the compactness of the core. The ratio of
the sum of the alkyl chain volumes to the fitted core volume ranges from 0.37 at 5g/l (20 °C )
to 0.61 at 200g/l. It shows that the core is very loosely packed with the hydrocarbon tails and
the poly(ethylene oxide) chains are very likely to be partly also embedded in the core. At
lower concentrations the volume ratio increases with temperature, that is the core becomes
more compact, but this dependence disappeares at high concentration (200g/l). The best fit
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values of Rg change from ~15 A at low concentrations to ~20 A at high concentrations. These
values are sufficiently larger than the theoretical radius of gyration for a Gaussian chain
consisting of 23 EO units which is equal to 11.6 A. This fact can really mean that the chains
are not of Gaussian conformation, but can be the consequence of the improper way of
handling the chain penetration into the core. It necessitates the re-examination of the
experimental data in terms of embedment of the chains into the core. The results of the model
fit revealed that in the Brij-35/SDS mixed system it is possible to realize a temperature
independent aggregation behavior. At 5:1 Brij/SDS molar ratio the sytem studied is very close
to this, the aggregation number practically does not show temperature dependence.

o
Cf

0,1

q,A"1

Fig. 3 Experimental and fitted scattering curves of 50 g/l Brij-35 solutions containing SDS in
various concentrations
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Block copolymer micelles are polymolecular particles with a dense core formed by insoluble blocks
and a protective shell formed by swollen soluble blocks. Unlike light scattering methods providi g
parameters related to micelle the as a whole (Mw, Rg, RH), small-angle scattering of X-rays or neutrons
can provide also information on their internal structure. Scattering properties of a particle depends on
the difference between the scattering length densities of the particle and solvent (scattering contrast).
Study of multicomponent particles is greatly facilitated if scattering data obtained at various contrasts
are available. Using contrast variation, we can suppress scattering contribution of one part of a two-
component particle and make visible the second component. For micellar particles, this procedure is
applicable only if the scattering densities of the core and shell differ sufficiently. This usually means
that block copolymers with one labelled block must be available. In this contribution, we want to
demonstrate that despite of a two-component character of the micelles, it is usually possible to get
useful information on their internal structure even in the cases when labelled block copolymers are not
available.

We will demonstrate that scattering from micelles at higher angles is very frequently governed
by the contribution of the micelle core. This useful property of the scattering curves was already
observed and used in one of the first papers devoted to small-angle scattering study of block
copolymer micelles1, but so far, its applications in literature have been rather scarce.

10

Vblock =1.500E+4
Rcore = 50.0

.choin = 50.0
Bcor, = 1.00

= 100.
Back = .000
n = 1.000E-3
Z = 99.0
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10
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The Figure shows theoretical scattering curves of the micelle model consisting of a dense
spherical core and attached polymer chains. The calculation is based on the analytical form factors
reported by Pedersen and Gerstenberg2, modified by including polydispersity using a Schulz-Zimm
distribution for the core radius. The model parameters are: mean core radius , RcOre =50 A, relative
standard deviation, a/Rcore = 0.10, radius of gyration of the chains, Rg,chain = 50 A, the starting points of
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the chains are at the distance R5tart = 100 A from the micelle center. The last parameter mimicks the
effect of nonpenetration of the chains into the core. The excess scattering amplitude of the core-
forming blocks was kept constant, Bcore = 1, that of the shell-forming blocks, Bsheii, was varied.

It can be seen that the scattering curve is affected strongly by the contribution coming from the
micelle shell both in the inner part of the curve (scattering from the micelle as a whole) and in the tail
(scattering from single-chains ). In the middle part, however, scattering curves are very close to that of
the bare cores (Bshcu = 0) for a wide interval of shell scattering amplitudes. Therefore, from the middle
part of the scattering curve of micellar particles, we can obtain good estimates for the core parameters.

This is demonstrated by the fitting of the theoretical scattering functions of homogeneous
spheres (Bshe!i =0) to the scattering curves of the above described micelle model. Like in applications
to experimental SANS curves, a constant term, Back, accounting for a flat incoherent background, was
added to the theoretical function. The fitting interval was q = 0.04 - 0.20 A"1. The Table shows that for
Bshen comparable to or lower than Bcore, the resulting values of most of the relevant parameters are
close to the true values (first row). As expected, neglecting the shell scattering contribution leads to an
overestimation of the polydispersity of the micelles.

B shell

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

Rcore, A

50.0
49.9
49.8
49.6
49.2
48.6
47.8
46.7
45.2
43.2
40.2

O/Rcore

0.100
0.102
0.105
0.111
0.120
0.130
0.144
0.160
0.180
0.210
0.256

Vcore X
1O'5A3

5.89
5.88
5.88
5.89
5.89
5.87
5.81
5.72
5.58
5.49
5.47

l«™(0)

1.412
1.406
1.412
1.424
1.435
1.438
1.428
1.405
1.371
1.356
1.372

Back

1.87E-07
3.85E-05
1.47E-04
3.31 E-04
5.96E-04
9.48E-04
1.39E-03
1.92E-03
2.52E-03
3.20E-03
3.91 E-03

Conclusions

Structure parameters of the micelle core for a micellar system formed by a non-labelled block
copolymer can frequently be determined from the small-angle scattering curve measured at one
contrast. This can be done if the contrast of the shell is not much larger than that of the core. For
normal (hydrogenous) copolymer in a deuterated solvent this condition is usually met. Of the obtained
core parameters, at least two (Vcore, IcOre(0)) are insensitive to the scattering contribution of the shell
(see Table) and a relation between them can be used to verify assumptions of the core/shell model.
The above mentioned property of scattering curves of micelles makes it possible to estimate the
micelle mass even in the case if the innermost part of the scattering curve is not available. Examples of
experimental studies will be given in the lecture.
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Introduction

X-ray is one of the most important tools to characterise the structure of smectic and

columnar liquid crystals1. X-ray scattering profile can provide information about the

smectic layer spacing, alignment and tilt direction of the director with respect to the

layer normal2. In these investigations the X-ray technique is superior to other

scattering methods, like neutron or light scattering. Although the smectic layer

spacing (-30 A) is accessible also for Small -Angle -Neutron -Scattering (SANS)

studies, it requires much more material^ than X-ray. SANS measurements, however

can become very useful, or even unavoidable to get information about the structure of

some liquid crystal composites, or about the molecular dynamics of certain highly

symmetric smectic phases.

Neutron-scatteriRg-stedies -ef4tqBtd-efystals-iTi-Huiigai'y have been 3tarte4-by

Lr-Rosta and LrBataVwho earned out-inelastic neutroa_scattering-studies-©fi-diffeFent

smectie-phasesr-^Fh^intudies revealecTThat aToiteiiti^e^bratrGnal motio~rrexrsts-4n

smeetie liquid crystals (especiaHy4ft-SmB- arwi-SroG phases^-In-this-contributien-I-wiH

-review peutron scattering studies carried out in Saclay and in Budapest on liquid

crystal composites^, «vc \zu\iw e^l -

Results

First we studied liquid crystal polymer - composite systems, where small amount

of polymers were dispersed in liquid crystals. Measurements revealed that the average

cross-sectional radius of the separated polymer fibres is 300A, and they have rough

surfaces4. The spatial distribution of the fibres does not change during the phase

separation of the liquid crystals. It was found that there is a correlation between the

size of the separated polymer particles and the roughness of their surfaces: larger

objects have less smooth surfaces. For the first time it was experimentally proven that
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the polymerisation of non-mesogenic monomers in an aligned smectic A matrix

induces anisotropy in the resulting network5. The network becomes elongated along

the liquid crystal director. When the polymerisation is carried out in the isotropic

phase the polymer network has an isotropic distribution even if an orienting magnetic

field is applied later. On the other hand, studies show that after several thermal cycles,

the liquid crystal orientation order still remained.

We observed that the structure of a smectic liquid crystal could also be memorised

by SiO2 particles of 7-12nm size dispersed in 0.1 -3 wt% in liquid crystals. Cooling

the material slowly (~l°C/miri) in the presence of a magnetic field of H=1T from the

isotropic to the smectic phase, the layer structure became aligned. Re-heating the

material to the isotropic liquid phase, and then cooling back again to the nematic and

smectic A phase without any magnetic field, the previous alignment of the liquid

crystal recovered. The recovery ratio was found to be nearly proportional to the

concentration. Small-angle-neutron-scattering measurements indicated that silica

particles form loosely connected porous aggregates that remain quite stable even at

elevated temperatures6. Studies by triple axis spectrometer (VALSE, Saclay) enabled

us to measure the distribution of the smectic layer spacing, and the layer alignment

simultaneously7. As the aerosil - liquid crystal interfaces increase, both the layer

spacing and layer orientation become inhomogeneous.

Studies regarding the surface properties indicate that the stability of the memory

correlates to the number of OH groups on the silica surfaces8. The observations imply

that, with fine-tuning of the OH content of the silica surfaces, various types of

memory devices can be designed. Our analysis indicates that the memory effect is

mainly due to a small (<3%) anisotropy of the shape of the aggregates. The

aggregates align the smectic layers through volume interactions. Measurements on

tilted SmC phases indicate that surface effects become important only after repeated

heating - cooling cycles, as the average size of the aggregates decrease.

As a summary, we reviewed recent Small Angle Neutron Scattering studies

carried out in the Budapest Neutron Centre in Hungary and in Lab. Leon Brillouin

(Saclay, France) regarding structures of liquid crystal composites. Systems containing

either small amount of polymers or inorganic SiOz particles behave very similar. They

both can be aligned in bulk and possess similar memory effects. SANS measurements
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turned out to be very effective and useful in clarifying both the structures and the

nature of the memory effects.
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ABSTRACT: Reactor RA at Nuclear Research Institute Vinca belongs to a group of the medium thermal
neutron flux reactors. From 1960 up to 1984 the reactor functioned properely and was subsequently shut
down in order to undertake some necessary improvements. From the beginning the reactor operated at 6.5
MW as heavy water (moderated and cooled) with 2% enriched uranium and in the late seventies the fuel
was replaced by highly enriched (80%) uranium. With this fuel, power was reduced to 4.6 MW. Many
scientists in our neighborhood have expressed their opinion that the reactor RA should again begin to
operate as powerful research tool and in this report the need is expressed for reconstruction in two
particular cases: First case is the upgrading the ratio of thermal neutron flux to gamma and fast neutron
fluxes at the output of the horizontal experimental channels of the reactor and is based on the advantage of
reactor fuel element composition. The second case is concerned with the guide hole design in our reactor.

1. INTRODUCTION

As a part of the modernization process of the RA reactor it has also been proposed to achieve an
improvement of the neutron beam characteristics of the horizontal channels (HC). In order to understand
the meaning of this reconstruction, in Fig. la and lb are shown vertical and horizontal cross-sections of
the RA steady state core.

Fig. la, vertical cross-section and Ib, horizontal cross-section of the RA reactor
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Reducing the gamma and fast neutron flux at the HC output could be achieved by the simple
splitting of the reactor core into two parts in the axial direction, at the height of the HC input [1]. In the
regular fuel element the top segment (the 11th element in the fuel tube) is a dummy segment (DS) with
the same geometry and dimensions as the authentic one (FS), where the uranium fuel is replaced by
aluminum. This, modification can be easily done by mutual replacement of axial positions of the 6th FS
and the DS in selected fuel tubes at the core periphery.

2. DISCUSSION

From the calculations carried out by computer code MCNP* the proposed new configuration of
the reactor steady state core, shown in Fig. lb, can improve the ratio of the thermal neutron flux to the
gamma flux with significantly lower intensity of epithermal and fast neutrons. The neutron spectra in the
thermal region (1 meV - 0.3 eV) at the HC entrance are not changed significantly, while the epithermal
(0.3 eV - 5 keV) and fast (5 keV -10 MeV) neutrons spectra are reduced due to the existence of the
dummy segment, as is shown in Fig 2a, 2b, 2c and 2d.
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According to the obtained data shown in Fig. 2a-2d it can be concluded that the ratio of the
thermal neutron flux to the epithermal and fast is improved. This means that in the designed neutron
guides there is less trouble with radiation protection.
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Neutron guide tubes are becoming standard equipment for present research with modern neutron
sources. As we know [2] they allow to separate fast neutrons (epithermal and fast) in a defined way from
the background of fast neutron and gamma rays. In Fig. 3 is shown guide hole designed in our reactor
where we expect to build neutron guides with different spectrometers.

During the last ten years we have been developing technological procedure for production of
neutron guides [3]. At the present time the improved versions of neutron guides [4] are available.

COLD NEUTHON GUIDE

REACTOR CORE

—/• REACTOR PROTECTION

HORIZONTAL CHANNEL

NEUTflON CUBES PROTECTION

THERMAL NEUTRONS OUIDE

POSITIONS FOR
'NEW PLANING

SPECTflOMETERS

THREE CRYSTALS

SPECTHOUETER

SMALL AfOGLE SCATTERING

Fig. 3. Rough sketch of assembled neutron guides on the channel C ofRA reactor.

In order to illustrate one possible construction of the neutron guide, we present a rough sketch of
two segments with some other parts in Fig. 4.

V
\N

i!
30 60 30

Fig. 4 Section of the neutron guides
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All segments in the guide have to be joined to insure mechanical rigidity, axia! alignment of the
system and the vacuum tightness. The alignment procedure being rather complicated requires the work in
several stages such as:

an adjustment of the segment with a theodolite,
two or more segments are adjusted with a laser beam,
final adjustment of the completed neutron guide with a neutron beam.
In order to achieve vacuum tightness of the junction between two neighboring segments of the guide,
the joining procedure should include, beside s using indium rectangular frames and glue to-fix the
two front faces of the guide, an additional bonding by using a heat-shrinkable polymer[5] based on
polythene. Thermoplastic sleeve is positioned exactly above the junction, heat treatment is applied and
the vacuum tightness is achieved.
Particular effort is devoted to study the properties of heat-shrinkable polymer exposed to a high dose
of gamma rays, and later on fast neutrons effects should be investigated too.
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Small-angle scattering (SAS) of X-rays (SAXS) or neutrons (SANS) are a powerful
tools to investigate inhomogenities in the size range from ~lnm to =100 nm. Typical
examples in materials science are pores, precipitates in metal alloys or nano-particles in
composites. Frequently, these inhomogenities are not spherical and their alignment is
not random, quite in contrast to many other applications of SAS. This requires the use of
pinhole geometry and area detectors for the experimental set-up. The present paper
focuses on evaluation techniques of two-dimensional (2D) SAS-patterns from some
materials investigated by the authors, i.e. metal alloys, carbon composites, wood and
bone. Although the examples shown are derived exclusively from SAXS measurements,
most of them could stem from SANS measurements as well.

1. General equations
Small-angle scattering considers a range of sizes sufficiently larger than inter-atomic
distances, so that the scattering length density p(r) can be approximated as a continuous
function of the position r in the specimen. The general equation for the SAS intensity
/(Q) can be written

/(Q) = / O f p(r)e 'Q* rd3r2 (1)

where Q is the scattering vector, V the specimen volume illuminated by the beam and IQ
a constant defined by the conditions of the SAS-instrument.
For many purposes, it is convenient to define the spherical average of the SAS intensity

Is(Q)=-tjuHQn)d2n (2)
where n is a vector on the unit sphere U. One may also define a Q-average of the SAS
intensity by

l I(Qn)Q2dQ (3)

where Q = Q n is the scattering vector. In the case of two-dimensional SAS patterns
measured with an area detector, the calculation of ls(Q) and IQ(X\) corresponds to %-
integration (that is, averaging within concentric circles around the primary beam, where
% is the azimuthal angle within the detector plane) and 20-integration (that is, averaging
within sectors around the primary beam), respectively. One of the difficulties in
accurately determining Is(Q) for general anisotropic systems is the fact that the full
three-dimensional structure of the SAS-intensity must be known. Is(Q) can only be
computed from a single two-dimensional SAS data frame when the signal has at least
cylindrical symmetry.
Further basic relations for the SAS-intensity can be found in a number of text-books and
review-articles available, like the classical text by GuiNlER and FOURN'ET (1955), as well
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as later works (GLATTER & KRATKY, 1982, FEIGIN & SVERGUN, 1987, "BRUMBERGER,

1995), some of them focussing more directly on materials science applications
(WILLIAMS, MAY & GUINER, 1993, KOSTORZ, 1991, 1996, FRATZL, 1996ab).

3. Materials with fibrous structure
If one takes care that the cylindrical axis (e.g. of a fibre system) is within the plane
covered by the detector, then the spherical average IS(Q) can be computed using the
formula

(4)

Thus, Is(Q) can be obtained by ^-integration of I(Q,X) sin%.

3.1 Cellulose fibrils in the wood cell wall
As shown schematically in Fig. 1, the SAS
perpendicular to the cylinder. More
precisely, the radial intensity distribution
within the disk is [2Jl(Q1R)/QLR]2

(GuiNER, 1955), where QL is the length of
Q in the direction perpendicular to the
cylinder axis an R the radius of the
cylinder. This relation can be used to
determine the radius of the cellulose fibrils
in wood, which turn out to be almost
perfectly monodisperse (R=1.25 ± 0.1 nm).
A further information that can be obtained
from two-dimensional SAS-patterns of
wood is the orientation of the cellulose
fibrils. This is shown schematically in
Fig. 2. Clearly, the orientation of the fibrils
can be read directly from the two-
dimensional SAXS-patterns in Fig. 2.

3.2 Mineral crystals in bone
In contrast to wood, where the cellulose
fibrils have a very sharp orientation with
respect to the cell axis (Fig. 2), very broad
orientation distributions are found in bone,
another biological fibre • composite
consisting of mineral particles embedded in
a collagen matrix. While the predominant
orientation of the long axis of the mineral
particles can be seen immediately on the
original SAXS- data (see e.g. Fig. 3, next
section), the width of the orientation
distribution is less obvious due to the
superposition of the scattering signal from
particles with different orientations. A
quantitative estimate of the degree of

pattern of a thin cylinder is a disk oriented

cellulose fibril
Fig. 1: Schematics for SAS from thin cylinders
(e.g. cellulose fibrils). SAXS-patterns (right) are
for early-wood specimens (spruce) sectioned
perpendicularly (top) and parallel (bottom) to the
fibre direction (from JAKOB et al., 1994)

20 - 40 urn

2-
4
m
m

Fig. 2: Schematic view of the orientation of cellulose
fibrils in the cell wall of spruce wood (centre). The left
panel shows X-ray wide- (top) and small-angle
scattering patterns (bottom) of earlywood where the
cellulose fibrils are parallel to the long axis of the wood
cell. The rigth panel the corresponding patterns for
latewood where the fibrils have a spiral angle of 20°
(from JAKOB et al., 1994).
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orientation can be obtained in the way outlined by FRATZL et al. (1996a,b) which is
based on an integral transformation of IQ(n) derived by PERRET & RULAND (1969). The
same method was successfully used for investigations of human cornea (DAXER &
FRATZL 1997)

3.3 Scanning SAXS

specimen detector

x-ray
generator

Fig. 3

A special application of small-angle
scattering in point focus geometry is
Scanning-SAXS (FRATZL et al.,
1997). As shown in Fig. 3, the
specimen is moved across the beam
which has a diameter from about 100
|im (laboratory equipment) down to
2jlm (synchrotron radiation sources).
First, the specimen is imaged, e.g., by
measuring the transmission at every
position (radiography). In the
example shown in Fig. 4, the
specimen is a section through a
human vertebra. The trabeculae are
visible in dark colours because they
have a larger absorption for x-rays
than the surrounding resin which fills

Specimen image

Scattering
patterns

[5x5] mm
-0.2

q [A'1]
Fig. 4: Scanning SAXS study of a human vertebra
(from Fratzl et al., 1997).the marrow space. The SAXS

patterns, recorded at several locations separated only by half a millimetre, are clearly
different. In particular it can be seen, that the orientation of the needle-shaped mineral
particles (mean diameter ~ 3nm) follows exactly the direction of the trabeculae.
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3.4 Porosity in a C/C composite
During the thermal treatment of carbon/carbon composites, porosity develops mostly at
the interface between fibre and matrix. As shown in Fig. 5, this porosity can be studied
by SAS with point focus (PETERLIK et al., 1994).

Fig. 5: SAXS-patterns of a carbon fibre bundle
oriented horizontally (top), before (left) and after
(right) thermal treatment at 2100°C. The change
between these two patterns is due to a change in the
porosity of the fibres themselves. The
corresponding patterns of a bi-directionally woven
composite are shown below. Here the change in the
patterns corresponds to a superposition of two
effects: the porosity in the fibres and the porosity
developing at the interface between fibre and
matrix during graphitization of the matrix (from
PETERLIK, FRATZL& KROMP, 1994).

4. Single crystals
When crystalline materials, like metal alloys, are investigated by SAS it may be
extremely advantageous to use single crystals instead of polycrystals. Indeed, in the
second case the total scattering is spherically averaged and gives an isotropic signal.
When there is an orientation relation of the inclusions with respect to the crystal lattice,
the investigation of single crystals will not only give this orientation relation, but also
much more accurate information on size, shape and arrangement of the inclusions.

4.1. Oxide platelets in a copper-iron alloy.
The SAXS-pattern from iron-oxide platelets in
a single crystal of copper is shown in Fig. 6.
Such patterns can be measured in a number of
different crystallographic planes by rotating the
specimen with respect to the primary beam. The
reconstruction of three-dimensional SAXS-
pattems then gives the precise shape of the
oxide precipitates and their orientation with
respect to the crystal lattice. Moreover, the
analysis of cross-sections of the streaks in Fig. 6
allows the determination of platelet sizes up to
400 nm. Under similar conditions, a standard
Guinier-evaluation would be limited to a
maximum size of =50 nm because resolution is
limited by the size of the beam-stop. (FRATZL,
LANGMAYR & PARIS, 1993, PARIS et al., 1994).
Other examples for the evaluation of

Fig. 6: (110)-plane of the SAXS-pattern due
to iron-oxide plates in copper. The vertical
direction is [001] and the horizontal [110].
There are two types of platelets oriented
parallel to the (00!) and the (111 )-planes,
respectively (from PARIS et al., 1994).
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anisotropic SAXS patterns in single crystals are Ti-Mo (FRATZL et a!., 1993, LANGMAYR

ct al., 1994), Cu-Be (GROCER et al., 1995) or Ni-Ti (PEDERSENet al. 1997)

4.2. Shape changes of precipitates in nickel-base superalloys
Depending on composition and thermal treatment, the precipitates in Ni-Al-Mo alloys
may be either round or cuboidal with a roughly periodic arrangement (see Fig. 7a-d)
Due to the cubic symmetry of the SAXS-signal, the function 1Q(X\) can be completely
described using the cubic harmonics a = («j«2«3)~ and P = («i «2)" + («2«3)" + (^3«i)",
where n,- (for i =1, 2, 3) are the cubic co-ordinates of the unit vector n. This can be used
to describe the gradual transition from spherical to cubic symmetry which occurs during

temperature treatment of these alloys
(PARIS et al., 1995).
When an external stress is applied to
the alloys, the cubic symmetry can be
broken and large plate-shaped
precipitates may develop as shown in
Fig. 7e. Here the shape of the SAXS-
pattern (Fig. 7f) may be used to
determine the aspect ratio of the rafts
and the "waviness" of the interface
between matrix and precipitates (PARIS

et al, 1997).

Fig. 7: Electron micrographs (left) and SAXS patterns
(right) of Ni-Al-Mo with different Mo concentration (a-d)
and after heat treatment under external stress (e,f). The
periodic arrangement of the precipitates in (c) is reflected
by the broad peaks in the SAXS-pattern (d). (from PARIS
et al., 1995, FAHRMANN et al., 1995).
Fig. 7e,f shows the same alloy as Fig. 7c,d after heat-
treatment at 980°C with an external tensile load of 130
MPa (from PARIS et al., 1997). In this case the cubic
symmetry is broken due to the formation of large plates
perpendicular to the external load
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I Contrast variation experiments provide the possibility to get information about the
I chemical composition of heterogeneities seen in the^,small angle scattering
/ experiment Phases in complex materials can become visibla-arJavisIble bv changing
I the contrastThe Bathia-Thornton [1] equation makes it possible to separate different
i scattering "components on an analytical way using different scattering contrast.

Unfortunately for a system with k components k2 - 1 measurements with different
contrast relations are needed. Therefore, tgis is not practicable for complex materials.
Nevertheless for such complex materials as the bainitic reactor pressure vessel
(RPV) steels information about the chemical composition of heterogeneities can also
obtained by contrast variation.

/^yeryjmportant question in this field is the determination of the type of
precipitates which are formed during neutron irradiation. These irradiation-IrTdljced
precipitates are the cause for the neutron embrittlement, which is the'life time limiting
pnjcessTor a nuclear power plantl —~ ~~

The small angle scattering intensity I(Q) can be described by:

Q is the scattering vector, cp the term which describe the content of the
heterogeneities, F is the term of the structure factor and Ar\z the scattering contrast.
The scattering contrast is equal to the square of the difference of the scattering
length densities r\ of heterogenieties and the matrix, rj is given by:

r\ = n • b

n is the number density of atoms, ions or isotopes, respectively, and b their scattering
length. For X-ray instead of the total scattering length the multiplier f, called atomic
form factor, of the Compton scattering length is usually used. Its dependence on the
X-ray energy of it can be calculated for small Q by:

lim [f(Z,E)J = Z + f(Z;E) + f'(Z,E)

Z is the atomic number, and f and f are real and imaginary part of the resonant
scattering contribution. The values o f f and f" are only significantly high near to an X-
ray absorption edge. They can be calculated by the well-known Kramers Kronig [2]
and Cromer-Liberman [3] relations.

Fig. 1 compares the SAXS and SANS intensity of the RPV weld metal of the
Armenia nuclear power plant in the as-irradiated and the unirradiated state measured
at the JUSIFA facility at HASYLAB Hamburg (Germany) and the PAXE facility at LLB
Saclay (France). In contrast to former investigations [4] there is no effect of neutron
irradiation in the SAXS but a strong effect in the SANS intensity. The reason for it are
different contrast relations for X-rays and neutrons. Fig. 2 shows the calculated
scattering contrast of some presumed structures, for magnetic and nuclear neutron
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a SAXS, unirrad., norm, to SANS t — : : : p : ^ : - -

1 E-4 .i-
1 E-2 1 E-1 Q [1/nm] 1 E+0 1 E+1

Fig.1 Comparison between SANS and SAXS of the as-irradiated and unirradiated
state of the weld metal Sv-1 OMFT

scattering and for X-ray scattering at X-ray energies of 5466 and 5536 eV. The
scattering contrasts are related to the scattering contrast of voids. It can be seen that
the copper containing clusters which were identified by atom probe field ion
microscopy (APFIM) fulfill the condition: to be visible for neutrons but quite invisible
for X-rays. The relative scattering contrast is three orders of magnitude lower for X-
rays than for neutrons. In order to get information about the changes in the vanadium
rich precipitates other scattering contributions has to be made invisible. Therefore,
the SAXS curve measured with lower contrast of vanadium rich precipitates is

SAXS E=5466 eV

SAXS E=5536 eV

SANS magnetic

SANS nuclear

1 E-5

VC Cluster (APFIM) grain boundary

Fig. 2 Scattering contrast of VC, Cu-containing clusters and grain boundaries related
to the scattering contrast of voids for the nuclear and magnetic SANS and for
SAXS with X-ray energies of 5466 and 5536 eV



E[eV]
5466

4536

Z+f
F"
Z+f
F"

Si
14.35
0.68

14.35
0.66

V
14.25
4.00
19.00
3.90

Cr
21.75
0.54

21.73
0.54

Mn
23.32
0.64

23.26
0.62

Fe
24.63
0.75

24.60
0.73

Mo
41.94
5.27

41.95
5.18

Tab. 1 Real and imaginary part of atomic form factor for the most important elements
at X-ray energies of 5464 and 5536 eV

subtracted from a curve with a higher one. Tab. 1 gives the real and imaginary parts
of the atomic form factor of the most important elements contained in the steel at two
energies close to the vanadium absorption edge. Fig. 3 compares the difference of
the SAXS intensities of both energies for the irradiated and the unirradiated state with
with the SANS of the weld metal. It can be seen that the SANS intensity of the
unirradiated state is mainly caused by vanadium carbides. These vanadium-rich
precipitates are not changed by the neutron irradiation.

showst that with contrast variation experiments information about
chemical composition of precipitates can be obtained. Severalphases in complex
materials can be separated."" " ; " '

1 E+2

1 E+1

1 E+0

§ 1E"1

1 E-2

1 E-3

1 E-4

i SAXS (5466 eV - 5536 eV)
irradiated, norm, to SANS

D SAXS (5466 eV - 5536 eV) I
unirrad., norm, to SANS ^

F
o SANS, unirradiated '

• SANS irradiated

1 E-2 1 E-1
Q [1/nm]

1 E+0 1 E+1

Fig. 3 Comparison between the SANS intensity and the difference between the
SAXS intensities at X-ray energies of 5466 and 5536 eV of the irradiated and
the unirradiated state of the investigated weld metal

References
[1] A.B. Bathia, D.E. Thornton: Phys. Rev. B2, 8 (1970), 3004
[2] H.A. Kramer: Phys. Z. 30 (1929), 522

R. de L. Kronig: J. Opt. Soc. Amer. 12 (1926), 547
[3] D.T. Cromer, D. Liberman: J. Chem. Phys. 53 (1970), 1891
[4] M. Grofte, F. Eichhorn, J. Bohmert, G. Brauer, H.-G. Haubold, G. Goerigk-

NIM-B97(1995),487

40



SAXS Experiments with High Lateral
Resolution by Using of an X-ray Micro Beam

Mirco GroBe
Forschungszentrum Rossendorf

Synchrotron radiation sources of the third generation with a high brilliance provide
the possibility of X-ray beam cross sections in the order of magnitude of urn2. The
following instrumental configuration can provide a micro beam:

1. the reduction of the beam cross section with a focusing mirror / slits optics
to an beam cross section of about 150 urn • 15 um

2. the focusing of the beam with a Bragg-Fresnell-lense to a beam with a
diameter of about 1um

3. the accumulation of the X-rays by total reflection inside of a glass capillary
with a tip diameter of about 2 um.

Experiments with such a micro beam also offers new possibilities for the small
angle X-ray scattering (SAXS). By scanning the sample in a micro beam additionally
to the information about type, size and content of heterogeneities information about
their lateral distribution can be obtained in a microscopic scale. In the micro beam
experiment the beam see only a small number of grains in a polycrystallfne material.
It results that the scattering pattern is not statistically averaged. Some scattering
components, for instance the scattering of grain boundaries • get a much higher
weight than in the classical SAXS experiment.

The scanning micro beam small angle X-ray scattering (SM-SAXS) method was
applied to investigate the structural damages ahead of a crack tip in ductile partially
recrystallized aluminium containing layers with both, fine and large grains. A sample
with a ductile grown crack tip were prepared from a 3-point-bending test sample. The
specimen was stepwise moved in x and z direction to get a two-dimensional mapping
of the beam position on the sample. The step width was 200 um. The position of the
crack tip were determined by transmission measurements.

Fig. 1 shows the scattering pattern for different beam positions. The scattering
pattern differ strongly between the different sample positions. Discrete streaks
appear often. These streaks are caused by grain boundary scattering. They appear
at sample positions with large grains. Here the grain size is higher than the beam
cross section. The grain boundaries scatter like thin plates. At sample positions with
small grains the beam cross section is much higher than the grain size. The grain
boundaries are seen as approximately spherical shells which results more or less
isotropic scattering patterns.

An analysis of the scattering patterns between the streaks shows that the small
angle scattering is mainly caused by the scattering of dislocations. This scattering
da(Q)/dQ can be describe by [1]:

d o ( Q ) / d Q = K*p» Qa

K is a constant which include for instance the scattering length density of the matrix
and the Burger vector, p is the dislocation density and Q the value of the scattering
vector. The exponent of this power law a depends on type of the dislocations and
their orientation to the scattering vector. It can have values between —4 and -2 , the
averaged values for polycrystals is -3. The 2D-distribution of the integralintensity
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Fig. 1 Connection of the scattering patterns with the beam position on the sample
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Fig. 2 Mapping of the integral intensity
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Fig. 3 Mapping of the exponent of the scattering law

and of the exponent a are mapped in Fig. 2 and Fig. 3, respectively. The integral
intensity is mainly connected with the dislocation density whereas a depends on type
and orientation of the dislocations. In both cases the mappings show approximately
the same shape and size of the plastic zone.

A more detailed description of the experiment and the results are given in [2,3,4].
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£ TRANSFORMED MODEL FITTING - A STRAIGHTFORWARD APPROACH TO EVALUATION OF
§ ANISOTROPIC SANS FROM NICKEL-BASE SINGLE-CRYSTAL ^UPERALLOYS
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Pavel Strunz
Hahn-Meitner-lnstitut, Berlin, Germany

(on leave from Nuclear Physics Institute, Rez near Prague, Czech Republic; e-mail: strunz@ujf.cas.cz)

Abstract

Schematic description of a special evaluation procedure for data treatment of anisotropic Small-Angle Neutron
Scattering (SANS) is presented. The use of the discussed procedure is demonstrated on a data taken from investigation
of precipitation in single-crystal nickel-base superalloys.

1. Introduction

Generally, the "ideal" (i.e. unsmeared, unnoised) diffracted
intensity is connected with the microstructure of the examined
material (more precisely, with the 3D scattering length density
distribution in the case of interaction of neutron with atomic nuclei)
by the Fourier transform. However, the resulting measured signal can
substantially differ from the "ideal" one due to the statistical noise,
instrumental smearing, wavelength-distribution smearing, multiple
scattering, absorption and other possible effects. These effect (or
transformations, because they transform one function to another) can
be mostly well described when the parameters of the facility as well as
the size and shape of the sample are known. The only uncertainty (but
very restrictive from the evaluation point of view) remains the
statistical noise. Simple scheme of the link "microstructure -
experimental data" is shown in Fig. 1.

The scheme drawn in Fig. 2 explains the particular case, how is
an ideal anisotropic SANS pattern connected with a microstructure. In
Fig. 2a, particles of size roughly between 20 A and 2 urn scatter
thermal neutrons coherently elastically to relatively small angles with
respect to the incident beam. When nonspherical particles prefer some
orientation with respect to the matrix, azimuthal dependence of
scattered intensity exists. The scheme (a) is drawn in the real space,
but - alternatively - the scheme of the scattering can be drawn also in
reciprocal space (term reciprocal space means momentum transfer
space) - see Fig. 2b. The reciprocal space carries 3D differential-
scattering-cross-section function which is connected with scattering
length distribution via Fourier transform. The condition of elastic
scattering then defines properties of diffracted neutrons: their
scattering vectors (denoted Q) lie on the surface of Ewald sphere and
intensity in certain direction (given by vavevector k) is driven by a

Microstructure of the sample (function f0)

T.
Transformation To (Fourier transform)

C
s

3d scattering amplitude (eventually
section dS/dfl) in reciprocal space

Transformation TV depends on type of experiment
(e.g. section of reciprocal space by Ewald sphere,

integration over angle along Ewald sphere etc.)

Jdeal signal (function

Transformation T2: absorption

Transformation T3: multiple scattering

Transformation T4: wavelength distribution smearing

Transformation T5: instrumental + PSD resolution

Other ransformations T6, T7, Ts .... TL

Transformation TN: statistical noise + background

Measured data

Fig. 1. Scheme of the diffraction experiment
(not all the displayed transformations
necessarily influence any experiment).

Small-Angle Neutron Scattering (drawn in real space)

Incident
neutron beam
(wavelength X]

scattering particles (different
scattering length density than matrix)

Scheme of SANS in the recipr

Incident
neutron beam
(wavelength X)

scattering cross-section
dL/dn distribution
in the reciprocal space

a b
Fig. 2. Scheme of the "ideal" SANS experiment in (a) real space and (b) in reciprocal space when preferential
orientation of nonspherical particles exists.
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magnitude of cross-section function in that particular end-point of Q.

2. Transformed Model Fitting

Several methods to evaluate anisotropic pin-hole SAS data were used in the past (eg. [1-4]); however, they are
usually restricted to performing ID cuts through measured 2D data and do not evaluate all measured points from the
position sensitive detector (PSD) at once. Therefore, a new method which employs generall approach "Transformed
Model Fitting" was created [5, 6] for evaluation of anisotropic data from single-crystal superalloys.

The used approach directly simulates the physical process of interaction of irradiation with matter by means of a
computer. First, a model of microstructure or cross section is created, which is afterwards transformed by
transformations mentioned above. Then, the result is compared with measured data and this can be repeated in an
external loop to obtain optimum parameters. Due to the limited acceptable computation time and accessible computer
memory, the used real or reciprocal space model cannot fully copy all the features of the microstructure of real material
and some simplifications are necessary.

The "Transformed Model Fitting" approach is frequently used for an evaluation of diffraction experiments;
nevertheless, it does worth to recall its advantages:
- physical (either theoretical or experimental) basis of used model; possibility to test easily the compatibility of different

models with experimental data; physical meaning of fitted parameters (when the model is not completely wrong);
- utilization of a priori information on the studied material;

{Note: In material science, diffraction experiment alone is seldom used as' the only method for investigation of a material. More
frequently, either the experiment is connected with some directly imaging method or a previous partial knowledge of the
microstructure exists. Here, the evaluation can be restricted to a limited number of models, which are conformable with our pre-
knowledge. It should be noted that such use of pre-information cannot be incorporated easily to some others methods.)

- possibility to use also non-analytical functions or binary maps as models;
- possibility to start to model not only in

reciprocal but in real space in some cases;
{Note: In the case of SANS, relatively small
ratio Qmax/AQ - which determines the number
of discrete points of computer-memory array in
which the model has to be calculated - allows
to perform numerical 3D modelling followed
by 3D Fourier transform in aceptable time
[Qma* denotes the magnitude of the largest
measured scattering vector, AQ is the resolution
of the experiment].)

- no need for stabilization of the solution;
single step procedure (fitting directly to the
experimental data);

- possibility to fit also 2D or even 3D data.

l-st approximation of the the model

no. M 1. shape. ««, A(K d, Cp, p,

Xo, AX, A&, AQ,,

3d real-space model I. shape

3d EFT => dS/dQ array

Adding the 3d dX/dQ array to the
overal size-distribution d£/d£2

3. Evaluation procedure

In the following paragraphs, the
individual steps of the "Transformed Model
Fitting" method modified for anisotropic
SANS evaluation (see Fig. 3) are shortly
described.

The first step is to create model in real
space depending on several free parameters. It
is built as a binary map in 3D. The second step
is to transform the model to the reciprocal
space. Because of the limited resolution, one
can suppose that the scattering intensities from
sufficiently distant places in the sample sum
incoherently. The characteristic distance s at
which this assumption is fulfilled is equal or
larger than 2TI/AQ. Then, the sample can be
treated as consisting of cubic blocks with the
size s and the differential SANS cross section
in 3D reciprocal space can be written as a sum
of cross sections from the individual blocks. It
should be noted that the block can contain
more than one particle. In this way, this

£
Spatial orientation + orientation distribution yjr* Ajg,
(cuts through the 3d dS/d£2 array along Ewald sphere)

Adding the 2d dS/dii array to the overall
dZ/d£2 of two types of particles

JE
Multiple scattering corrections

I Wavelength distribution smearing (&X, Xa J

Collimation + PSD-resolution corrections (AQ,,

Translation of the modeled 2d curve

Comparison with measured data

Fig. 3. Scheme of the procedure for anisotropic SANS data
evaluation, ao, Aa denote size and size distribution parameters, / is
distance between particles, y/0, Ay/denote orientation and orientation
distribution parameters, cp is volume fraction of particles; other
symbols have usual meaning.
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approach can automatically include interparticle interference between the particles inside the block. The distance
between the particles can be assumed to be another parameter of the model.

However, the number of terms in such summation has to be reduced in order to achieve realistic computing time.
For example, if our irradiated sample volume is 1x10x10 mm3 and 5=1 Jim, the number of cubic parts of the sample
would be 10" and the corresponding computation time of the order of 10" minutes. In reality, the cubic blocks can be
grouped so that each group contains the blocks of the same or nearly the same configuration (i.e. sizes and shapes of the
particles, distances between the particles, their mutual orientations etc.). In such a way, the number of terms is
significantly reduced. Further reduction can be achieved under some assumptions concerning the material under
investigation (e.g. that one block contains only particles having the same size - so called local monodisperse
approximation [7]). By repeating of the numerical computing of cross section for different groups (and thus also particle
sizes), the cross section of particles having e.g. size distribution can be obtained.

The next step of the procedure is spatial orientation distribution of modeled particles (or sets of particles inside
the block). Because calculated cross section of size distribution is 3D, one can cut it along Ewald sphere surface to
obtain corresponding 2D cross section dL/dQ.(Qx,Qy) for certain particle orientation. If an orientation distribution is
expected, the section along the Ewald sphere can be performed many times with the rotated Ewald sphere according to
the orientation of individual particles.

At this point, computation of the 3D cross section of another particle type can be started. With some assumptions
(e.g particles of different kinds do not intersect), other populations of particles inside the sample (which differ e.g. in
shape or in scattering contrast) can be included to the evaluation.

Till this point, modeling of microstructure has been described, since now corrections of the scattering curve are
briefly reported.

One of the features which can influence the measured SANS curve is multiple scattering. Its smearing effect
depends on the sample thickness d which determines the total scattering probability. The evaluation procedure uses
approach introduced by Schelten & Schmatz [8] to treat this feature.

In neutron scattering, experimenters are usually considerably limited by relatively low intensities of available
sources. In order to obtain a high flux at the sample position, they are commonly forced to use a relatively wide
wavelength distribution and a relatively poor collimation of the incident beam. This implies a non-negligible influence
of instrumental and ^-distribution smearing on the measured curve [9]. The final smeared cross section is thus obtained
by the two-dimensional convolution of the original cross section with resolution function and, additionally, the 2D cross
section is smeared in radial direction by distribution of wavelengths.

4. Example of the data treatment

On this theoretical basis, a VAX FORTRAN
program was written for modeling and - optionally - for
least square fitting of the measured SANS data to the
chosen model. Applicability of the program to the
anisotropic SANS data evaluation has been proved [10-13].

For illustration of the exploitation of the program,
one figure from microstructural investigation of a new type
of single-crystal Ni-base superalloy called SCA [14,15] is
presented. An influence of aging on precipitate
microstructure was studied during this investigation on V4
facility in HMI Berlin.

The excellent strength of single-crystal Ni-base
superalloys (which are technologically important materials)
originates from the two-phases microstructure: the alloy
contains y' precipitates coherently embeeded in the y -
phase matrix. After standard heat treatment of the original
material, the precipitates are of cuboidal form and oriented
with edges parallel to <100> crystallographic directions.
Moreover, they are often, ordered into the three-
dimensional grid. Therefore, resulting scattering is highly
anisotropic.

One of measured curves is displayed in Fig. 4. Near
the forward scattering, the scattering curve is influenced
mainly by interparticle interference. The peaks positions
provide information on the center-to-center distance
between precipitates. The curve was modeled using cubes
ordered into three-dimensional grid. A size distribution and

0.0094

0.0047

-0.0094
-0.0105 -0.0052 -0.0000 0.0052

Fig. 4. One of the measured and fitted 2D scattering
curves from SCA sample. The notation used in the
figure: - displayed contour lines correspond to the
equidistant levels of the macroscopic differential cross-
section dZ/dQ (cm^sr'1) in the logarithmic scale;
- measured levels are displayed by dashed line,
corresponding modeled curves are drawn by solid lines.
- the Q-ranaes on both horizontal and vertical axes are
in A"1



a spatial orientation distribution of abscissas between centers of precipitates were included. It was possible to extract the
following parameters from measured curves: approximation of spatial orientation distribution of normals to the interface
Y - Y- approximation of spatial orientation distribution of abscissas between centers of precipitates, approximation of
size distribution of particles and distances between particles. Because the scattering contrast was unknown, volume
fraction was calculated using refined size parameters ("geometrical volume fraction") and the estimation of the
scattering contrast was computed from it.

5. Conclusions

The following advantages of the described SANS-data evaluation procedure complement already mentioned
general advantages of the "Transformed Model Fitting" method:

- The utilization of the numerical approach enables to test a wider variety of models to fit a measured data (it
should be noted that the appropriate model has to be chosen for such a SANS-data evaluation; therefore a direct imaging
of the particles by electron microscopy is helpful).

- The influence of the instrument on the resulting curve is taken into account.
- The presented evaluation procedure is not restricted to low total scattering probabilities and/or densities of

particles because the interparticle-interference and multiple-scattering effects are taken into account in the numerical
calculations.

- The evaluation procedure takes full advantage of the 2D PSD.
The modification of the procedure allowing to perform evaluation of 3D reciprocal-space scan at once (3D

fitting) is under development.
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The electron density of activated carbons shows heterogeneity in the colloidal

range, therefore these materials possess very strong SAXS. The primary structural

parameter generally obtained from SAXS results is the Guinier radius, which can

only be calculated and interpreted under strict conditions. The deviation from the

linear "so called" Guinier plot is due to the heterodisperse particles: In the literature

there are some methods to obtain the distribution of the Guinier radii. The average

size of the pores and the matrix units and also the specific surface area can be derived

from the moments of the scattering curves on less strict conditions. The fundamental

structural units are the more or less ordered graphite-like crystallites. The size of the

crystallites and that of the pores, formed between the crystallites during the

activation, are interrelated and very often show similar values. Based on adsorption

measurements, small angle scattering, image analysis, scanning electron microscopy,

porosimetry, etc. it can be stated, that the activated carbons are fractals.

SAXS is an excellent method to determine the fractal dimensions. Both the

surface and mass fractal dimensions can be computed from the scattering data.

Generally, there is no correlation between the value of the specific surface area and

the surface fractal dimension. The observation of the mass fractal dimension by

SAXS is unambiguous, as the linear section in the log - log plot are extended to more

than one order of magnitude in the medial range of logarithm of the scattering

variable. Therefore we have focused on this parameter. We have intended to reveal

what kind of structural change is connected to the decrease of the mass fractal

dimension observed on the heat-treated activated carbons. The basic ideas of our

model calculations are as follows: i) the tunnelling and atomic force microscopy

reveal that this type of active carbon consists of spherical units ii) the size

distribution of these units can be determined. Comparing calculated theoretical and

measured SAXS curves we can explore the changes of the carbon matrix which are

manifested by the changes in the mass fractal dimension.

In the description of the matrix structure we have used a hard core

approximation. We supposed a structural unit consisting of compact spheres with

three different radii (Fig. 1). The unit always consists of one big sphere, six medium

and 1 0 - 1 2 small ones. The coverage of reality of this unit is that the activation

agent burns off the units of the matrix from outside, therefore the shell region

consists of mainly small crystallites and the centre remains compact. We have chosen
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a real Maxwellian distribution of the Guinier radii. This selection does not affect the

essence of the model calculations.

Fig.l Structure unit of activated carbon

It is quite easy to create a regular unit, but if we want to get closer to reality

we shall use an irregular unit, which is more complicated to construct. First we put

down the big sphere, than we randomly generate two angles and put a medial sphere

on the surface of the big one in a position determined by the two angles. We repeat

this process - putting the medial spheres onto the big one and the small spheres onto

the medial ones - until the unit is ready. The position of the next unit is determined

also by two randomly generated angles and a constant distance .

To simulate the effects of heat treatment we varied the above-mentioned

characteristic parameters. In some cases we limited the asimut angle between two

angles to get a quasilinear structure. If we give a constant value of 90 degrees to this

angle we create a planar pattern. The other way of modelling the decrease in the mass

fractal dimension is to allow only discrete values to the other angle. The distance

between two units is also an important parameter which effects the slope of the

computed SAXS curve.

A grain of the activated carbon was built up from hundreds of units. Each unit

has such sizes of the three spheres which fulfil the requirements, namely their

volumes correspond to the given Maxweilian size distribution. For the unoriented

case the scattering intensity of this system can be calculated by :
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I(h)oc Z I

where n is the number of grains and Ij(h) is the scattering of each grain with different

construction. The latter is given by the following equation:

i=k i=k i=k

Ii(h) = S f2i + I 2 f; fj sin (hry) / hry ,

where k is the total number of spheres in a grain, r,j is the distance between two

spheres positioned at r; and Tj, and fj is the scattering factor of each sphere. The fs
factor is corresponding to the hard core.

Applying different constructions of spheres we would like to know how

changes in the constructions affect the shape of the scattering curves in the medial

range of the scattering variable (-1.7 - -0.7 in logarithmic h). The crystallites can be

joined together by the heat treatment during which some polyhexagonal plains of the

different crystallites grow together. This fact can be considered in the simulations. In

the simulated SAXS curves the absolute values of the slopes increase as the grains

change from planar extended loose form to three dimensionally extended compact

form seen in Fig. 2. The same values can be obtained from the SAXS curves detected

on real systems. Comparing the theoretical and measured curves, we can conclude

that the decrase of the mass fractal dimension is connected with the formation of the

non three-dimensional grains contening oriented connections between the structural

SAXS fractal analysis of t$a activated carbohsVgives very useful

information about the structural changes of the carbon skeleton. From the fact, that

the sequence of the activation and the heat treatment affect the fractal behaviours
rf~ 'K'flaws

T \ more drasticallly than the particle size distribution of the structural units, ws=ean

° J \ rnnrlnftr that all changes in the pore and matrix structure may reduce principally to

the bonding of the crystallite units.
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\ log(I)

log(h)

Fig. 2 The absolute values of the slopes of the simulated SAXS curves increase as

the grains change from planar extended loose form to three dimensionally extended

compact form
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iLO High-Resolution SANS Experiments by Double-Crystal Technique

J. Saroun
Nuclear Physics Institute, 25068 Rez near Prague, Czech Republic

Introduction

Though small-angle scattering is a method suitable for investigation of microstructure in a wide mesoscopic size
range (about 1 nm to 1 |im), the dynamic Q-range ir> a single SANS spectrum - defined as the ratio of the
maximum value of the scattering vector Q to the £>-resolution of the instrument - is rarely better than about 10.
The combination of measurements performed at different Q regions is therefore necessary for better evaluation of
SANS experiments, particularly in case of polydisperse systems. Variation of instrument length, slit sizes and
neutron wavelength is the usual way how to extend the Q-range accessible at a conventional pinhole SANS
instrument. Nevertheless, this possibility is limited on the side of small Q values because of restrictions imposed
on the physical length and luminosity of SANS facilities even if they are equipped with an efficient cold neutron
source. Alternative techniques for SANS investigation of large objects requiring ultra high resolution were
developed, based on the nondispersive arrangement of two perfect crystals. The Bonse-Harfdiffract©rnetef444-4S,

X-rays,-btrt-tt is-also used with neutrons in some c-asesrwhen R'sin"traTugrnjTesoratio«-ef
. This contribution is focused on the double bent crystal (DBC) diffractometers [2]

4 2 1
•about lO'15 A^-T y
operating in the intermediate g-range of 10"4 t 0 10~2 A'1, which is difficult to access by both the types of
instruments mentioned above.

Instrumentation

In contrast to the Bonse-Hart instruments, the DBC diffractometer can be used only with neutrons, as it employs
the whole volume of elastically deformed single-crystal monochromator and analyzer to increase their integral
reflectivity. The DBC diffractometer (Fig.l) was described in more details in [3] and this paper is only focused to
some specific properties of this instrument determining its use in material research. The main advantage with
respect to the Bonse-Hart instrument is higher luminosity, variable resolution and data acquisition by position
sensitive detector. On the other hand, channel-cut crystals cannot be used easily with bent crystals and the

bent monochromator
(Silll)

sample
bent analyzer,
(Silll)

AxD=(Rsin(2ea)

steel rods

A9,

/
diffraction planes 111

D22, ILL
DN2, NPI Rez
DN2. equivalent source

Fig.l. Arrangement of a DBC diffractometer
(according to the DN-2 diffractometer at NPI 0ez).

Fig.2. Monte Carlo simulation of integral intensity of
neutrons scattered to Q=4n/d (power diffraction) for
5Q*d=const. Instrumental arrangements of the D22
instrument in ILL Grenoble (?.= IOA) and DN2
diffractometer in NPI 0ez were supposed.

accessible Q-range is therefore restricted to values of Q > 10"4 A1, where the relative contribution of the rocking
curve tails to the integral intensity is negligible. The common advantage of double-crystal instruments consists in
the fact, that the collimation of neutron beam giving the high resolution is performed - due to Bragg reflection -
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in the momentum space only and no strict limitation is therefore imposed on the beam cross-section or angular
divergence. Consequently, the measured scattering intensity depends as ~5g"' on the instrument resolution, which
can be varied by changing the crystal bending radius. At pinhole instruments, the only way to improve resolution
at maximum accessible wavelength and instrument length is minimizing angular divergence by reducing the beam
cross-section. This leads to the ~ 5g"4 dependence of scattering intensity, as illustrated in Fig.2. The DBC
instrument can therefore be more effective at small-Q range and it is often the only tool for SANS investigation
of microstructure in the size range above 0.1 firn.

Data evaluation

Instrumental smearing of SANS data from DBC instruments corresponds to so called 'infinite slit' geometry ,
since the ratio of vertical to horizontal angular resolutions is typically larger then 100. The difference with
respect to other slit instruments consists in the nature of preliminary data corrections (e.g. absorption in the
analyzer crystal or focusing effect of the analyzer) and in the method of absolute calibration of scattering cross-
section, which is evaluated from the measurement of integral intensity in the direct beam [3]. Since this
instrument is dedicated to study microstructure of large dimensions (0.01 - 1 fim), a problem with data evaluation
can arise from multiple scattering and refraction effects. Particularly, large microscopic objects (pores,
precipitates etc..) studied often in material research have high scattering contrast and volume fraction and
multiple scattering becomes a common problem. In Fig.3, the total scattering cross-section of a system of
monodisperse spheres is plotted in dependence on diameter D and neutron wavelength in D-ranges corresponding
to pinhole, DBC and Bonse-Hart instruments. The relation D = n/dQ is used to relate the D range to the range of
resolution SQ covered by the instruments.

Scattering power for monodisperse spheres

1000 = 5.3 1010cm'2,<!>=5%vol.

,100

o
10

1

0.1

*- 2A
1A

DBC
pin-hole
Bonse-Hart

This plot clearly illustrates, that high Q-
resolution achieved at pinhole facility by
using long neutron wavelengths is often paid
by very strong multiple scattering due to the
Z,ol ~ X2 dependence. It leads to the smearing
of the single-scattering curve in the central
part and consequently to the loss of
information about large objects. In such case,
large objects can be studied more easily by
double crystal instruments, making high-
resolution measurements possible even at
small X values. Similar arguments hold also
for refraction effects due to the A2

dependence of the refraction index. Although
the influence of multiple scattering is
substantially reduced at DBC instruments, it
cannot be fully neglected and should be
included in the data evaluation programs. For

this purpose, it is possible to combine indirect Fourier transformation (IFT) method [4] with the formalism for
multiple scattering developed by Schelten & Schmatz [5]. Instead of Hankel transformation used in [5] for
pinhole geometry, the relation between observed scattering curve l(Qx) and correlation function describing
scattering medium g(x) can be expressed as cosine Fourier transform ,

0.01 0.1 1
> = 7 t / 5 O [urn]

10

Fig.3. Total scattering cross-section of a monodisperse spheres
system plotted in size ranges corresponding to different SANS
instruments.

I{QX) = /r-1 J gins(X)CKP[-A2Z(S(0)- g(x))]cos(Qx • x)dx
0

(1)

where gmi{x) is the inverse cosine Fourier transform of measured direct beam and z the sample thickness [6].
This formula is used in the IFT routine to determine free parameters of any model correlation function g(x).
Since we can measure full scattering curve including the direct beam, inverse FFT can be applied on measured
I(QX) functions and the fitting can also be performed directly in real space. It is convenient to vary sample
thickness z to improve the fitting precision in the case of multiple scattering.

Experimental
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As an example, Fig.4. shows DBC SANS data measured on plasma sprayed A1:O, (white alumina) sample after
2h annealing at T=1300"C. This technologically interesting material has unique physical properties determined
by complex system of pores created during plasma spraying and consequent heat treatment. Data in Fig.4 were
measured at the DBC diffractometer DN-2 at NPI 0ez in three different g-regions for two sample thickness.

z=0.25 cm
white alumina

T= 1300 °C

KFKl

assprayed white alumina
T=1300°C
T=1520°C

! T=1730°C

I I -

— n

—

1

,
:
h -

I
i

i

i
i
i

1

0.1

Fig.4. SANS curve measured at the DBC diffractometer.
Pinhole instrument data from KFKI Budapest, transformed to
the 'infinite slit' geometry, are shown for comparison. Full
lines are the curves fitted using mode! of polydisperse spheres
(from [6]).

0.01

Fig.5. Size distribution of pore volume fraction in
plasma sprayed alumina in dependence on heating
temperature (from [6]).

Thus, we could obtain the SANS curve in a broad Q-range (Qmax/SQ ~ 50) and to determine effective size
distribution of pores in the size range from 10 nm to 1 îm. Resulting size distributions for different heating
temperatures (Fig.5) demonstrate evaluation of new pores created as the result of phase transitions accompanied
by mass density changes in the bulk material and their healing at high temperatures due to sintering processes [6].
Measurements from the DBC diffractometer permitted us to extend the range of SANS data measured previously
at pinhole SANS facilities at KFKI Budapest (see fig.4) and NIST Gaithersburg to values of Q < I0"2 A"', which
were not accessible due to limited resolution of the pinhole instruments and strong multiple scattering at long
neutron wavelengths.
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Silica gels under study are materials intended for use as the packing sorbents in liquid

chromatography (LC), namely in gel permeation chromatography (GPC). The quality of silicax

for LC should meet strict physical and chemical parameters. Especially in GPC is very

important to know pore size and pore shape because they control the whole process of

chromatographic separation. \

Pore size and thickness of pore wall can be measured by various methods. Me&t \

eqiiuiiuii is mercury intrusion technique. Meanporerdiafnetef"of silicTTJHrralstrbe-evaluated

frojrj_its-p©fe-vo1iimei3TOwing ihe~^urfae€-aFea-o£xaateiial. SANS technique is/nondestructing

method providing an average information about a large number of scattering object in our

case about objects (pore or wall) in silica and their shape.

For SANS measurement we have used five silica gel samples (designated N2, N5,

N18, N28, N300). These silica gel samples were prepared by various modified techniques to

get wide range of pore size. The SANS measurement were performed on device V4 on HMI

Berlin at room temperature. The scattering data were corrected for background, transmission

and detector efficiency and calibrated for absolute intensity referring to the incoherent

scattering of pure water by standard HMFs programs.

Surface area (SA) of silica gels was calculated from the measured adsorption

isotherms of Ar at 77 K according to the method BET [1]. Pore volume (PV) was determined

from the measured tapped bulk density (BD) and knowing SV specific volume of silica, we

can calculate the mean pore diameter D. We have also calculated the thickness of the pore

wall for slit shaped pore (Ws|jt) and cylindrical pores (Wcyi), respectively.

Measured SANS curves were different depending on preparation of the samples. For

samples N2 and N5 for fitting we have used polydisperse hard spheres model [2], with added

powerlaw term describing lower q part of the experimental points. For both samples was

Porod exponent equal 4 and mean radius for N2 and N5 were 2.2 and 5.7 A, respectively.
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For samples N18 and N28 the lower q part of spectra follows a power low behaviour

with exponent equal to 4. These spectra were fitted with fractal model [3]. The power law

behaviour with exponent 4 suggests that there is no fractal surface in the samples and it really

gave Hausdorf dimensionality equal to 3.05. The correlation length was determined to be 24

and 34 A for samples N18 and N28 respectively.

Last sample N300 shows power law behaviour in the whole q-range. The size is too

large to be reflected by the scattering curve. We have estimated the size to be more than 300

A. The exponent equals to 4.38 for whole q-range, reveals fuzzy surface as was found in silica

samples prepared by other method [4].

All results are summarised in Table. We can see that pore size determined by

adsorption method is so far from values measured by SANS method. Therefore we prefer

explanation that scattering objects are not pores but the walls of the pores. From our results

we can conclude that the shape of wall seems to be more probably cylindrical.

Table. Characteristics of silica gel samples. Surface area (SA), Pore volume (PV), Mean pore
diameter (D), Thickness of slit pore wall (Wsiit), Thickness of cylindrical pore wall (WcyI),
and SANS results (SANS).

Sample

N2

N5

N18

N28

N300

SA

[mVl
820

600

420

136

13

PV

[ c m V 1 ]

0.4

0.65

1.9

1.0

1.3

D

[nm]

2

5

18

28

300

WsUt

[nm]

1.00

1.43

2.05

6.3

66.1

wcyl.
[nm]

.5

.72

1.02

3.15

33.05

SANS

[nm]

.22

.57

2.4

3.4

>30
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scattering and spectroscopic methods
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fl
Introduction

Lyotropic mesophases possess lattice dimensions of the order of magnitude of the
length of their molecules. Consequently, the first Bragg reflections of such systems
appear at small scattering angles (small angle scattering). _ j_ ^ r /j

sturaf information (symmetry of the mesophases, dimension of the supramo-
lecular aggregates, site, orientation and conformation of the molecules forming the
supramolecular aggregates) can be gained by scattering and spectroscopic meth-
ods. Especially the combination of nuclear magnetic resonance (NMR) with x-ray
and neutron small angle diffractions (SAX(N)D) yield comprehensive and detailed
data about structural properties of anisotropic (lamellar and hexagonal, Fig. 1) sys-
tems.

Fig. 1: Important anisotropic lyotropic mesophases

The scattering and NMR methods can be considered as complementary methods in
many respects. For instance, the higher the ordering of the mesophase, the more
Bragg reflections can be registered under the same conditions. With other words, the
diffraction is sensitive in case of highly ordered mesophases, e.g. in gel states. The
opposite is true for NMR. Its sensitivity is the higher, the lower the ordering of the
phase is. Additionally, the NMR is able to give quantitative information about the por-
tion of the different phases and the distributions of the molecules between them in
case of the coexistence of two or more phases (more phase regions).
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Further, on principle, one can determine the detailed molecular structure by SAND
applying deuterium contrast variation. Generally, this approach needs an enormous
chemical work for synthesis (partial deuteration of individual hydrocarbon segments)
and correspondingly several neutron scattering experiments. Therefore, this ap-
proach is generally not practicable. But in case of deuterium NMR, totally "deuterated
compounds can be used and all information (NMR deuterium splittings of the individ-
ual segments) can be obtained by only one experiment.

Following approaches for gaining structural information will be considered:

a) SAX(N)D scattering pattern > symmetry of the phase

b) SAX(N)D model
> dimension of the supramolecular structure

composition

c) FT model
SAX(N)D —> scattering length > overall molecular structure

density profile

d) SAND FT model
partial —> mean position of the > molecular structures
deuteration deuterated segment (s)

e) NMR De-Pake-ing
> deuterium order — > molecular structures

deuteration parameter profile

These approaches will be demonstrated by considering special examples of mixtures
composed of the lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)
and non-ionic surfactants of the ethylene oxide type C12H25 (OCH2CH2)nH
(C-|2En). At this I will concentrate on the lamellar phase since lamellae are very im-
portant as models for biological membranes and very useful for elucidating funda-
mental problems.

2. Lvotropic mesophases determined bv x-rav diffraction patterns and 3 1 P NMR
line shapes

Fig. 2 shows the diffractograms of POPC/C12E4 mixtures with the surfactant/lipid
molar ratios of 1 : 5 (above) and 1 : 1 (below) exhibiting the spacing of the Bragg
reflections in the ratios of the unit-cell dimensions of 1, 1/2, 1/3, 1/4,... and 1, 1/V3,
1/V4, 1/V7,..., respectively, which are characteristic for lamellar and hexagonal
structures. If both phases are in equilibrium (two-phase region) the resulting diffrac-
togram is the superposition of the Bragg reflections for the lamellar and hexagonal
phases. An unambiguous assignment of the phases is possible, if the three first re-
flections at least are observed.
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Fig. 2: X-ray diffractograms of POPC/C12E4 mixtures with surfactant/lipid molar ratios
1 : 5 (above) and 1 : 1 (below) hydrated at RH = 97 % at 25 °C.

Isotropic phases without long range order cannot be detected by diffraction but by
3 1PNMR.
Lyotropic phase diagrams of lipid/C-|2En mixtures applying scattering and/or spec-
troscopic methods were determined in Refs. /1-4/.

3. Dimension of lamellae (lamellar mesophase) determined from the unit-cell
parameter and composition

In Fig. 3 the unit-cell of a bilayer is represented. The first Bragg reflection yields di-
rectly the repeat distance of the one-dimensional lattice. If the composition is known,
the other geometrical parameters can be calculated from the repeat distance pro-
vided incompressible and non-penetrating lipid and water layers. This simple model
is sometimes critizised, but it is the only model which yields geometrical parameters
in a streightforward manner. The applicability of the model is restricted to low water
concentration where the water is totally included between the lipid layers. The limit
can be determined by measuring the swelling curve /5, 6/.

The usefulness of this approach was demonstrated for POPC/Ci2En bilayers 111.
The repeat distance was determined as function of the length of the ethylene oxide
chain and surfactant concentration under equal conditions (25 °C, the same hydra-
tion pressure) and the other parameters were estimated from it. Low surfactant con-
centrations lead to a rigidisation and high surfactant concentration to a fluidisation of
the mixed membrane compared with the pure lipid membrane.
Information about the contributions coming from the individual components and
about the origins of the effects deduced cannot be gained from this approach.
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The Unit Cell:

Vo... Volume of the unit cell v =~>(V +R V )

FL,, ... Water/iipid molar ratio

V,... Molecular volumes (iipid, water)

V^... Molecular volume of the lipid
hydrocarbon chains

V^ ... Volume of the polar lipid head y = v-V

d ... Lamellar repeat distance

The Model

A... Surface requirement of the lipid molecules A=V Id

dL . . . Thickness of the membrane j = 2V /A

tiK... Thickness of the hydrophobic core j = 2V /A

d ^ ... Thickness of the two polar membrane layers j _ ?v I A

dw ... Water layer thickness j -d-d

Fig. 3: Calculation of the dimension of the lamellar phase structure (bilayer)

4. Molecular structures determined by x-ray and neutron diffractions

The information about the overall molecular structure is included in the electron and
neutron scattering length densities which can be calculated from the intensities of the
Bragg reflections by Fourier synthesis. That means, if one is known, one can in prin-
ciple conclude on the molecular structure applying a trial error procedure. This ap-
proach gives more or less satisfactory results only in case of the gel state where up
to ten or more reflections (x-ray diffraction) can be registered resulting in a resolution
in the order of 5 A.
In liquid crystalline lamellar phase at the most only up to 5 reflections can be re-
gistered due to its high disorder. Nevertheless, in this case useful structural infor-
mation can be deduced from the difference scattering length density profiles ob-
tained by Fourier synthesis from the diffractogram using deuteration of individual hy-
drocarbon segments. The maximum yields the mean position of the deuterated seg-
ment in the membrane (see Fig. 4).
Using this approach the first indica-
tion was obtained that the a methyl-
ene segments of the surfactant hy-
drocarbon dodecyl chain in POPC/
C-|2En membranes is anchored just
at hydrophobic/hydrophilic boundary

LFa

0
Angstroms

Fig. 4: Neutron scattering length density
profiles of mixed POPC/C12E4 ( ) and
POPC/C-|2E4-d2 (——) membranes hy-
drated at RH = 97 % and at 25 °C and the
corresponding different scattering length density profile (-).
5. Molecular structures determined from NMR order parameter profiles
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The NMR deuterium quadrupoie splittings of hydrocarbon and headgroup deuterated
POPC and C12E4 in mixed membranes were determined at two concentrations and
the segmental order parameter profiles of the hydrocarbon chains were estimated
191. The data obtained allow to conclude onto structural details of the lipid and sur-
factant molecules in the mixed membranes.
For instance, the thickening of the bilayer found at low surfactant concentration by x-
ray diffraction 111 is mainly the result of the stretching of the surfactant hydrocarbon
chain. The thinning of the membrane at high surfactant concentration results from
the mismatch of the lipid and surfactant hydrocarbon chains. The surfactant induces
simultaneously changes of the lipid headgroup orientation.

6. Conclusion

A combination of scattering and NMR methods was applied to study structural prop-
erties of POPC/Ci2En mixtures. Generally,

the ranges of existence of the liquid crystalline lamellar phase,
the dimension of the unit-cell of the lamellae and,;
important structural parameters of the lipid and surfactant molecules in the
mixed bilayers

were determined. With that the POPC/C12E4 bilayer represents one of the best
structurally characterized mixed model membranes. It is a good starting system for
studying the interrelation with other e.g. dynamic orthermodynamic properties.
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/-"Introduction ~~~* ' ' ~~
The D22 beamline of the DCI storage ring at LURE is

1 dedicated to the study of structural properties in the field of
1 material science by way of the small-angle X ray scattering
1 (SAXS) technique. The D2 bending magnet of the DCI ring
\ offers a stable source of limited brilliance but long decay
\ time (200 hours) so that the beam can be used up to 110
'. hours after an injection of the positrons in the ring. Two
\ different settings respectively dedicated to metallurgy and
\soft matter share the beam time. The latter which is

considered here mainly deals with ill condensed matter: non
ideal solutions of amphiphiles or polymers'1"4!, liquid
crystals'5"8!, colloids'9', gels, xerogels, aerogels^ ,

X ray beam preparation
The D22 beamline, initially designed for anomalous

SAXS'10', presents a double crystal monochromator
consisting of two plane crystals (see fig. 1) which allows for
the selection of a monochromatic radiation from the white
beam in the 5 keV (?,=2.5A) to 15 keV (A=0.82A) range. In
order to get as much flux as possible without focalisation,
Ge(l,l,l) crystals are generally used. Ge(2,2,0), Si(l.l.l)
and Si(3,l,l) crystals are also available, Ge(2,2,0) being
used to reach the high energies. Aperture slits allow for the
definition of the beam both horizontally and vertically. Its
typical size lie in the range HxV = 0.5x0.2 to 3x0.4mm2

according to the desired flux and collimation. Guard slits are
used to lower the scattering from the aperture slits that
penetrates the incident beam. The slits system is very
important for the SAXS technique. Independent cylindrical

Double Crysuil
Monoetironuilor

Side View

kapton v

I
1 /: Schematic optics diagram of the D22 SAXS beamline at LURE.

slits are now used since they ensure better mechanical
stability and easier manipulation than coupled slits with
controlled aperture and centre. Two monitors, based on the
scattering by a 2.5 urn thick kapton foil and a Nal scintillator
fixed at right angle above the direct beam, are included in
the setup both before and after the sample along the beam
direction. The kapton foil located after the sample is wide
enough to prevent interception of the scattered light by its
metallic support. The associated monitor is used to measure
the intensity of the transmitted beam placed after the sample.
The two monitors are connected to ratemeters and an
integration electronics developed at LURE.

Sample environment
Different sample holders are currently available

including a rotating sample changer and a Mettler oven
convenient for flat cells and solid samples. Several capillary-
holders have also been developed. A cryostat, with Peltier
elements, is .well suited to diffraction measurements
associated to temperature scans down to -60°C with
interchangeable capillaries. It has mainly been used in the
study of mixed lipid / water / cryoprotector systems'5'6!, A
thermostated holder that includes a flow capillary connected
to chromatography tubes is well suited for absolute
differential cross sections measurements with liquid
solutions in the 5°C to 95°C temperature interval. It is used
in the study of polymer solutions and of micellar or vesicular

I mixed systems including phospholipids and surfactants in an
jaqueous buffer'1'!. Recently, a calorimeter has been
developed for coupled X-ray scattering and calorimetry
measurements'12!. This new feature can pan be compared to
similar developments performed at other synchrotron
machines'13!. We mainly use the calorimeter for differential
scanning calorimetry in the -15°C to 130cC temperature
interval with a sensitivity similar to that of a Perkin-Elmer
DSC 7 instrument with the advantage of glass capillaries for
the X-ray technique. The help of the coupled technique is
pertinent not only for academic systems but also industrial
ones like cocoa butter or milk products''4'. Note that all the
holders can accommodate coupled small-angle and wide-
angle X-ray scattering.

The post sample chamber
A new vacuum chamber located after the sample now

replaces the previous 70mm in diameter tubes. The output
window 200x400 mm2 is made of two 125um thick carbon

fibres sheets glued together with fibres oriented
at right angle. The beamstop, located in the
vacuum chamber is mobile both in the
horizontal and vertical directions. A horizontal
translation allows the beamstop height to be
changed from 2 up to 3, 4 or 6mm. Either a
180 mm long linear detector or a small 70 mm
in diameter two-dimensional detector can be
used. With the linear detector, there is nearly
no need to vary the sample to detector distance
since a q range from 5.10"3 A~! to 0.4 A"1 can
be measured at once with a sample to detector
distance of 1.8m. With a 3 cm path in the air
for the sample holder, the sensitivity of the
instrument is of the order of 10~3 cm"1 except
at very small scattering vectors where it reaches

SAXS

Distance
from source

position sensitive gas detecto.

62



0 1 cm"'. A linear detector 60 mm in length is used to record
WAXS patterns simultaneously to me SAXS ones. Image
plates can also be used for SAXS. If tr.ey take advantage of
the large output window, they requuc intense manual
handling.

Fivure 2: V'*w of the 022 vacuum chamber A cylindrical design, with a

circular cross section, was rejected due to the presence of the beamguide

for the other beamlines. The sample to detector distance can be changed

from 0.9m to 2.3m (2m on this drawing) according to the presence of 3

independent blocks. A mobile kapion foil permits monitoring of the

transmitted beam by the scintillalor. The output window next to the image

plate frame is 20x40 cm'. The HxV translation tables f"r the beamstop are

depicted on the left.

Setting up the instrument
We describe here the standard alignment procedure

performed at least once per month. It takes into account that
the optical bench is oriented so that the synchrotron source
lies on its axis. The preliminary hori7ontal slit (located
before the monochromator to limit the heat load on the first
crystal) should be correctly oriented to maximise the flux.
The monochromator mechanics should also be correctly set.
Note that the output beam height is fixed.

Even when these conditions are fulfilled, the alignment
operation requires intense manual intervention. First, the
vacuum chamber after the sample is roughly aligned (within
one or two millimetres) and place is reserved for the sample
environment. After the two crystals of the monochromator
are changed, the aperture slits and the guard slits are widely
opened so that the geometry is as simple as possible. The
second crystal of the monochromator is set parallel to the
first one through flux maximisation (rocking angle set to
zero). The horizontal dimension of the beam is fixed to lmm
or less by moving symmetrically the aperture slits.
Vertically, the aperture slits are set to maximise the flux and
define the desired beam height. Then, an ancillary vertical
slit is momentarily positioned after the beamstop (itself
pushed away from the direct beam) and followed by one of
the monitors. The rolling angle of the second crystal (that
moves horizontally the beam direction) is set so that the flux
through the slits be maximal. So, the monochromatic beam is
now parallel to the bench. The parallelism of the crystals is
eventually realigned.

At that time, the monochromator is calibrated by measuring
the absorption threshold of a thin metallic foil usually a
copper one. The working energy (wavelength') is then

selected by tuning the monochromator. The beamstop H and
V positions are then scanned and determined with the help of
the monitor located after the output window. When the
multiple height beamstop is used the narrowest part is
selected. It corresponds to the more difficult setting and can
easily be changed to a wider one. Then, the beamstop is
removed and the direct beam is attenuated (with the help of
some of 4 molybdenum foils 12.5, 25, 50 and lOOum in
thickness) so that its intensity cannot burn the linear detector.
The parallelism of the crystals might also be voluntarily
misaligned to lower the beam intensity but this has the
disadvantage to change the beam height in the detector plane
(and thus the central channel). The detector is aligned with
the beam by a horizontal translation (since slits 1, 2 or 4mm
in width can be fixed in front of the input window of the
linear detector the narrowest one is used). This allows for the
determination of the central channel for the further measured
data and ensures that this channel really corresponds to q=0
but not to a finite q value. After the beamstop is placed back
in front of the direct beam, the guard slits are moved so that
the count rate on the linear detector be minimal. At that point
the parasitic scattering measured with the linear detector
should be symmetrical. The sample holder is then centred
relative to the direct beam. When cylindrical capillaries are
used, an additional slit must be associated to the sample
holder to prevent total reflection of the parasitic scattering
by the top and bottom parts of the capillary.

Data acquisition software
The actual software is written down in Visual Basic

language for the Microsoft Windows operating system.
Many different needs are supported by the program.
For example, either 1 or 2 linear detectors for the SAXS and
W.AXS measurements can be coupled with temperature
scans or to calorimetry measurements. As shown on figure 3,
one window is reserved for the display of each linear
detector including facilities like zoom, cursor, linear or
logarithmic scale... An independent window is used to
display the time evolution of the temperature and of the
differential calorimetry signal. For other experiments, a
controlled movement of the sample holder can be imposed in
between two measurements. Alignment procedures similar to
EXAFS scans are included to set-up the instrument. For
these purposes, three types of motor controllers are
supported (including home made and Microcontrole stepper
motors, and DC motors). Other procedures, specific to image
plates, like drawing an impact of the (attenuated) direct beam
on the image plate or managing an ancillary radioactive
source for data normalisation have also been automated. Due
to the relatively low flux available for a synchrotron
instrument, acquisition times lie from one minute for
diffraction to one or two hours for scattering experiments
with samples of low contrast and low concentration.

Future Improvements
The realisation of a sagittaly focusing monochromator

is actually under development, the goal being to decouple
the aperture of the optics and the size of the image in the
detector plane. The use of a wider horizontal acceptance
angle (up to 1 or 2 mrad instead of the present maximum of
0.2 mrad) is expected to give rise to a substantial increase of
the flux through the sample. However, this will be
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co .n;.-;\ilanced by the larger horizontal size of the beam at
the sample position as vvell as optical aberrations that are
known to increase the background. On another hand the
introduction of a two dimensional detector would allow
better statistics after angular integration of the 2D pattern, in
particular, at "large" q where the signal is low and the length
of the integration circle is large relative to the width of the
actual linear detector's slit.
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Figure 3: Screen captures taken upon heating of a SSO triglyceride

sample at a rate of 2"C/min. Temperature anil thermal signal are

measured every 3 seconds while X ray data are saved every minute. On top

screen the sample in a melastable state begins to melt before an

exothermic recrystallisation occurs followed by melting.

Data treatment
One of the goals of any SAXS instrument is to

determine the scattering cross section of samples on the
absolute scale. The normalisation of the scattered intensity
measured in pinhole collimation uses the standard equation:

K p s d . I o .T . t . x .—(
(1)

N h(t) is the number of photons scattered by the sample and
•ph

detected at the angle (28) corresponding to the scattering
vector q by way of the relation q=4nsin(9) / X where X is the
wavelength of the radiation. The samples thickness is x and
it's transmission T. The acquisition time is t, and 5Q is the

solid angle under which is seers one pixel of the position
sensitive detector from the sample's position. Here, [„ is the
incident intensity on the sample in photons per unit of time
and K j is the position sensitive detector efficiency.

Scattering by a wide variety of samples including
solids, pastes, gels or liquids can be measured in pinhole
collimation. The intensity is normalised by using a reference
sample known as an intensity standard. For highly scattering
samples, a colloidal dispersion of silica is better used. For
intermediate intensities an adequate reference is lupolen (i.e.
high density polyethylene) since its scattering curve presents
a broad maximum of 5cm"1 near a scattering vector of
0.036A"1. Finally, water which scattering differential cross
section is 1.65xlO"2 cm"' is a very good reference for low
scattered 15l With solid samples, the thickness has to be
measured for each sample while for liquid samples a unique
cell, typically a capillary open at both ends and connected to
chromatography tubes, allows the use of water as reference.
In this case, since the sample's and the standards thicknesses
are strictly equal, knowledge of the diameter of the capillary
is useless. With water, the thickness must be of 1 or 2 mm
(near 8keV) in order to have a transmission near the optimal
value of 1 / 2.718 = 0.36S. In the absence of any absorption
threshold, dependence, the thickness should be energy varied
as E3. This leads to thicknesses of Icm in the 15 to I8keV
energy range.

The monitor placed after the sample is the only really
needed one. When integration of the counts on the
scintillator is performed during the whole scattering
experiment (with efficiency Kmon), it gives a number of
counted photons Nmon = Kmon-lQ-T-t. This simultaneously
permits the correction of the variations of the 3 quantities IQ,
T and t present in equation (1). When a constant'geometry is
used the solid angle 8£2 of one pixel seen from the sample
remains invariable so that the absolute differential cross
section of the sample (d27dQ)s can easily be deduced from
that (dSAK2)w of water (or any other standard).

'dZ) JdZ)

K ph.tw

(2)

The other monitor, located before the sample, is used mainly
for setting up the instrument but also to validate the direct
beam intensity and determine the sample's transmission.

The calibration of the scattering vector axis can be
performed with the help of any liquid crystalline sample that
presents narrow Bragg peaks. Sample which are not subject
to variations with air humidity like phospholipids in excess
water are highly preferred. Care must be taken with the
temperature that must be far enough away from the phase
limits. Diffraction peaks from ice or triglycerides are also
convenient for the WAXS detector's q-axis calibration.
Alternatively, direct geometrical calibration with a multiple-
slit comb-like window placed before the linear detector was
found to work very well for SAXS.

Conclusions
The LURE-D22 beamline offers to the user the

possibility to measure not only SAXS patterns in a wide
range of scattering vectors and intensities but also specific
settings. Are allowed in this direction high sensitivity
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measurements, temperature scans, simultaneous SA-XS and
WAX'S measurements eventually coupled with ealorimeny
measurements.
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Description of the Layer Structure in
Centrosymmetric Liposomes
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In the case of centrosym.metric particles the average scattering density can be
obtained directly from the scattered intensity by inverse Fourier transformation
and deconvolution. In simple cases the result can be easily interpreted, but the
complicated the structure of the scattering particles are, the complicated the
interpretation is.

To reveal the real structure of a particle such as the layer structure of a
centrosymmetric liposome, a hypothetical scattering density function can be
Fourier transformed to obtain the scattered amplitude. The squared length of
the amplitude is the scattered intensity. According to the difference between
experimental and calculated curves the rough scattering density function can
be refined, until the difference is vanished.

Electron Density
()

Convolution I Deconvolution

Correlation Function
P(d)

Fourier Transformation

IFT

^ Fourier Transformation

IFT

Scattered Amplitude
A(h)

Scattered Intensity

In formulas the scattered amplitude of a sphere radius R and constant con-
trast g is a function G of h scattering parameter and R.

A(k) = 2V27re^R)hJlcos{hR) ^ G{K R)

Arbitrary scattering contrast Q can be approximated by the sum of step
functions from radius RJ to radius i?,-+i.

The Fourier transformation is linear, so the amplitude A can be expressed
by the linear combination and superposition of the shells.
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With this calculation model centrosymmetric particles containing constant
scattering density shells can be described.

In the applications the structure of a particle consist* of several layers. Each
layer's scattering contrast is a sequence of 4 shells with constant electron den-
sity. Such a calculated intensity is encumbered with the phase oscillation of
H * R therefore not comparable with the real measurements. By shifting the
layer structure in the same particle along the radius and taking the average of
several calculations, the oscillation is eliminated. To consider the variance of
the layer thickness'm real structures, the thickness of each shell is deformed at
random. Assuming that there is no correlation between the scattered intensities
of the particles, or in other words, the distance between the particles are greater
than the scattering wave's coherence length, the total scattered intensity of a
system containing many particles is the sum of the individual intensities.

If two layer structure types with different shell thickness or scattering den-
sity could coexist in a real system, 3 kind of assumptions can be made in a
centrosymmetric model. The structure types cannot coexist inside a particle, or
extraparticle coexistence. In this case the total scattered intensity is the linear
combination of the scattered intensities calculated for the pure structure types
weighted by the amount of the types. The structure types can coexist inside a
particle, but there is only one centrosymmetric interface separating the types,
or intraparticle coexistence with a single interface. The total scattered intensity
cannot be expressed with the former linear combination. The intensity depends
on the arrangement of the structure types. Therefore individual calculations
must be made for each composition. The structure types can coexist inside a
particle and the number of interfaces is not limited. In this case the arrangement
of tho interfaces in each particle is determined at random. The total scattered
intensity widely changes according to the distribution of the interfaces.

The base of the models are built on experiments with DPPC/water liposome
system. In the liposomes DP PC bilayers and enclosed water layers are repeated
regularly along the radius. The bilayers and water layers form a liotrop liquid
crystal system. At 3S°C the P/ and at 28°C the L3' liotrop liquid crystal
structure is present. The thickness of a bilayer including the enclosed water
layer at 38°C is 69A.and at 28°C is 64A. The transition between the structures
covers the 30°C to 36°C temperature range.

We measured the SAXS of the pure P<j' and L^' structure and heat inducted
transitions between 38°C to 28°C. Moreover we inspected transitional states
around the middle point of the transition, at 33°C after 72h incubation.

In the model the first three steps of the scattering density functions in the
layers correspond to the head-tail-head groups inside the DPPC bilayer and
the fourth step to the enclosed water. According to the SAXS curves at 28°C
and 3S°C the four step scattering densities were optimised by trial and error
method, assigning layer type 1 to 38°C and layer type 2 to 2S°C.
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Figure 2: The SAXS curve of the pure structures

The linear correlation between the first order peaks of SAXS at 38° C and the
calculations with layer type 1 is: 93%, SAXS at 28°C and calculated with layer
type 2 and is 97%. For the SAXS at 28°C and layer type 2 this is acceptable,
but the difference between SAXS at 38°C and layer type 1 is significant, because
of the less ordered nature of the structure at 38°C.

There is significant difference • between the calculated intraparticle coex-
istence and extraparticle coexistence cases, and the intraparticle coexistence
seemed to describe the transition better. Furthermore, with the model using
intraparticle coexistence the dynamic behaviour of the heat inducted transition
can.be explained.
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Introduction
Construction of a high resolution three-dimensional model of the ribosome and an

adequate structural description of the mechanism of protein synthesis are impossible without
clear distinction between the protein and RNA molecules in the ribosomal structure. Though
cryoelectron microscopy and X ray crystallography have gotten achievements in structural
investigation of ribosomes but both methods do not suite well to make such distinction, since in
this case the contrast between RNA and the protein is rather low. Contrast variation in neutron
scattering is the method of choice allowing clear separation between the two main ribosomal
components and its possibilities are enhanced by their selective deuteration. Recently a direct
method of small angle scattering data interpretation using spherical harmonics was developed
[1,2] and applied to construct spatial models of the 50S [3] and 70S E.coli ribosomes [4] at a
resolution 30-45 A. The main advantage of this method consists in the possibility to directly
visualise the position of RNA in the ribosome without using a priori information. Until the
recent time these models have been mainly constructed for E.coli. However, most current
structural research is performed on ribosomes from Thermits thermophilus for following reasons.
First, ribosomal particles from this bacterium and their components are much more stable and
crystallize more readily and second, the structure of a number of its protein have already been
elucidated at the atomic level [5,6]. The main goal of this work is to use new method of data
analysis to obtain a low resolution model of the 30S subunits of the T. thermophilus ribosomes,
which in the near future can serve as a basis for localisation of some ribosome proteins in this
subunit.

Materials and Methods
Two types of ribosomal particles from T. thermophilus ware obtained by the technique of

methabolic regulation of selective deuterium incorporation into the RNA and the protein
components of the ribosome. The first type, protonated particle, was grown on a medium
containing H:O, H- glycerol and H- succinate. The second type, deuterated particle, was grown
on a medium containing 98% D2O, D- glycerol and D- succinate.

Neutron scattering measurements were carried out with three SANA facilities: "YUMO"
(JINR, Dubna)[7], "V4"(HMI, Berlin)[8] and "D11"(ILL, Grenoble)[9] at different sample-
detector distances and concentrations. 17 neutron scattering curves of two types of ribosomal
particles at eight contrasts have been obtained. The identity of particles was controlled by parallel
X-ray measurements using the X33 camera (DESY, Hamburg)[10]
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Results and Discussion
The neutron contrast variation data for the 30S ribosomal subunit of T. thermophilus in

solution are interpreted in the frame of a two-phase model described by the shapes of the 30S
subunit and its RNA-rich core using spherical harmonics. The initial approximation for the
envelopes of the 30S ribosomal subunit from T. thermophilus was taken from two-phase model
of the 30S E.coli. The shape of the envelope of the 30S subunit T. thermophilus and of the RNA
moiety are evaluated with a multiple resolution up to L=7 that corresponds to a spatial resolution
of about 3.5 nm. A large set of experimental neutron and X-ray scattering curves measured at
different contrasts can be neatly fitted with those evaluated from the two-phase model. Some of
the obtained fits are displayed in Figure 1. The final model is presented in Fig 2. A comparison of
the 30S Thermus thermophilus and 30S E.coli models shows that primary difference between
them consists in the special distributions of the protein component whereas the special
distributions of the RNA component coincide completely in both models (see Fig. 3).

$ ( • ' )
(a)
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(b)

X-ray scattering
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(c) (d)
Fig.l. Fitting of the neutron ((a) to (c)) and X-ray (d) solution scattering data of the 30S subunit
of the Thermus thermophilus ribosomes with the refined two-phase model. Each curve is shifted
down by one logarithmic unit for clarity, (a), (b) - data obtained in HMI, (c) - ILL, (d) - DESY
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Fig 2. Two-phase model with the resolution Fig 3. Comparison of the 30S ribosome T.
3.5nm for the subunit of the ribosome T. thermophilus and 30S E. coli models. The
thermophilus and its RNA (in side). The 30S 30S ribosome E.coli is displayed in yellow
subunit is displayed in yellow green and its solid body and 30S T. thermophilus in blue,
RNA in dark green.

The T. thermophilus species are extensively used to grow ribosomal crystals. Our results open the
possibility to use this model to phase the low resolution reflections in ribosomal crystallography.
Moreover, our model in the near future can serve as a basis for localisation of some ribosome
proteins in this subunit.
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Abstract
In the present article we focus our attention on the

structural and kinetic properties of a mixed system composed
of a phospholipid (dimyristoylphosphatidyl-choline) and a
bile salt (sodium cholate) in an aqueous buffer. According to
X-ray contrast enhancement, this system has been studied in
a mixed water/ sucrose buffer. The spontaneous formation
of unilamellar vesicles from mixed micelles upon
temperature increase and the reverse solubilisation of
membranes upon cooling were studied by small angle X-ray
scattering. Furthermore, monodisperse and spherical small
unilamellar vesicles have been obtained upon temperature
jumps.

Introduction
The micelle to vesicle transition (MVT) is of great

interest as a peculiar case of reorganisation in the self-
assembly of amphiphilic molecules. In biology, it is a widely
used process in the solubilization and reconstitution of
membrane proteins '~3. The formation of lipid vesicles from
surfactant/ lipid mixed micelles is based on surfactant
removal from the aggregates4'5. The partitioning of the
surfactant molecules between the lipidic assemblies and the
aqueous continuum can be modified by three categories of
procedures: surfactant extraction, dilution and temperature
variation. With respect to the last approach, it has been
shown that temperature-induced transition from micelles to
bilayer structures occurs in phospholipid containing systems
involving octyl glucoside6, C^Eg7 and bile salts s~10 for
appropriate lipid / detergent ratios.

The temperature variation procedure allows to perform
MVT without changing the total lipid and surfactant
concentrations in the sample. Moreover, the temperature
sensitive systems are particularly convenient for studying
individual stages of the micelle to vesicle transition since the
transition can be cycled or stopped at any required step for
measurements to be taken in stationary isothermal
conditions. Kinetic aspects can be easily examined by
controlling the heating and cooling rates.

Various methods are applied to study the aggregation
behaviour of mixed lipid-detergent systems and MVT
processes: time-resolved fluorescence11-12 cryotransmission
electron microscopy 13~15, static and dynamic light
scattering 6 ' 9 - l 0 - I 6 , gel exclusion chromatography 17,
differential scanning calorimetry 7> l0, NMR 7>9.

Compared to light or neutron scattering 18~-' small-
angle X-ray scattering (SAXS) is generally not considered as
a convenient technique for phospholipid vesicle
characterization 22. This is due to the very low contrast of
vesicles with respect to water and the low concentration at

which they are allowed to be formed23. Furthermore,
determination of vesicle size by static scattering techniques
is difficult according to their intrinsic polydispersity.

In the present study sucrose is added to the aqueous
buffer in order to enhance X-ray contrast between the
aggregates and the buffer while preserving the MVT
process 24> 25. Spontaneous formation of unilamellar vesicles
from dimyristoyl-phosphatidylcholine (DMPC) / sodium
cholate (NaC) mixed micelles is characterized by SAXS in a
60% water / 40% sucrose buffer upon different temperature
heating rates. The kinetic conditions leading to
monodisperse vesicles as well as the reversibility of the
micelle to vesicle transition are investigated.

Materials and Methods
Chemicals

Dimyristoylphosphatidylcholine Cs^f^NOgP, sodium
cholate C^J^OsNa and sucrose 99.9% purity were
obtained from Serva company. The aqueous buffer (pH 8.02)
used for preparations contained 1 mM EDTA, 75 mM NaCI,
10 mM Tris-HCl and 0.02% sodium azide. The water /
sucrose buffer was prepared by mixing sucrose (40% w/w)
with the aqueous buffer defined above. It will be referred to
as sucrose buffer. Buffers and cholate solutions were filtered
through membranes (pore size 0.2pm) prior to use.
Sample Preparation

The DMPC / NaC samples have been prepared
according to a previously established method 8-9. Dry DMPC
films were hydrated with buffer solution containing
appropriate amounts of NaC. The mixtures were equilibrated
at 45°C for 1 h and then kept at room temperature for 15 min
at least before measurements. Due to this treatment all
samples were brought to a quasi-steady state with
reproducible transitional or non-transitional properties
determined by turbidity measurements. In the reported data,
the DMPC concentration is fixed to 15 mM and the NaC
concentrations are 0, 2, 8 and 12 mM.

The system containing 15 mM DMPC is suitable for
SAXS measurements, since the interparticle interactions are
negligible at this lipid concentration.
Methods

The SAXS measurements were performed at the D22
small-angle experimental station in LURE (Orsay)26. A
thermostated stop flow apparatus composed of a circulating
capillary tube, open at both ends, 1.3 mm in diameter,
allowed the injection of the solution by using a syringe. The
volume of the solution in the capillary was about 50 ul and
the volume checked by the X-ray beam was about 1 ul. The
first and standard way to control the temperature consisted in
changing the setpoint of the water bath regulation. In this
case, a heating rate up to 5°C/min and a cooling rate of
0.5°C/min were available. These procedures will be referred
to as temperature ramps.

Faster heating rates were obtained through the injection
of hot water into a cold sample holder. A rate of about
20°C/min was thus obtained. This will be referred to as the
slow temperature jump. Finally, the fast temperature jump
method consisted in injecting the "cold" solution in the
sample holder already stabilized at a higher temperature. The
time needed to heat the solution from room temperature up
to 50°C was estimated to be less than 30 seconds. That
corresponds to a heating rate faster than 100°C/min.

In every case, the X-rays measurements were
performed in isothermal conditions after a sample
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equilibrium setting time of 5 minutes at least. The
acquisition time was 20 minutes. The spectra were treated
according to the usual procedure and normalised with
respect to the scattering cross-section of water2<5.

Theoretical Background
The intensity scattered by spherical vesicles can be

simply calculated by neglecting the thickness of the bilayer.
This assumption is valid at very small angles when the
contrast between the bilayer and the solvent is high what is
the case in the sucrose buffer. The intensity scattered by one
vesicle of radius R, with a bilayer of negligible (unresolved)
thickness 2d, and average scattering length density contrast
AB can be expressed by the following expression:

(1)

Here, the intensity Ij(q) is normalised so that Ii(0) is
the square of the excess scattering length for one vesicle. For
X rays, AB is equal to ro Ap where ro is the classical radius
of the electron and Ap is electron density difference between
the bilayer and the solvent. Equation (1) is characterized by
its zero value at qR=n7i (where n is a positive integer) from
which the vesicle radius can be determined.

Results and Discussion
Low cholate contents

Pure DMPC in the sucrose buffer exhibits broad Bragg
peaks characteristic of ill-ordered multilamellar structures
with repeat distances of 69.2 A at 10°C and 66.8 A at 50°C.

The addition of 2mM NaC leads to a q~2 behaviour of
the X-ray profiles, typical of unilamellar vesicles. This
indicates that the electric surface charge acquired by the
bilayers due to the adsorption or inclusion of cholate
stabilizes the unilamellar state to the detriment of the
multilamellar one. This represents the first essential stage in
the formation of stable unilamellar vesicles.
The micelle to vesicle transition at slow rates

For higher NaC concentrations (8 and 12mM
hereafter), micelles are observed at low temperature (10 -
25°C) and are transformed into unilamellar vesicles at high
temperature (50°C).

The transition was first studied by way of heating or
cooling at slow rates (less than 5°C/min), isothermal periods
being reserved for X-rays measurements. Under these
conditions, the evolution of the samples was found to be
reproducible and reversible. Figure 1 shows typical SAXS
intensity profiles recorded from 15 mM DMPC and 8 mM
NaC. Upon heating, the micelle to vesicle transition that
occurs between 25 and 35°C is identified by a large increase
in the intensity at small angles. Although the assymptotic
value 1(0) cannot always be measured, its increase is
doubtless. It directly reflects the increase in the mass or
volume of the aggregates. At high temperature the q~2 power
law is the guaranty of the unilamellar state and the small
deviation from this law at large q values is indicative of the
membrane thickness. It is interesting to note the
superimposition of all the curves at large scattering vectors,
in the region characteristic of the specific interface of the
aggregates. This invariability shows the negligible influence
of the adsorption equilibrium of the sodium cholate on the
specific area of the mixed aggregates. A very similar

behaviour is obtained with a 12mM NaC concentration
except that the transition temperature was found to be 10°C
higher. These observations are compatible with a transition
driven by the partitioning of the cholate molecules between
the lipidic aggregates and the continuous medium, the
surfactant desorption from lipid assemblies being favoured
by heating. This aggrees with the ionic character of NaC the
water-solubility of which is expected to increase with
increasing temperature.

101-
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Scattering vector q (A'1)

Figure 1. Evolution of a mixed 15 mM DMPC 18 mM NaC sample in a
water/ sucrose buffer (60/40 w/w) upon heating with alternate 5"C
temperature ramps and 30min plateaux allowing SAXS measurements. An
important structural change occurs at 30°C. Polydisperse and/or large
vesicles are formed at 35°C and remain nearly unchanged at higher
temperatures. Vie small oscillations observed in the form factor between
35 and 50"C with a period of 3 10~3 A'1 agree with a WOOA mean radius
of the vesicles.

Formation of Monodisperse SUVs upon a fast 7 jump
In order to demonstrate the influence of the heating rate

on the micelle to vesicle transition, four different protocols
were used. Samples at a temperature of 50°C were thus
prepared through the following ways: a) temperature ramps
with isothermal periods every 5°C that allow for sample
reorganisation, b) temperature ramps without plateau,
c) slow T jump at a rate about 20°C/min and d) fast T-jump
at a rate faster than 100°C/min.

In all cases, spectra characteristic of vesicles have been
observed with an intense scattering signal at small q values
and the characteristic q~2 decay. However, small
deformations of the intensity profile are observed at small q
relative to characteristic q~2 decay: they grow in amplitude
when the heating rate increases (arrows in figure 2).
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Figure 2. SAXS patterns at 50"C/rom vesicles formed by 15 mM DMPC
and 8 mM NaC in a water/ sucrose buffer (60/40 w/w) obtained at
different heating rates. The arrows indicate the order of the intensity
profiles according to increasing rates (<5, 5, 20 and 100°C/min).

Samples submitted, to a fast T-jump give rise to very
nice patterns with oscillations characteristic of the form
factor of spherical unilamellar vesicles as shown in figure 2.
From the position of the minima, an average radius of 225 A
is obtained. This means that rather small vesicles are formed.
The quality of the oscillations implies a low polydispersity in
size and that the molecular process involved in the formation
of calibrated vesicles is very efficient. Furthermore, these
small vesicles were found to be perfectly stable during
several hours, indicating that no degradation of the sample
occurs and that no kinetic evolution, due to vesicle
aggregation or fusion is detectable.

In contrast, the small amplitude of the oscillations
obtained at slower heating rates are indicative of large and
polydisperse vesicles. Thus, both vesicle size and
polydispersity increase with decreasing heating rate. This
implies that slow processes are involved in the micelle to
vesicle transition. The pathway and the intermediate
structures of the TMV depend upon the rate at which the
transition is performed.

Scattering vector q (A'1)

Figure 3. SAXS intensity profiles characteristic of vesicles from 2mM
NaC (thin lines) and of the micelle to vesicle transition from 12mM NaC
(thick lines). [DMPC]-15mM in water/sucrose 60/40 w/w buffer. Vie
oscillations observed at small q in the upper curve (l2n\M NaC, 50°C)
demonstrate the presence of vesicles with a 780 A average radius.

Samples with 2 and I2mM NaC were also submitted to
fast T-jumps from 20°C to 50°C (Fig. 3). At 2mM NaC and
2CTC, the samples are already in the unilamellar state. At
50°C the final unilamellar state is very similar to that
obtained with a slow heating rate. This shows that an initial

micellar state is required for the formation of small and
calibrated vesicles. At 12mM NaC, mixed micelles are
transformed into vesicles with a mean radius about 780 A,
much larger than that obtained from the 8mM NaC sample.
This result shows that the size of the vesicles recovered after
a given T-jump interval increases with the surfactant/ lipid
ratio in the bilayer. This is in good agreement with previous
experiments performed by dilution 27.
Cooling down the system after a T-jump

This experiment has been undertaken in order to check
the reversibility of the transition and the stability of the small
vesicles formed upon a temperature jump. By considering
the analogy between procedures based on temperature and
concentration variations, heating is equivalent to a dilution
that extracts the surfactant from the aggregates. The vesicle
to micelle transition is generally performed through the
addition of surfactant that is not the exact reverse path of a
dilution. Conversely, cooling appears strictly equivalent to
the path that consists in concentrating back the system. The
advantage of the temperature parameter lies in the fact that it
can be much more easily changed back and forth while
keeping constant the composition of the system.

Typical modifications of the SAXS patterns during the
first temperature decrease following a temperature jump are
shown in figure 4. The major effect is clearly the change in
the oscillations periodicity observed at small q: fusion of the
small vesicles occurs upon cooling. The average radius goes
from 225A at 50°C to values equal to 240A and 490A at
45°C and 4O°C, respectively. Concurrently, the
polydispersity seems to increase and at 35°C no oscillations
are observable and no typical size can be estimated. At lower
temperatures, the changes in the SAXS patterns are
characteristic of a vesicle to micelle transition with a strong
decrease of I(q=0).

If temperature cycles are further performed in the 20-
50°C range, the system is found to behave exactly as a
freshly prepared sample that was not submitted to any T-
jump. This indicates that the memory of the T-jump
characterized by a monodisperse distribution of the vesicles
is erased when the system goes back to the micellar state.

This cleary demonstrates that although stable in time
(in isothermal conditions), the small vesicles (formed upon a
temperature jump) become unstable upon cooling and grow
in size when the boundary of the micellar domain is
approached. In contrast, large preformed vesicles do not
decrease in size upon heating (fig. 1). The evolution of the
bilayer curvature in the vesicular domain thus presents
irreversible variations.

On another hand, for a given system composition, the
unilamellar to micellar transition and its reverse process of
vesiculation occur at the same temperature whatever the
sample history. From this point of view, the TI-MVT
appears reversible.
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Figure 4, Evolution of the SAXS patterns from vesicles formed at 15 mM
DMPC and 8 mM NaC in a water /sucrose buffer (60/40 w/w). After a fast
7jump, the temperature is cooled down from 50°C to 20°C with 5"C steps.
An increase in size (50-40°C), followed by an increase in polydispersity
(35°C) and the micellisation of the aggregates (30-20"C) are observed.
The intensity scale corresponds to the top curve. For clarity, other curves
have been divided by successive powers of 2.

Conclusion
In this study, the contrast between lipidic bilayers and a

water / sucrose (60/40 w/w) buffer has proved to be efficient
for SAXS experiments. It allowed the investigation of the
structural and kinetic properties of the temperature induced
micelle to vesicle transition of the DMPC / NaC mixed
system.

A reversible transition occurs between micellar and
unilamellar structures. Slow temperature variations lead to
large and/or polydisperse vesicles. Spherical ind
monodisperse small unilamellar vesicles are formed upon
fast temperature variations. The latter are found to increase
in size upon further cooling, i.e. when the micellar state is
approached.

Two intricated behaviours have to be clearly separated
when considering the micelle to vesicle transition. The first
one is the micelle to unilamellar transition. The second is the
evolution of the average size and polydispersity of the closed
vesicles. According to our measurements, the first iy
reversible while the second presents metastability and some
irreversible characteristics when times of a few hours are
considered. Thess observations reveal that the vesicle
formation mechanism involves different supramolecular
processes according to the external parameters imposed to
the system.
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Solving the inverse scattering problem by genetic algorithm
Tamas Haraszti

Department of Colloid Chemistry, JATE
Szeged, Hungary

Problem:
Stability of spherical and monodisperse Stoeber silica particles in binary mixture was

investigated by light and small angle x-ray scattering. The interparticle-interaction was
varied by changing the composition of the medium of the suspensions. We
investigated both hydrophilic and hydrophobic particles in ethanol-toluene binary
mixtures. Our aim was to characterize the aggregate structures formed at the different
circumstances. Here we would like to present one method from the possibilities, that
can be applied to fitting the measured data.

Measurements:
For the measurements an Anton-Paar compact Kratky camera, built on a Philips x-ray
generator was used (Cu Ka line, with Ni filter). This is a slit collimated camera, and
the detector is a steppermotor driven propotional detector. The measured curves were
corrected for the background scattering of the sample holder and the media of the
suspensions.

Interpretation of the results:
To analyze the data we applied the idea previously described by O. Glatter at. al., and

called: indirect Fourier transformation. A modell of homogenous spheres was used to
fit the observed data. The measured intensity is:

where L(l) is the length and W(w) is the width profile of the camera, I(r;,h) is the
scattered intensity function of a sphere.

I(rt,h) = CU pn (r)r— dr = c) yrj (r)r— dr

where Yn is the correlation function, pn is the electron density distribtion function of a
sphere with radius of x\. C,c are multiplication constants, were not in interest in this
case. I(h) was produced on the following way:

N

and y(r) = ^Piyn(r)

since the integrals of smearing are independent of r;.
This approach is perfect for non-interacting particles, though when the radius values

are unknown, it is very easy to run into the problem of solving an ill-conditioned
linear fitting. In the presence of interaction this series gives only an apparent size
distribution.

Fitting method:
To find a solution for the problem above we used the method of genetic algorithm.

This tool is a special case of the monte carlo methods, was first applied for nonlinear
and ill-conditioned fitting problems in the early 8O-ties. The basic idea is very simple:
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Let us consider the situation above, and take a species as a possible set of pi-s. Let us
make a whole population of these species with random pi values. This procedure is the
"generation". In the next step, we can check the population, with a condition that
indicates what is the "goodness" of the species. For our case a chi square generation
can provide the necessary value:

Knowing this value we can select the best solutions from the population, and we can
"terminate" the species we do not like. Now, we have the possibility to fill up the
empty space with new species. This process can be done in two ways: 1, generation of
random elements again; 2, interchanging a part of two "good" species. They can be
called "parents" of the new born "child". Of course in this world a child may have
many parents. At the same time random changes can be introduced as "mutation".
After this step, the routin can iterate until a limit chi square, or some other condition

is achieved. To prevent the routine from local minimas in the chi field, we can set a
condition, that says: if there is no decreasing in chi square for many steps, keep only
the best species, and start over the others. It is like a catastrophe, only one surviver. In
our cases the running of the program was stopped after a big number of cycles, if there
was no improvement. This way the relative error achieved was in the order of 10"4.
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On the figures a typical fitted curve(on the left), and a couple of calculated p( r )= r2

y(r functions at different binary mixture compositions (xi) (on the right) are plotted.
These results show the qualitative behavior of our samples, and are presented to
indicate the usefullness of the method of genetic algorithm. In the case of more
complicated model assumptions, the procedure above is only changed in the
equations, and in the running time of the program. So, we can even include parameters
for the interaction, and aggregation properties as well, though it is important to keep
in mind the flexibility and interpretation of the model currently applied.
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Polarized Neutron Reflectometry
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1 Introduction
Approximately half a century ago (14 July 1994) Fermi observed total reflection of neutrons
from an interface. This phenomenon was recognized as a direct consequence of the wave
character of neutrons and lead to the field of research now called neutron optics, which
includes neutron reflection, refraction and interference effects. An overview of the many
aspects of neutron optics may be found in Klein and Werner or Sears.
Analogously to light, an index of refraction can be defined for neutrons. The index of
refraction depends on the neutron wavelength and the scatteringlength density of the ma-
terial considered. For most materials the index of refraction is slightly (approximately
10~5) less than unity, the value in vacuum. Therefore total reflection is observed from
most air/material interfaces at low angles. The critical angle for total reflection has been
used for the determination of neutron scattering lengths. Total reflection has been applied
extensively to construct neutron guides and neutron filters. Because the index of refraction
depends on the direction of the neutron spin with respect to the magnetic induction in
a material, the difference between spin up and spin down reflection is used to construct
neutron polarizers.
Only relatively recently, in the late 80's, it was recognised that the reflection pattern beyond
total reflection can be used to obtain information on the nuclear and magnetic structure
perpendicular to the surface of a material (z-direction). Nowadays the areas of research
that make use of (polarized) neutron reflection range from surface chemistry and physic's'
(density profiles of gas-liquid interfaces, co-polymer adhesion at metal surfaces, adsorption
of surfactants, polymers and proteins at air-liquid interfaces, soap films and solid-liquid
and liquid-liquid interfaces), solid films (semiconductor multilayers, multilayer interfaces,
Langmuir-Blodgett films and polymer films) to surface magnetism (magnetic multilayers,
flux penetration in superconductors, ferromagnetic surfaces and ultra-thin ferromagnetic
films). An overview of applications can be found in Penfold and Thomas and in the pro-
ceedings of the SXNS-4 and SXNS-5 conferences.
In contrast to the interpretation of small angle neutron scattering, the Born approxima-
tion cannot be used to explain neutron reflection patterns. Instead we have to solve the
Schrodinger equation. Moreover experimental data cannot be converted directly into a
scatteringlength density profile. However, we can be calculate the reflectivity from a lay-
ered scatteringlength density profile. Therefore data analysis is done fitting calculated
reflectivities
In4his contribjjtionine principles of neutron reflectometry are explained.-kFtfae^ioxt aec-
iierB^iirlster-seet4e«is^a^ impression is given how to calculate reflectivities (spinflipped and
non-spinflipped) for a stratified (magnetic) sample.

2 Principle of Neutron Reflection Experiments
In a (polarized) neutron reflection experiment the reflected intensity from a (magnetic)
sample is measured as a function of the component of the incoming wave vector perpendic-
ular to the sample plane. This component, q0 is given by the angle of incidence 9 and the
neutron wavelength A according to qo = (27r/A)sin# . This implies that q0 can be varied
either using a monochromatic neutron beam, i.e. keeping A fixed and variation of 9, or
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keeping 9 fixed and variation of A. Both techniques, each with its own (dis-)advantages in
practice, are used at steady state (reactor) sources. Obviously the latter technique is most
readily applied at pulsed (spallation) sources.
Beyond the total reflection edge at (depending on the sample) about q0 < 0.1 nrrT1 the
reflectivity decays roughly proportional to q^4. Because the useful wavelength is in general
in the range 0.1 < A < 1 nm, the glancing angle 9 should be only a few milliradians. The
glancing angle should be defined rather accurately, otherwise the structure in the reflec-
tivity pattern will get lost due to angular resolution effects of the glancing angle 9. This
means that we have to use a very well collimated beam-(in the direction perpendicular to
the sample). For the same reason the sample itself must be very flat. For further reading
Penfold and Thomas or Felcher et al. are recommended.

3 Schrodinger Equation for Non-magnetic Flat Sample
Ignoring magnetic and polarization effects the Schrodinger equation reads

where the energy of a neutron with wave vector k in vacuum and the potential energy of
a neutron in a medium are given by

^ k l + k\ + k]) and V(r) =

The number density at position r is denoted by p(r) and the neutron scatteringlength by
6(r). If absorption plays a role the scattering length has a (negative) imaginary component
given by b" = (k/iir)aa(k), where aa(k) is the absorption cross-section. It is convenient to
define the (in general complex) 'neutron scatteringlength density' by T(r) = iirp(r)b{r) ,
including the factor AT. NOW the Schrodinger equation reduces to

V 2$(r) + (k2
x + k2

y + k\ - T(r))#(r) = 0 .

If T(r) depends only on z, as is the case in a horizontally homogeneous system, the solution
of the Schrodinger equation reduces to

*(r) = e^'+^y) 0(s) with

where q(z) = kz(z) is the vertical component of wave vector at depth z and T(z) =
4ir(p(z)b(z)) the average neutron scatteringlength density as a function of depth, with
values less than 0.02 nra"2. Denoting the vertical component of the wave vector kz( — oo)
at z = —oo by q0 we obtain, due to the conservation of energy, q2{z) — ql + To — Y(z) .
Without absorption q(z) may assume imaginary values. If absorption plays a role, q(z)
may assume complex values.
The solution of the one-dimensional Schrodinger equation should represent for z -+ —oo an
incoming and a reflected plane wave with reflection amplitude r and perpendicular wave
vector component q0 , i.e. rp(z) = eiqoZ + r e-^oz . Obviously the reflection from a non-
magnetic sample is specular, i.e. the reflected beam is observed at the glancing angle 9.
For z —-> oc in the substrate, or for a free standing layer in vacuum (or air), the solution
should represent a transmitted plane wave with perpendicular wave vector component q^
given by q^ — q% + To — T ^ , and transmission amplitude t, i.e. 0(~) = t e'7^1 . For an
extensive introduction on and discussion of the theory of reflection Lekner is recommended.
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4 Single Non-magnetic Interface
If the scatteringlength density profile is a step-function, describing a single interface, the
condition that the wavefunction and its derivative as a function of z are continuous every-
where (in particular at the interface) yields two equations, that are easily solved, for the
reflection- and transmission amplitudes r and t. The reflection amplitude is given by the
well known Fresnel-expression r — (q0 — <7co)(<7o + <7oo), which yields for the reflectivity
R — r r*

<7o-
R =

Obviously total reflection is obtained (if the substrate is non-absorbing, otherwise no per-
fect total reflection is possible) for qo values less than y/t<*, — To, in which case q^ assumes
imaginary values. For values of qQ such that q% « |To — Too], the reflectivity from a single
interface can be approximated by R « (To — Too

5 Layered Non-magnetic System
For a layered non-magnetic system (a general system is considered to consist of a sequence
of very thin layers that are homogeneous in the z-direction) the solution of the Schrodinger
equation in each layer (with thickness d{) is given by

where i numbers the layer and <?,- is given by qf = ql + To — T,- . In general all g-values
and coefficients should be considered to be complex quantities. This implies that sine and
cosine functions will have complex arguments and values. It is straightforward to show that
the (complex) values of the wavefunction and its derivative at the top of a layer (z = 0)
and at the bottom (z = dy) are coupled according to the matrix equation

/ y.'i(d) \ / ^'(O) \ . , ( cos qid{
I il>i(d) ) ~ \ V'i(O) ) ' Wi l ~ V ~~9tsing,-c

Imposing the conditions of continuity of the wavefunction and its derivative at each bound-
ary of two subsequent layers yields two linear equations for the reflection coefficient r and
the transmission coefficient t. The solution of these equations yields for the reflectivity in
terms of rrijk, the elements of the product matrix M = MJVMJV_I • • • M2M1 .

R =

For a single interface the unit matrix should be substituted for M. It is easily verified that
in that case the expression for the reflectivity reduces to the Fresnel expression obtained
before.
If the value T/ of a single layer on a substrate is in-between To and T ^ , the reflectivity is
equal or less than the reflectivity from the substrate without the layer for all qo . otherwise
the reflectivity is equal or higher. The reflectivity of a single layer is exactly equal to the
reflectivity of the substrate for go-values that satisfy q% = (kit jdi)2 + T; , (k = 1, • • •) and
d\ the thickness of the layer. At these go-values the reflectivity shows 'minima' if T/ is in-
between To and Tco and 'maxima' otherwise. From the 'frequency' in the reflection pattern
the thickness of the layer can be estimated. If the sample consist of several different layers
'beats1 may occur in the reflection pattern. If the sample consists of a series of repeated
layer sequences, 'Bragg peaks' are observed at q\ « {kitjD)2 + (T), (k = 1. • • •) where D
is the thickness and (T) the average scatteringlength density of the repeated unit.
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6 Layered Magnetic System
Consider a layered system with B(z) = (Bx,By,Bz) — (B sin 0 cos (f>,B sin 0 sin <f>,B cos 6)
a depth dependent magnetic induction. The two-component wavefunction in each layer,

represented in spin components parallel (up) and antiparallel (down) to the z-axis (super-
scripts u and d), expressed in spin-eigenfunctions £? and £? which depend on the direction
of the local magnetic induction, satisfies (in ^-representation) the Schrodinger equation

Here in EQ a factor 2m/h2 is included, c — \2mn/j,n/?i2\ % 2.9 10~3nm~2T~1 (mn neutron
mass, [in magnetic moment of neutron) and <r is the Pauli spin-operator, given by

a = (ax , ay , ds) =

Spin (anti-)parallel to Bo corresponds to EQ = qo2 + To — cB0 and EQ = qo2 + To + CBQ .
In each layer four different values 5-values play a role

fP = yjql + To + cB0 - Tt - cBi q\a = V'ql + To + cB0 ~ T, + cBt

T o - cB0 - T t - cB% To - cB0 - T,- + cBt

(the first superscript indicates the spin state of the incoming beam the second one the local
spin state). Because EQ is a conserved quantity, spinflip reflected neutrons in an external
field Bo have a </-value that differs from qo- Spinflip from parallel to anti-parallel and the
other way around yields for the vertical component of the wavevector in the reflected beam

Qo — + 2cB0 and qa
o

p = sjqQ
2 - 2cB0 .

Neutrons flipped from parallel to antiparallel with respect to an external field are observed
above the specular direction. Antiparallel to parallel flipped neutrons are observed below
the specular direction. In the latter case no reflection is possible if qo2 < 2CBQ .
To derive (non-)spinflipped reflectivities, the continuity of both components of the wave-
function and its derivatives is used. This yields (for each incoming polarization) four linear
equations for the (non-)spinflipped reflection- and transmission coefficients. The elements
of the 4 x 4 matrix M(qQ) = E^1 (EN MN E^1) • • • (Ei M I Ef1) Eo determine the re-
flectivities. The relations between the values at the top and the bottom of a layer for each
component of the wavefunction and its derivative lead to the matrices M, which depend
implicitly on q0 via q\(^0) and qf(qo) according to

M: =

cos
—qf sin

0

0

sin qfdt

cos q?dz

0

0

0

0

0

0

cos
sin

-qf sin qfd, cos q?dt j
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The values of qp (qpp or <?t
ap) and qf (qpa or qfa) depend also on the incoming polarization.

The 4 x 4 matrices E; and its inverse S"1 , related to the spin-eigenfunctions £p and £° ,
contain the information on the direction of the local magnetic induction in each layer.
The two non-spinflipped reflectivities turn out to be given by

ppp(qo)
and Raa{q0) =

paa(qo)

Na(qo)

The complex functions p and N on the right hand sides depend rather complicated on the
(complex) elements of the matrix M

{q
{qo

{q?

(/x is a or p depending on the incoming polarization (anti-)parallel or parallel to the exter-
nal magnetic induction Bo).
For the spinflipped reflectivities the result is

Rpa(qo)
Re{qla) ppa(qo)

NP(qo)
and Rap(qo) =

Re(qa
o

p) pap(qo)
Na{q0)

where Re means take the real part and ppa(qo) and pap{qo) are denned by

pP«(q0) = 2iq0 {{ml, - iq%mp
u) (mP

2 - iq£mp
32) - (mp

2 - iq"mp
2) (mp

41 - iq^mp
3l)}

pap{qo) = 2iq0 {(m«4 - iq^m^) {m\z - iq™ma
33) - (ma

23 - iq%m$3) {ma
44 - iq™ma

34)} .

If the magnetic induction in all layers (including the entrance medium and the substrate)
is collinear, the matrix products HjxE,- result in a matrix M that contains two diagonal
blocks of 2 x 2 zero-matrices. This implies, as can be easily verified, that the spinflip
reflectivities vanish for all values of qo . On the other hand a non-collinear single interface
yields non-vanishing spinflip reflection. For further reading on spinflip reflectivity Blundell
and Bland and also Pleshanov are recommended.
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Humic acids are an important component of natural ecological systems and represent a
polydisperse complex of natural biopolymers with molecular masses from several to hundreds
kilodaltons. They are both a source of organic compounds and a protector against anthropogenic
pollutions of biosphere. The aim of the report is to underline some possibilities of small-angle X-ray
and neutron scattering to study HA and their fractions.

Humic acids (HA) are a complicated dynamic complex of natural organic high
molecular compounds which are the main part of carbon dissolved in waters and
organic matter of soils [1]. The main functions of HA are [2]:

• accumulation of chemical elements and energy necessary for living organisms;
• transportation of mineral and organic matter;
• regulation of formation of soil structure, reaction of ionic change between solid

and liquid components, acid-alkali regime, conditions of feeding of living
organisms, heating regime;

• protection of soil and soil waters from toxic compounds.

HA are formed in soils, peats, coals and other natural bodies. There is a well-
known artificial source of HA—compost refuse—which is used in agriculture to
fertilize soils. Because of their practical and scientific importance, HA are of current
interest and studied by all available chemical and physical methods (for the
introduction to science of humic acids see [2]; for the last achievements in the study of
HA by different techniques see [3,4,5]).

The content of different chemical elements in HA is well studied. In spite of
this fact there is no exact chemical formula for HA. All proposed variants have a
schematic character and take into account mainly the composition of HA but not their
special structure. The reason is a high polidispersity of these compounds.

To describe the polidisperisty of polymeric systems the mass-molecular
distribution (MMD) is used. One can judge about the mass-molecular distribution of
HA by the chromatography pattern for HA from chernozem and compost in Fig.l.
Three fractions—high-molecular A-fraction and low-molecular B- and C+D-
fractions—are distinguished clearly for these sources.

In resent years the use of small-angle X-ray and neutron scattering for studying
HA is actively developed [6,7,8,9,10]. It is due to the fact that small-angle scattering
can give information about the conformation of the object without any a priory
assumptions.

Here we present the results of the work on comparative analysis of HA and
their fractions from chernozem (Russia) and compost refuse (Germany) by X-ray and
neutron scattering [9,11],
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Fig.l. Chromatographic patterns for (a) chernozem (Russia); (b) compost (Germany). 10 mg of HA on
the 1.5x100 cm column with Sephadex G-75 [11].

The total preparation and A, B, C+D fractions of HA (see Fig.l) were studied.
The fractions were obtained by the technique of the combination of Gel
Chromatography and PAAG Electrophoresis [12]. H2O/D2O mixtures with lOOmM of
NaOH were used as buffers. The concentration of HA was 10-12 mg/ml. The X-ray
scattering experiments were performed at the B15-A small-angle camera of the
Photon Factory (Tsukuba, Japan) [13]. The neutron scattering experiments were
carried out at the YuMO time-of-flight small-angle scattering spectrometer of the
D3R-2 pulsed reactor (Dubna, Russia) [14].

Experimental curves for the total preparation and fractions of HA are
presented in Fig.2,3,4. To see clearly the preferable conformation of the molecules the
data are shown with the Kratky plot (I(s)s2 vs. s, where s is the module of scattering
vector). The presence of plateau on the Kratky plot (Fig.2) points to the coiled
conformation of molecules as the presence of line dependence (Fig.3) points to the
elongated rod-like structure. Using the theory of small-angle scattering by polidisperse
systems [15] the molecular mass, radius of gyration and parameters of the mass-
molecular distribution were estimated [11]. The results are presented in Table 1. The
Mz/Mw parameter was determined for coiled conformation, the <M >W/MW

3 parameter
was determined for rod-like conformation. These parameters show the rate of the
polydispersity of the HA molecules in solution.

000 002 0.M 008 006 0.10 0

S(A'| S(A')

Fig.2 Kratky plot for the total preparation of HA Fig.2 Kratky plot for the total preparation of HA
from chernozem (•) and its A-fraction (o). For from compost (o) and its A-fraction (•).
comparison, the plots for an ideal Gaussian coil
(-O-) and branched coiled molecule with the same
dimension (-•-) are presented.
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Fig.3 Kratky plots for the B (o) and C+D (V) fractions of HA from chernozem and compost. Open
symbols are for chernozem, filled ones- for compost.

The main conclusions of this work are

• There is a great difference both in HA conformations and MMD for humic acids
from different sources.

• Total preparations of HA from chernozem consist mainly of low molecular mass
components in contrast to humic acids from compost.

• Macromolecules in HA fractions of chernozem have preferentially a branched
coiled conformation while those of compost have an elongated rod-like
conformation.

Thus small-angle scattering gives us the possibilities to study the conformation
of these complex biopolymers and obtain the parameters of the molecular-mass
distribution.

Table 1. Basic parameters of humic acids and their fractions.

Chernozem

Preparation

A-fraction

B-fraction

C+D fraction

Total

<Rg :>2
1/2(A)

104+5

96±5

140+5

108±5

M2/Mw or <M3>w/Mw
3

1.8±0.2

2.8+0.2

0.7±0.3

2.1+0.2

Suspected conformation

Branched coiled

Branched coiled

Rod-like

Branched coiled

Compost

Preparation

A-fraction

B-fraction

C+D fraction

Total

<Rg2>2
1/2(A)

193+/-1O

235+/-15

180+/-10

236+/-15

M2/Mw or <M3>W/MW
3

0.7+/-0.3

1.6+/-0.4

1.6+/-0.4

O.8+/-0.3

Suspected conformation

Rod-like

Rod-like

Rod-like

Rod-like
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Introduction
Humic substances are considered as an ill-defined assemblage of organic

molecules originating from the decomposition of plant and animal residuals. Their
constituents are mainly polyfunctional aromatic rings linked by chemical and
physical bonds [1,2]. In dissolved state the aromatic network is partially or fully
penetrated with water. Net repulsion between the charged groups causes a molecular
expansion, since water molecules are strongly attracted to the negatively charged
groups and to the counterbalancing cations which are solvated, too. An increase in
electrolyte concentration or a decrease in pH leads to a decrease in charge repulsion,
the macroions start to collapse and the entrained water is ejected, intramolecular
attractions (H-bonds, Van der Waals forces, dipole interactions) occur.

Among the different (X-ray, neutron, light) scattering techniques the dynamic
light (DLS) and small angle X-ray scattering (SAXS) methods are used in the
structural study of humic substances. Although the DLS and SAXS seemed to be
fruitful methods for characterization years ago [2], only few papers have been
published (details in [3]) since then. The general experimental fact from DLS studies
is that humic acid solutions contain large (30 and 200 nm) hydrodynamic units. In
contrast with this the radii of gyration between 0.5 and 3 nm were published besides
the experimental evidence for fractal character on the basis of SAXS measurements
[2,3]. Since the scattering vector ranges of SAXS and DLS are different, therefore
different size scales of structure are tested. Detailed analysis of small angle X-ray
curves of humic acid solutions has been published [4], the authors emphasized that

Jhe results were smeared_hyjhe polydispersity of unfractionated.humic acid.sample. *
Irrtrri£3£S¥k -^less polydisperse, ultrafiltered humic acid fraction \ w studied !

by dynamic light (DLS) and small angle X-ray (SAXS) scattering methods and the
apparent inconsistency between the size data to be obtained from the evaluation of
correlation funciions-afld scattering-curves could be interpretedr
Experimental

Humic acid was extracted from peat (Guanella Pass, Clear Creek County,
Colorado, USA). In order to decrease the polydispersity, the humic acid was
fractionated by using sequential ultrafiltration. Only the fraction #1 (nominal size
between 0.2 |im and 50,000 D) was measurable by light scattering, since the
fluorescence emission of the smaller sized fractions was too high. The fraction #1
was 23+2 % of the whole humic acid sample and it has quite similar chemical
composition to the whole sample comparing their 13C CPMAS NMR spectra. The
pH-dependent surface charge state of this fraction has been published [5]. DLS
measurements were performed using an ALV-5000/E 256 channel digital correlator
and goniometer (ALV, Germany), operating at >l=514.5 nm produced by an argon ion
laser over the angular range from 14° to 150°, probing length scale (q'1) from -32 to
236 nm. The correlation functions were evaluated by cumulant analysis, and finally
the MLA dynamic scaling theory was applied [6,7]. Small angle X-ray scattering
curves were measured at the Center for Small-Angle Scattering Research at Oak

87



Ridge National Laboratory (ORNL, TE, USA) over the g-range 0.05 and 1 nm*1,
probing length scale from -20 to 1 hm. Scattering curves were evaluated by fitting
power-law (I(q) <>c q~a

t where I(q) is the intensity, a is the power-law exponent), and
by Debye-Bueche analysis [8] (I(q)=I(0)/(1 +(qaff) resulting in correlation length,
a.
Results and discussion

At high pH and low ionic strength, when the functional groups are fully
ionized and the charges linked chemically to the aromatic network endeavor to
situate themselves as far as possible [5], big hydrodynamic units with size between
50 and 100 nm have been identified by DLS method. Since the correlation functions
and the average hydrodynamic radius values calculated by the common methods
have shown unusual angle dependence, the correct particle size calculation has
become practicable by applying the MLA dynamic scaling theory [6,7].

We have published [9] the detailed description of the application of MLA
theory to humic acid solutions. Here, we recall only some important relations. Since
polydispersity of scattering objects induces a distribution A(I~) on their relaxation
rates (/), the field autocorrelation function (S(q,t)) is a result of a continuous
relaxation spectrum. The initial relaxation rate (/J) obtained from the first cumulant,
is referred to as the arithmetic mean (</>). The harmonic mean relaxation rate (ra)
obtained directly from the integration of S(q,t), is the inverse average <1/F>. An
essential feature of the dynamic scaling proposed in the MLA theory is that the two
relaxation rates satisfy scaling relations: / ] = Dtq

2 f(qRz) and Fa = Dfl2 /iC^Jwith
scaling function f(x)~l, h(x)~l for x«l andf(x)~xa~2, h(x)~xb'2 fovx»l. Here Dz is
the z-averaged diffusion coefficient. In the MLA theory, relations / ] ~ qa and Fa~ qb

are expected in the regime qRz»l. The scattering vector dependent exponents (a
and b) of the initial (/]) and intermediate (ra) relaxation rates calculated from the
slope of log Fvs. log q functions were a=2.5-2.6 and b=2.0-2.1. These values should
be equal to 2 in an ideal case, when the translational diffusion is the dominant
relaxation process [6,7]. Since a>b and b~2, the polydispersity of humic acid sample
dominates, and qRz is not sufficiently greater than 1, therefore correct hydrodynamic
radius can be calculated only through a master curve procedure [9]. The calculated
hydrodynamic radius values decreased from 95 to 48 nm as ionic strength increased
from 0.001 to 0.1 mol/L at pH~9 due to the charge screening effect of electrolyte.

The dilute solutions of highly dispersed humate at pH~9 were investigated by
SAXS method (1/q from -20 to 1 nm). As seen in Fig. below, the scattering curves
obey a linear relationship between log I(q) and log q over an order of magnitude of q.
This linearity implies a power-law scattering {Iiq)0* q'"). Exponent a can be
identified as the mass fractal dimension of a randomly oriented fractal aggregate of
identical scatterers of radius r, when ql»l but qr«l. The first assumption, ql»l, is
fulfilled in the region q 0.1 to 1 nm'1, since the size of aggregates, I, should be larger
than the average hydrodynamic radius, 95 nm, at low salt concentration. To test the
second assumption the size of the identical scatterers, r, from which the aggregate
formed, should be estimated. On the basis of Debye-Bueche analysis [8] of scattering
data a characteristic size value, i.e. correlation length, a, can be calculated for
random two-phase systems, even for polydisperse sample. The figure shows l{q)'m
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vs. q2 functions which should conform to the straight line with slope to intercept ratio
of a2. These values are the average size of electron density inhomogeneities'. The
values a increase with increasing dilution, and are around ~2 nm. Since the
correlation length is the double of the reduced chord length defined by Porod for two
phase systems, it is reliable to suppose that the size of inner scatterers in aggregate
should be smaller than ~1 nm, therefore the second assumption (see above qr«l) is
also fulfill satisfactorily.
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Scattering curve for hurrfc acid fraction #1
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Since both assumptions are realized, the mass fractal dimension can be
calculated directly from the slope of the straight line of log I(q) vs. log q. The fractal
dimension values show that the inner part of huge (50-100 nm) hydrodynamic
humate units is loose fractal structure, which loosens even with dilution as shown the
decreasing mass fractal dimension and increasing correlation length (data in Figs).

It should be mentioned that the evaluation of the measured small angle X-ray
scattering functions on the basis of Guinier theory used for humic acid solutions
elsewhere [2] was not possible, since even the fractionated sample seemed to be too
polydisperse to get linear relationship for In I(q) vs. q2 plot which is expected from
the I(q)°= exp(-R2q2/3) function of Guinier theory.
Acknowledgments: My special thanks to J.A. Rice (SDSU, Brookings, USA) and
S.Z. Ren (USD, Vermillion, USA) for professional discussion. This work was
supported by OTKA (T022426).
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Abstract
On the SPN - 1 polarized neutron spectrometer at IBR -2 high - flux pulsed rector there were

carried out preliminary measurements on transmission and polarization of a neutron beam passing through a
magnetic colloidal system of Fe3O4 particles in transformer oil and dodecane carriers. It was f«3s that in the
ferrofluids with magnetite particles exist, dependent on the particle volume concentration and the magnitude
of the external magnetic field, effects of depolarization and nuclear - magnetic small angle scattering.

Introduction
Magnetic colloids subjected to a magnetic field present a spatial and magnetic

self - organization [1]. Recently there were overdone investigations with neutrons which
have demonstrate that polarized neutrons can be used for studying the magnetic field
microstructure inside the colloids [2,3,4, 5].

The application of neutron depolarization started in 1941 by Halpern and
Holstein [6] theoretically, and experimentally by Burgy et.al. [7] in 1950. Contrary to
neutron scattering and small angle neutron scattering (SANS), the method has never
developed into a wide-spread application. At present, neutron depolarization is exploited
at a few places in the world [8 - 18].

The ferrofluids represent colloidal suspensions of single domain ferromagnetic
particles of about 100A in diameter, stabilised with surfactant molecules, in a suitable
liquid carrier. Therefore, though the particle sizes are distributed log - normally [19,20], it
is permitted to assume that all the particles are spheres of the same radius.

Experiment description
The preliminary studies of the magnetic colloids presented in this report were

carried out at the spectrometer of polarized neutrons ( SPN -1 ), installed at the
high - flux pulsed reactor IBR - 2 at the Joint Institute for Nuclear Research.

In Fig.l is represented the schematic drawing of SPN - 1 [21], The double disk
chopper (Fig. 1-1) suppresses the background from the satellite reactor pulses and also
defines the neutron wavelength band from 0.7 to 12A. The chopper discs rotate in
opposite directions with velocities which can be varied within the range from 5 to 20Hz.

The conical neutron guide (Fig. 1-2), constructed from glass plates coated by
evaporation method with nikel, forms the neutron beam before the polarizer and increases
the effective aperture of the instrument. The basic spectrometer components are two five
meter long bent neutron guides (Fig. 1-3), polarizer and analyzer, assembled from iron -
cobalt magnetic mirrors containing a titanium - gadolinium antireflecting sublayer.
Incident beam polarization is provided using the first neutron guide. The polarization
efficiency of the beam, averaged over the thermal neutron spectrum (the maximum of the
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Maxwellian distribution of neutron flux is at 1.1 A, X = 0.7 - 12A), is about 95%. An
appropriate static guide field in the polarized incident beam is provided by permanent
magnets generating a magnetic field of about 120Oe.

Fig.l SPN - the polarized neutron spectrometer at IBR -2
1) double disk chopper; 2) conical neutron guide; 3) polarizer and analyzer;
4) neutron spin - flipper; 5) sample; 6) turn - table; 7) detector.

The neutron spin - flipper (Fig. 1-4) is a non - adiabatic one [22] reversing the
neutron beam polarization over the whole wavelength band with an efficiency of order of
95% at a beam cross section of 2.5 x 60mm2.

The maximum integral neutron flux at the polarizer exit is 1.2 x 106n/sec cm2. The
horizontal collimation of the incident beam can be varied in the range A0min = 3 x 10"5 rad
up to A0max = 3 x 10"4rad. This fact permits by measuring the transmission of neutrons
through the sample to collect (to record) the neutron scattering from particles smaller than
10|im (on a sample of 0.1mm x 50mm dimensions the neutron flux is 500 - 5000n/s).

The sample position is located at 29 meters from the source. The sample (Fig. 1-5)
is fixed at the turn - table (Fig.l-6).The sample can be settled in a gap of turning magnets.
The direction of the applied magnetic field can be changed to make an angle with the
sample surface. The maximum magnetic field value is lOkOe.

The sample - detector distance is 7.5meters. The transmitted neutrons are counted
bya3He gas - filled detector (Fig. 1-7).

In the experiment we .measured P(H), as neutron - beam polarization at the outlet
of the analyser when the neutron beam is transmitted through the sample and separately
Po(H), as neutron - beam polarization at the outlet of the analyser when the neutron beam
is transmitted through an empty sample holder, as :

POU) = [R(IU) -1]/[R(H,X) + 1],
where R = Ioff/Ion, and Ioff and Ion are the integral intensities over the (0.5 - 15)A
wavelength range as registered by the neutron detector when the spin - flipper is off and
on, respectively. Po is the multiplication between p! and p2, where pi and p2 represents
the polarizing efficiency of the polarizer, respectively of the analyser. From the reflected
intensities into the detector after several calculations is obtained the quantity
characterizing the depolarization process in a sample: P/Po. There were analysed also the
normalized intensity of neutrons:

I = ( Ion + loff) / Ion.O + Ioff.o)
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The measurements were performed on two kind of samples: Fe3C>4 particles in
transformer oil (Fig.2 - 4) and dodecane (Fig. 5 - 6 ) carriers. During the experiments the
ferrofluids were kept in aluminium holders of disc form of 30mm in diameter and 3mm
thikness, with the axis oriented along the neutron beam. The holder with the sample was
situated between the poles of an electromagnet generating a vertical oriented magnetic
field. In the case of the first sample there was used an electromagnet with an intensity of
the magnetic field variable in the range of (0 - 4)kOe. The cross section of the poles of
the electromagnet and the distance between them were 20mm x 60mm and 60mm,
respectively. In the case of the second sample there was used an electromagnet with an
intensity of the magnetic field variable up to 600Oe. The cross section of the poles of this
electromagnet and the distance between them were 30cm x 30cm and 25cm, respectively.

Experimental results
Fig.2 presents the plot of the normatted intensity of transmitted neutrons

(Ion +Ioff)/(Ion,o+Ioff,o)> expressed in n/st (starts represents the number of pulses of the
reactor and is considered as a unit of time), versus the magnitude of the external magnetic
field in the range of (0 - 3.6)kOe for the case of 17.5% particle volume concentration.
For the magnitude H = 130Oe of the magnetic field, it can be seen a minimum of the
intensity, which corresponds to the rising of the neutron scattering. The analysis of the
scattering intensity dependence versus the wavelength indicates that the scattering cross -
section arise with the growing of the wavelength. This scattering represents a small angle
scattering from magnetic - nuclear inhomogenities of the fluid. Indeed, with the rising of
the wavelength is turning smaller the limit of minimum value of the scattering vector .
Over this minimum value the neutrons are scattered. In conection with this fact, because
of the range extension of the scattering vector the integral on scattering vector of the
scattering cross - section rises.

1,00

1

500 1000 15O0 2000 2500 3000 3500

Fig2.The normatted intensity of transmitted neutrons, expressed in n/st, versus the
magnitude of the external magnetic field.
From Fig.2 and the dependence of the normatted intensity (for the spin -flipper "off and
"on" versus the wavelength of neutrons for three values of the magnetic field: 87.3 Oe;
130.5Oe; 191 Oe we saw that the scattering from positive spin state is bigger than those
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corresponding to the negative spin state. This means that there is an interference between
the nuclear and magnetic scatterings. Thus the intensity of the magnetic field is bigger in
the region of the ferrofluid where the changing of the nuclear potential over its medium
value is positive. For the wavelength of 2A the scattering of the negative spin state
represents 15% and of positive state 25%. One can conclude from this that the variation
of the magnetic potential represents 12.5% from the magnitude variation of the nuclear
potential. From the variation of the nuclear potential (nuclear contrast) it can be
determined the variation of the intensity of the magnetic field. From the experiment
geometry it can be determined the value of the magnetic correlation length. In our case it
is about 300A. This value is 3 times bigger than the particles diameter. So, this means
that there.exists the aggregation in clusters containing tens of particles. The existence of
big clusters is proved by the fact that the sample reached the magnetization saturation at
small values of the magnetic field intensity, about 3Oe.

For bigger values of the magnetic field intensity the scattering decreases,
fact explained by the lowering of the magnetic contrast between the clusters and the inter-
clusters distances. In the case of the intensity of the magnetic field of 130Oe the magnetic
contrast is maximum and this determines a maximum magnetic - nuclear scattering and
the lowering of the polarization of the transmitted neutrons.

In the second part of the experiment is studied the dependence of the.beam
polarization of the transmitted neutrons versus the intensity of the magnetic field in the
case of five different particle volume concentrations in dodecane: 20%; 16.92%; 16%;
15.56%; 10.52%. We have noticed that the maximum effect of depolarization appears for
the maximum concentration of 20%. Also, the big changing of the depolarization - 9
times for a 2 times lowering of the particle concentration, demonstrates that this changing
is due mainly to the changing of the perpendicular component of the magnetic induction
in the ferrofluid for about 3 times.

Further, we saw that for big values of the intensity of the magnetic field
normalized polarization overgrows the unity. This effect reaches the maximum for the
volume particle concentration of 16% and 10%. For this values of concentration this
effect is revealed beginning from the intensity of the magnetic field of 25Oe. For other
concentrations this effect is revealed at bigger intensity values of the magnetic field. It is
clear that, at this point there is a competition in between the interactions between the
magnetic moments and the magnetic moments with the magnetic field. As a result, there
is reached a configuration of the orientations of the magnetic moments, which involves a
particular correlation function distribution of the magnetic and nuclear potentials of the
neutron scattering. Consequently, this leads to a specific neutron scattering law.

There is necessary to point out, that in contrast to the measurements overdone on
ferrofluids based on transformer oil, for the ferrofluids based on dodecane there is
obtained a rising of the intensity of the magnetic field in the regions which presents a
negative variation of the nuclear potential relative to its medium value

Conclusions
This preliminary experiments have shown that the methods of depolarization and

small angle scattering can be successfully used for the study of the magnetic structure of
the interactions between the magnetic moments. There was find, that in the ferrofluids
with magnetite particles there exist, dependent on the particle volume concentration and
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the magnitude of the external magnetic field, different effects of magnetic aggregation.
Also there are obtained magnetic and nuclear correlations of different sign of the neutron
scattering density.

Further investigations using a sensitive - position detecting method of the
neutrons will permit detailed studies of the particles behaviour in ferrofluids.
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Introduction

The material j?f incandescent filament in conventional light sourcesis made from doped
tungsten. It is produced by sintering of metal powder whose precursor(blue oxide) is doped_

~ r A l andjSj^.JM_dopants^result in a greatly enhanced mechanical "strength" even "at
treme high temperatures (0.8 Tme|ting) [^j.

Due to the doping mechanism, potassium filled bubblgJJmthJJlamcJgJds^c_size of 50-500 nm
are fonned in mejngot whilgjnost"oTother impurities evaporate during the sintering process.
Among these small bubbles, empty pores with larger characteristic size (1-5 microns) are also
present in the sintered ingot. This 'closed porosity' which is typical for materials produced by
sintering disappears gradually during several steps of thermomechanical processing
(mechanical deformation and heat treatment) [2].

The spatial distribution of stable potassium bubbles results in enhanced creep jgsistance as
the bubbles acts as pinning centres for dislocation motion. The grade of their dispersion and
hence the grade 6T creep resistance depends, however, on the thermomechanical processing as
the bubbles become defonned and cut up into smaller pieces during mechanical deformation
and heat treatment. The empty pores, too, deform during these steps.

doped
tungsten . d i e direction

of wire
drawing

bubbles,
pores

bubbles, pores
after drawing

Fig. 1 Schematic diagram of elongation of
bubbles and pores due to wire drawing.

A=a1/a0

a°J <Z

6 6

a.

A<8.9

o
A >= 8.9

A » 8.9

1 *
o o

)

6 6
Fig. 2 The condition of instability of
ellipsoids during heat treatment.

* ^ ^ morphological changes (shape and
size) of these second phases - bubbles and pores -.during a broad range of thermomechanical
processing by applying anisotropic small angle nejitron scattering (ASANS) investigation.
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Problem

During fabrication, subsequent steps of rolling/swaging/wire drawing are applied to the doped
tungsten rods resulting in uniaxial deformation. Along with the macroscopic elongation of the
whole body, the bubbles and pores become also elongated. The evolution of their ellipsoid-
like shape due to wire drawing is schematically presented on Fig. 1. The mechanical
processing is carried out also at elevated temperature, 1000-1300 K, being below the
temperature of intermediate heat treatment.

Heat treatment after wire drawing causes changes also in the morphology of bubbles and
pores as their shape is unstable against surface self-diffusion at higher temperature and
therefore a spherodization occurs (see Fig. 2).

It is assumed by Moon and Koo [3] that during the mechanical working, the amount of
deformation of rod/wire is identical to that of bubbles and pores. From this assumption of
'geometrically similar deformation', a quantitative relation between wire diameter d and the
aspect ratio of elongated bubbles A (Fig. 2) can be calculated as a ' A = const showing
that the aspect ratio A increases rapidly with reducing the wire diameter d. The effect of heat
treatment on elongated bubbles has also been theoretically examined [3] and a critical
behaviour was found (Fig. 2): If the aspect ratio of ellipsoid is larger than a critical value, 8.9,
it breaks up into a row of small bubbles, while in case of smaller aspect ratio a simple
spheroidization occurs and the bubble returns to its original shape and size.

A series of problems occurs, however, applying this model. From the statistical study of
scanning and transmission electron micrographs (SEM and TEM) of wires, it was concluded
that the average number of bubbles in a single row after heat treatment is essentially smaller
than expected [4]. To resolve the discrepancy between the model and bubble size data, further
theoretical assumptions were made [5]. Sometimes a characteristic inhomogeneity of pore
morphology can also be observed after several steps of wire drawing: some single, practically
undeformed bubbles are present among the strongly elongated bubbles [4]. The possibility of
more detailed experimental investigation is limited because it is difficult to collect large
enough number of SEM or TEM photographs on samples necessary for evaluating the shape
information of bubbles from different stage of thermomechanical treatment.

Method

Fig. 3 Schematic representation of scattering distribution of a single ellipsoid. The aspect
ratio of ellipsis of equal intensity contours is identical with that of the original ellipsoid.

To investigate the elongation of bubbles, the application of ASANS method seems to be
relevant. From the basic theory of small angle scattering [6] the two dimensional form factor,
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i.e. scattering distribution on the detector plane, can be derived. We have concluded that in
case of ellipsoid shaped particle - due to the simple affine relation between ellipsoid and
sphere - the the isointensity contours on on the map representation of the 2D scattering
intensity distribution are ellipsis (Fig. 3). Even these ellipsis of contour from 2D position
sensitive detector array have the same aspect ratio (the ratio of longer and shorter axis) as that
of the rotation ellipsoid shaped particle.

In our wire samples the bubbles have always the same direction of elongation as the wire
were drawn parallel to wire axis. This identical orientation provides that the superposition of
scattering intensities of individual bubbles reserves this anisotropy. Applying neutron beam
perpendicular to the wire axis, the whole ensemble of elongated (ellipsoid shaped) bubbles
shows the above described anisotropic scattering where the aspect ratio of contour ellipsis
corresponds to the average aspect ratio of elongated ellipsoids. Thus, the ASANS method is
suitable for a direct visualisation of bubbles' average shape in doped tungsten.

The ASANS investigation of such samples has also another advantage in comparison with
SEM and TEM: the 2D map comes from the neutron scattering integrated over the whole
piece of sample (typically 10" cm ) and so we can avoid the accidentality of the selected
small sample region.

Samples

To monitor the deformation of bubbles and pores in doped tungsten during thermomechanical
processing, samples were selected from different stages of processing, from 6 mm down to
0.4 mm in diameter. In this selection, the processing starts with an intermediate heat
treatment at 6 mm diameter followed by several steps of swaging and wire drawing. At 0.4
mm diameter an intermediate heat treatment (incomplete annealing at 1650 K for 10 s)
follows again. At this size, one extra sample was prepared by high temperature heat treatment
(fully annealed at 2700 K for 300 sec) for comparison.

Wire samples were assembled from 25 mm pieces: they were arranged parallel in layers and
several layers were joined together in order to reach the 1 mm effective thickness being
optimal for SANS. Samples from rods and wires of larger diameter were thinned by grinding
and were also arranged close to each other.

Experimental
The measurements were performed partly on the SANS spectrometer installed at the
Budapest Research Reactor and mainly on the PAXE SANS spectrometer with 1.2 nm wave
length at the Orphee reactor in Laboratoire Leon Brillouin, Saclay, France. Both spectrometer
have detector array of 64*64 pixels.

A scattering map of 0.4 mm ,,as drawn" (after many steps of wire drawing) sample can be
seen on Fig 4a. We expect here a high anisotropy as the sample was subjected to a high
amount of macroscopic deformation, its diameter has been reduced to a great extent (to circa
1/15). This expected high anisotropy can well observed. After incomplete annealing at
1650 K for 10 s the sample of same origin, the anisotropy has been reduced (Fig. 4b). The
anisotropy vanishes perfectly after full annealing at 2700 K for 300 s (Fig. 4c). This
behaviour corresponds to the expectations.

The analysis of scattering maps reveals further details. The shape of the isointensity contours
on the map of Fig. 4a does not correspond to simple ellipsoid. The circular shape in the
central region suggested us that among the majority of very elongated ellipsoids almost
undeformed spheres are also present in the sample and the scattering distribution corresponds
to their overall superposition. The reduced anisotropy on Fig. 4b shows that the proportion
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(number density) of ellipsoids decreases because ellipsoids undergo breaking up during
incomplete annealing. Vanishing the anisotropy on Fig. 4c shows that all the ellipsoids
disappear by breaking up into spherical bubbles during fully annealing at 2700 K for 300 s.

Fig. 4. 2D map representation of experi-
mental (a, b and c) and calculated (d, e
and f) scattering distribution of 0.4 mm
diameter doped tungsten wire samples.
Maps from experiment:
a: as drawn (after wire drawing steps)

b: same + incompletely annealed:
1650 K, 10 s intermediate heat treatment

c: same + fully annealed: 2700 K, 300 s

Maps from model calculation:
(num. density, diameter, aspect ratio data)

d. ellipsoids: 95 %, 2r=24nm, A=15
spheres: 5%,2r=5Snm, (A=l)

e: ellipsoids: 10 %, 2r=24 nm, A=14
spheres: 90%,2r=58nm, (A=l)

f. ellipsoids: 0 %
spheres: 100 %, 2r=58 nm, (A=1)

Model calculation
We have developed a simple quantitative model to describe the observed behaviour. We
suppose that there are two population of bubbles in the wire: rotation ellipsoids as elongated
bubbles with identical aspect ratio and the spheres as undeformed bubbles with aspect ratio of
1. The shape of overall superposition of scattering intensities in map representation depends,
of course, on the relative number-densities of ellipsoids and spheres and on the size
parameters (radius of sphere, smaller radius of ellipsoids). To avoid singularities of a
monodisperse size distribution,-a sum of scattering intensities at three different sizes - one as
average, one below with 25 %, one above with 25 % - belong to each population.

The calculated intensity distribution for the three samples are plotted in Fig 4d, 4e and 4f
respectively. A good agreement has been found with the experimental data by changing only
the proportion of ellipsoids.

Results
On Fig. 5 the scattering distribution maps of selected samples with diameters 6 mm to 0.4
mm are plotted in a diagram with two independent axes of thermomechanical processing:
heat treatment and mechanical deformation.

The first sample of rod with 6 mm underwent swaging process. Its map shows a slight
anisotropy (1.6). The second one with the same prehistory was annealed as well, it shows
much less anisotropy (1.2). The further samples was subjected to the subsequent cumulative
deformation process by swaging and wire drawing steps, they show increasing anisotropy
(2.4-15). This corresponds to the shape of more and more elongated ellipsoids. At the same
time, a portion of undeformed bubbles (spheres) can be observed among the more elongated
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the ellipsoids. It does not prevent us from the fitting calculation of the aspect ratio of
ellipsoids. These aspect ratio values are also plotted in Fig. 5.
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Fig. 5 Processing map of ASANS data measured on samples from the selected region of
thermomechanical processing. Each individual map is positioned according to the sample
prehistory. A step to right (increase on the horizontal axis) means pure annealing, while a
step up (increase on the vertical axis) means pure mechanical processing - as being uniaxial
deformation and quantitatively calculated as the reciprocal of the rod/wire diameter.

The intermediate heat treatment at 0.4 mm diameter does not change considerably the average
aspect ratio of ellipsoids but lower their concentration. The isotropy after perfect annealing
corresponds to the lack of any elongated bubbles.
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On the Fig. 6 the aspect ratio is plotted in the dependence of reciprocal sample diameter. The
almost linear dependence is basically different from the theoretical expectation [3],

20
experimental

theoretical

Fig. 6 The dependence of the
aspect ratio of ellipsoids on the
wire/rod diameter.

Dashed line data come from
experiments (plotted on Fig. 5).

Solid line data corresponds to
geometrical deformation by theory
of Moon and Koo as:

A = const' (1/df

Reciprocal of W wire or rod diameterd (mm'1)

Conclusion
To investigate the bubble morphology in doped tungsten produced by sintering, the ASANS
method has been efficiently applied in determination of average bubble shape data. The
presence of both elongated bubbles and spherical ones was revealed. By applying our model,
the average shape, proportion and size data can also be obtained for both shape population.
Monitoring of a whole range (from 6 mm down to 0.4 mm) of thermomechanical processing
on doped tungsten was carried out. The results have been summarised on a processing map.
The appearance of spheres among ellipsoids after many steps of uniaxial deformation was
experimentally revealed. By plotting the aspect ratio and wire diameter data we have showed
that the almost linear dependence of the aspect ratio on wire diameter is much more flat than
the expected sharp dependence A - const • (1/df coming from the theoretical prediction.

Both the reappearance of spheres during mechanical processing and the HatA(d) dependence
indicate that the assumption that only deformation of bubbles occurs during mechanical
processing is invalid. A possible spheroidization draws the attention to the importance of
processing parameters during mechanical deformation (e.g. temperature at wire drawing).
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