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General Introduction

We are surrounded by many kinds of softmatters, such as polymers, liquid crystals,
colloidal fluids, and so on. Many of them include solvents, which greatly affects
physical properties of the systems through intermolecular interactions. One of the
most interesting softmatter systems is gel. ”Gel” is defined as a three dimensional
network swollen by a great deal of solvent.! Gels have been widely studied in the
last half century.>® Most of these gels are polymer-based gels swollen in water,
i.e., hydrogels. Since water is an excellent medium capable of various interactions,
such as van der Waals interaction, hydrogen bonding, electrostatic interaction, and
hydrophobic interaction, it is used as a common solvent for a variety of polymer-based
gels. These interactions provide unique properties of polymer gels which are readily
applied to industry, daily life, and medical application, etc., such as water absorbents,
drug delivery systems, actuators, and sensors.” On the other hand, organogels, i.c.,
gels swollen in organic solvents, are also used as collectors of waste oil by solidification
and as viscosity enhancers for foods and cosmetics.

In practice, gels are classified roughly to two categories, i.c., chemical gels and
physical gels (Figure 1). The most popular way of preparing chemical gels is polymer-
ization of a monomer solution in the presence of crosslinking agents. It is also possible
to obtain chemical gels by ultraviolet or gamma-ray irradiation, which causes inter-
molecular recombination in polymer or monomer solutions.>™ On the other hand,
physical gels are obtained by utilizing physical interactions between molecules in sol-
vents. The physical interactions, such as hydrogen bonding, hydrophobic interaction,
are capable of reversible intermolecular self-assembling, which causes frozen macro-
molecular structures resulting in fluidity lost. Gelatin and agar are typical gelling
agents in aqueous systems, by which reversible physical gelations occur via hydrogen
bonding by cooling after complete dissolution at high temperature. Physical gelation

is thus a reversible reaction with respect to external stimuli, and it is easy to vary the
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Figure 1: Chemical gels and physical gels with various preparation methods.
g b :

gelation criteria and physical properties of gels simply by choosing the combination
of polymer and solvent. This is why physical gels are useful materials in industry and
in daily life.

Recently, block copolymers and gelators gather much attention due to their abili-
ties of gelation in water and /or organic solvents. As will be introduced in the following
sections, these systems have potentiality of self-assembly by utilizing intermolecular
interactions, such as hydrogen bonding and hydrophobic interaction. These inter-
actions may cause strong ~connectivity-correlation” between molecules, resulting in
three-dimensional macromolecular networks formed by the associated molecules in
solvents, i.e., physical gels.

There are many studies on physical gels with a view of structure. of course, but
only a few studies treat gels as inhomogeneous and/or frozen matter. It is interesting
to study whether they have the inherent nature of gels, such as non-ergodicity, frozen
dynamics, ete. Here, the terms "non-eogodicity” and "frozen dynamics”™ respectively
indicate inequality of statistics between ensemble- and time-averages, and a restricted
cooperative motion.

The characteristic scales in these structure and phenomena range a wide spatio-
temporal space (Figure 2), which can be well covered by small-angle neutron scat-
tering (SANS) and dynamic light scattering (DLS) investigations. The space ranges
nm to pm and the time range is ms to s. The obtained information could unveil the

relationship among the chemical architectures. the resulting structures, dvnamics,
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Figure 2: Spatio-temporal scales of "materials” and "life”, and the regions covered
by SANS and DLS.

and physical properties. Since gels lie at the junction of "materials” and "life”, these
studies may provide us a strategy of creating novel materials and of understanding

life phenomena.

In the following sections, block copolymers and gelators are introduced briefly.



Block Copolymers

Block copolymers consist of unlike block polymer chains chemically connected to each
other, and the size of phase separation is therefore restricted in order of the size of
the polymers (microphase separation). Block copolymers have been extensively in-
vestigated and widely used in application in the past four decades.® This is partially
due to their unique features of the capability of microphase separation, which causes
self-assembling to form fascinating nanometer-order structures.® ' Microphase sepa-
ration is governed by the molecular weights, composition, the interaction parameter
of the constituent blocks, and polymer concentration if the block copolymer is in
a solvent.' Thermodynamic theories of block copolymers predict the relationships
between the molecular length and the size of the microphase separation, and between
the morphology and the composition. 1518

The morphologies and phase behavior greatly affect the physical properties of
block copolymers, such as viscosity, How behavior, optical properties, and gas per-
meability.  For example, plastic flow to non-Newtonian flow behavior transition
and non-Newtonian to Newtonian flow behavior transition were observed for poly-
styrene-block-polybutadiene (PS-0-PB) in n-tetradecane (C14) when temperature was
raised." 2" Here, C'14 is a selective solvent for polybutadiene (PB) and a non-solvent
for polystyrene (PS). Small-angle X-ray scattering studies revealed that these tran-
sitions are assigned to be lattice ordering and order-disorder transition, respectively.
This is an analogy of solid-liquid-vapor phase transitions. In the "solid phase”, PS-b-
PB forms microphase separated structure with cubic packing of PS spherical domains.
As temperature increases, "crystal” melting takes place to liquid phase, where the
PS (non-soluble component) keeps its spherical domain structure as “micelles” with
PB corona chains. This is followed by dissolution of PS micelles to a homogeneous
polymer solution (liquid-to-vapor transition).

Similar structure transitions were also observed in aqueous solutions of polyethy-
lene oxide-polypropylene oxide-polyvethylene oxide (PEO-b-PPO-b6-PEO) block copoly-
mers. In this case, PEO-b-PPO-b-PEO chains are molecularly dispersed in water at
low temperatures. When temperature was raised, PPO blocks form micelles with
PEO corona. Further heating results in formation of crystalline lattice structure, i.e.,

“inverse crystallization”™. The inverse crystallization. meaning crystallization by heat-
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ing. is due to hydrophobic nature of PPO which is commonly observed in hydrophobic
polymers in aqueous solutions. The structure transitions were systematically studied
by Mortensen by using SANS as functions of temperature and polymer concentration
in addition to of molecular weights of the constituent block chains.??24

Block copolymers are thus promising materials capable of physical gelation in so-
lutions. Recently, Aoshima et al. succeeded in preparation of block copolymers with
narrow molecular weight distributions by developing a novel method of living poly-
merization. This method employs monomers having oxyethylene groups in the side
chain, leading to water-solubility of the subsequent copolymers. By utilizing these
”quasi-monodisperse” block copolymers, they realized reversible physical gelation in
aqueous solutions, which is extremely sensitive to external stimuli, such as temper-
ature, solvent composition, pressure, and so on. However, detailed mechanisms of
gelation, such as sharp sol-to-gel transition, sol-to-gel transitions triggered by various
kinds of external stimuli, are not clarified yet.

Living polymerization also allows one to choose the second (or third, ...) monomers
to be attached on during polymerization. This provides a variety of chemical architec-
tures for copolymers, such as graft, random, and star-shaped copolymers. Gradient
copolymer has a concentration gradient along the polymer chain. It is of interest to
explore the microscopic behavior of gradient copolymers because an introduction of

a concentration gradient to a polymer chain may exhibit novel properties.
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Gelators

In comparison with hydrogels, development of organogels have been faced several
difficulties because a variety of organic solvents, such as alcohols, hydrocarbons, aro-
matic solvents, ketones, amines, silicon oils, mineral oils, ete., have been taken into
account. The first criterion for a gelator is that the gelator is soluble in the targeting
solvent. The second criterion is that the gelator is capable of self-organization to
form a supramolecular network. This is necessary to immobilize the solvent with an
infinite network of the gelator by its self-assembling.

Hanabusa et al. prepared various types of gelators, such as boraform amides
derived from amino acids.?” ?® They found that amino acid derivatives are suitable
of candidates of gelators. On the other hand, Beginn et al. synthesized a series of
gelators on the basis of different concepts.?® * According to them, a simple ratio-
nal concept to construct gel forming molecules is to prepare nearly flat amphiphilic
molecules consisting of small polar and bulky non polar parts. Dastidar and coworkers
proposed another type of gelator, which is an organic salt of bile acids and amines.?!
They employed a combinatorial method to explore high-performance gelators and
obtained an ambidextrous gel displaying the ability to form gels with organic as well
as aqueous solvents.

In any case, it is important to bestow a functional group capable of hydrogen bond
formation and long alkyl groups. The former is necessary for self-assembling and the
latter for increasing solubility to the organic solvent. Up to date, what we have learned
arc the following. The basic requirements for a gelator are presence of (1) functional
groups capable of intermolecular association, (2) lipophilic groups for dissolution,
and (3) bulky and/or asymmetric group for anti-crystallization. A large number of
gelators, which meet the above requirements, have been reported.®®3% However, the
gclators made for practical use have been limited. This is partially because studies
on the structure-property relationship of organogelators have been still limited.?®
[t is important to clarify the relationship between molecular architecture and the

associated structure in order to develop a designing concept for novel types of gelators.
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Outline of the Dissertation

By considering the above situations, I intended to investigate the relationship among
molecular architectures, microscopic structures, and dynamics of the connectivity-
correlated systems including block copolymer and gelator systems. The following is

the lineup of the contents of this dissertation.

Part I: Improvement of the SANS Technique

Experimental studies require the reliability of measurements and data analyses, and
instrumentation is therefore positioned as an important task in this dissertation. In
this part, the instrumental setup and a novel theory for small-angle neutron scattering
experiments are described.

The SANS-U is a 32 m-small-angle neutron scattering (SANS) instrument, owned
by the Institute for Solid State Physics, the University of Tokyo, installed in 1991 at
the guide hall of the JRR-3M research reactor of the Japan Atomic Energy Agency,
Tokai, which has been served as an inter-university cooperative research use since
1993. In order to expand the applicable conditions of experiments and to improve the
reliability, a major upgrade was made by replacement of the area detector, the control
system, and refurbishment of the cables, mechanical systems, electronic systems, ete.
Details of the upgrade and the performance of the new SANS-U are described in
Chapter 1.

In addition to the instrumental issue, evaluation of incoherent neutron scattering
is important especially for softmatter systems. One of the major components of
softmatter systems is hydrogen, which is the element containing the largest incoherent
scattering cross-section. The structure information is obtained from the coherent
scattering, whereas the incoherent scattering provides a scattering-angle-independent
background. This is why an incoherent scattering subtraction is an inevitable process
in SANS data analyses. In Chapter 2, a novel method for evaluation for incoherent
small-angle neutron scattering from softmatters in a parallel-plate shape is proposed

by properly taking account of the multiple scattering effect.
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Part II: Structure and Dynamics in Block Copolymer Solu-
tions

In Chapter 3, the sharp and thermoreversible morphological transitions in aqueous
solutions of poly(2-ethoxyethyl vinyl ether)-block-poly(2-hydroxyethyl vinyl ether)
(EOVE-b-HOVE)) showing interesting physical properties, such as an extremely
sharp sol-to-gel transition during heating process are discussed. This transition takes
place in a narrow temperature window less than a degree of centigrade and the elas-
tic modulus of the system increases by the factor of more than 10%. The origin of
this sharp transition is investigated from the viewpoint of microscopic structure and
thermal property.

In Chapter 4, the dynamic aspects of thermoreversible morphological transition
of EOVE-b-HOVE in aqueous solutions are investigated by DLS and rheological mea-
surements. A sample-position dependent DLS study is also employed in order to eluci-
date the detailed transition mechanism, such as molecular dispersion-to-micelle tran-
sition and micelle-to-macrolattice transition, which cannot be sufficiently resolved by
SANS. Rheological behavior, i.e., Newtonian-to-non-Newtonian transition and non-
Newtonian-to-plastic low transition, are explained systematically by the structural
transitions.

In Chapter 5, the microphase separation of solvent-sensitive self-assembling
block copolymer, poly(2-phenoxyethyl vinyl ether)-block-poly(2-methoxyethyl vinyl
cther) (PhOVE-b-MOVE), in acetone/water mixture is investigated by SANS. Ace-
tone solutions of PhOVE-6-MOVE undergo tremendous viscosity thickening by adding
small amount of water, which will be explained by the structural transition indicated
by the SANS experiments. A contrast variation SANS experiment also allows us to
clucidate the micelle architecture consisting of gathered polyPhOVE domains with
tethered polyMOVE chains spread in the matrix. The structure evolution of this
"water-induced microphase separation” was compared with that of previously dis-
cussed "heat-induced microphase separation™.

In Chapter 6, structural investigations are carried out on aqueous solutions of
block (Block) and gradient copolymers (Grad) comprising EOVE and MOVE, where
MOVE denotes 2-methoxyethyl vinyl ether. Here, Grad has a monomer-composition

gradient along the polymer chain. Although aqueous solutions of EOVE homopoly-
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mer precipitated at 20 C, the two copolymer systems showed different temperature
dependence. A 0.3 wt% of Grad system had a micellization temperature range be-
tween 20 and 30 C, while Block system underwent a sharp transition at around 20
‘C. The micellization mechanisms and resulting micelle sizes in the Block and Grad
systems are investigated by DLS and SANS, and the characteristic behavior in Grad
system is explained by a novel concept, i.e., the reel-in phenomenon.

In Chapter 7. a SANS investigation is carried out on semi-dilute solutions of
Block and Grad in order to elucidate viscoelastic transition mechanisms and the
relationship between structure and mechanical property. In 20 wt% solutions, a
microphase-separated structure and physical gelation are observed both for Block
and for Grad systems. By comparing the structural parameters, such as micelle
size, scattering contrast factor, and their temperature dependence between the Block
and Grad systems, the role of the "reel-in” process in the microphase separation is

explained.

Part III: Structure and Dynamics in Gelator Systems

In Chapter 8, SANS and light scattering (LS) studies are carried out on an organogel
consisting of a gelator, coded P-1, and dimethylsulfoxide (DMSO). The gelator P-1
is made of an oligosiloxane stem and about 8 branches of an amino acid deriva-
tive combined with a long alkyl chain. The amino acid part, N-n-pentanoyl-/L-
isoleucylaminooctadecane, is responsible for intermolecular association via hydrogen
bonding between amide groups. After complete dissolution of P-1 in DMSO at 85
‘C, the solution is cooled down to obtain a physical gel. During the gelation process,
the variation of scattered light intensity is monitored as a function of temperature in
order to determine the gelation threshold. The SANS results unveil the structure in
this organogel. The gelation mechanism is proposed in view of the resulting structure
and gel dynamics.

In Chapter 9, SANS and DLS investigation are carried out for organogels in
toluene formed by various types of gelators in order to elucidate the relationship
between the chemical structure and the gelation mechanism as well as the physical

properties of the resulting gels. Three different types of gelators, i.e., cyclo( L-/3-3,7-



dimethyloctylasparaginyl- L-phenylalanyl) (CPA), trans-(1R,2 R)-bis(undecylcarbonyl-
amino)cyclohexane (TCH), and N°®-lauroyl-N“-stearylaminocarbonyl- L-lysine ethyl
ester (LEE), are chosen for comparison. Here, the characteristic features of the
gelation properties, such as the critical gelation concentration, Cly, the gelation tem-
perature, Ty, the gel structure, and the gelation mechanism, are different from each
other. CPA had the lowest Cye and became a gel gradually as temperature decreased,
while TCH and LEE had higher Cy and underwent a sharp sol-gel transition. The
relationship between mechanism of physical gelation and chemical architecture is in-

vestigated.
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Chapter 1

Upgrade of a 32m Small-angle
Neutron Scattering Instrument,

SANS-U

1.1 Introduction

Small-angle neutron scattering (SANS) is a unique and non-destructive method for
structural analyses in many fields, such as biological and polymeric systems, colloidal
suspensions, membranes, flux lines in superconductors, etc. The structural infor-
mation obtained by SANS covers the spatial range of a few to hundred nanometer
and have been revealing important scientific findings for more than three decades.'*
Because of the above usefulness, a large number of steady reactor-sourced SANS in-
struments have been constructed and served for users, e.g., D11 (1972 -) and D22
(1995 -) at ILL (France), NG1, NG3 (1992 -), and NG7 (1991 -) at NIST (U.S.),?
SANS-J at JAEA (Tokai, Japan), and SANS-U at ISSP (Tokai, Japan),’ etc., in ad-
dition to pulsed neutron-sourced instruments, such as, LOQ at ISIS (U.K.),” SASI &
SAND at IPNS (U.S.), LQD at LANSCE (U.S.), SWAN at KEK (Tsukuba, Japan).®
New powerful SANS instruments are under construction at ORNL (U.S.), HANARO
(Korea), ANSTO (Australia), etc.

The SANS-U, owned by the Institute for Solid State Physics, The University of
Tokyo, was constructed in the guide hall of the 20 MW research reactor, JRR-3M,
of the Japan Atomic Energy Agency in 1991." Figure 1.1 shows the overview of
SANS-U. This instrument is 32m long and is composed of (a) a mechanical neutron
velocity selector (NVS), (b) a pre-sample flight path, (c¢) a multi purpose sample

stage, (d) an evacuated post-sample flight path, (e) an area detector, (f) a point
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(MgFz2 lens x 54) (40 and 100 mmg)

Figure 1.1: The overview of the SANS-U.

detector for transmission measurements, (g) a beam stop made of B4C, and (h) a data
acquisition system. The incident neutron beam from the cold source (white beam
flux ~ 2 x 10* em™?s™! with the peak wavelength of 0.4 nm) is monochromatized
by a NVS with helical slits (ASTRIUM, Germany).” Cold neutron beam from the
reactor was guided to the NVS. If necessary, the beam can be attenuated by (i)
polyacrylate slabs with different thicknesses (3, 5, and 7 mm). Just behind the
NVS is located the pre-sample flight path, which consists of (j) pinhole tubes coated
with B4C inside and (k) alternate neutron guide tubes coated with Ni inside. By
replacing the pinholes and the guide tubes in or out of the beam, users can change
the effective source-to-sample distance (= collimation length, CL) to 1, 2, 4, 8, 12,
or 16 m in order to vary the divergence and flux of the incident beam at the sample
position. Normally, a symmetric optical arrangement, i.e., CL = SDD (sample-to-
detector distance), is recommended to optimize the flux and divergence of the beam.
The collimator apertures are 20 mme each and the sample aperture can be chosen

8.9 made of 54

from 1, 3,5, 7, 8, 10 to 16 mme. (1) A set of material focusing lenses,
picces of MgF, biconcave lenses, can be inserted at the lower-most collimator tube
position for converging optics. The focal length is 8.0 m for A = 0.70 nm. The unique
feature of the symmetric arrangement will be discussed later. For higher resolution
experiments, CL is set to be longer than SDD. The sample stage is designed to be

versatile for various tyvpes of sample systems. In the past decade, various types of



sample systems such as a high-pressure cell, a furnace, a shear cell, ete., have been
developed by users and the [nstrumentation and Research Team (IRT). Scattered
neutrons are fed by an evacuated flight path, in which an area detector of 64.5 cm x
64.5 cm is installed on a truck running on rails to vary the SDD continuously from 1
m to 16 m. A slide-in type direct beam stop and beam monitor for measurements of

transmission are mounted on the truck just in front of the detector.

However, due to chronic insufficiency of beam time, aging of the electronics and
cables, and out-of dating of the computer systems, an upgrade of SANS-U had been
highly demanded. In order to expand the applicable conditions of experiments and
to improve the reliability, a major upgrade has been made. The major upgrades
of the SANS-U are (1) a replacement of the two-dimensional area detector from a
single-wire type position-sensitive proportional counter to a multi-wire type, (2) a
renewal of the operating system from a VAX and sequencers to an integrated PXI
system controlled by LabVIEW-RT software, (3) a focusing collimation system, and
(4) a variety of accessory equipments, such as furnace, high pressure cell, shear cell,
in addition to a versatile sample changer. The lineup of the above devices and the

performance of the new SANS-U are described.

1.2 Upgrade of SANS-U

1.2.1 Replacement of the area detector

The two-dimensional area detector, which was a single-wired position sensitive pro-
portional counter (PSPC; model 2650N, ORDELA, USA), was replaced by a multi-
wired PSPC (model 2660N, ORDELA, USA). Because of the multi-wired cathodes
for both the horizontal (X) and vertical (Y) directions and of a lower *He gas pressure,
the maximum count rate was raised from 10° to 10% cps/detector (catalogue base).
For safety use, we regulate the upper limit of counting rate to be 7000 cps/detector
and 200 cps/pixel. The data acquisition system (DAS100) was also supplied by OR-
DELA, which is an integrated board developed for data accumulation and detector

configurations.
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Diagram for the controlling system of the SANS-U

temp. control
(e) CONTROL PC
PXi md“*e « measuring program (LabVIEW softwarej |« data
(a) LabVIEW-RT control panel (LabVIEW software) start / stop
(c) attached devices
Y ' _ data acquisition ;
(b) control panel translation | 2D PSD data | (d) DAS-PC
movement sample | temp. control (g) TEMCON PC P

N TEMCON setup

change position coiﬁmatef/
*| neutron guide

tilt angle | NVS |__revolution speed (f) NVS-PC

«

Figure 1.2: Diagram of the SANS-U control system.

1.2.2 Replacement of the SANS-U control system

The previous SANS-U control system ran on a VAX with a set of sequencers. The
experimental conditions were set by way of isolated sequencers. By upgrading, the
SANS-U control system was replaced by a LabVIEW-RT system running on a PXI1
(PCI eXtensions for Instrumentation) system. The new SANS-U control system
contains five WINDOWS and one Macintosh computers, the control panel, and the
peripheral devices. Figure 1.2 shows the diagram of the relationship between the
devices and the control system. (a) The LabVIEW-RT is an operating system, which
has good compatibility with LabVIEW applications and guarantees a long-run sta-
bility. The main liquid-crystal display of the SANS-U control system has a mirror
image of (b) the control panel, which allows a remote control of the experiment from
the computer. All of the commands, such as change of collimation, sample change,
goniometer control, temperature control, can be sent to (¢) the peripheral devices.
The scattering intensity data collected by the area detector was transferred to (d)
the DAS-PC, followed by (e) the control PC. The NVS is controlled by (f) NVS-PC.
A temperature control device (TEMCON) is operated by (g) TEMCON-PC.' Since
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the SANS-U control program is written in LabVIEW, the system is very versatile

and provides an amenity operation.

1.2.3 Real time circular/sectorial averaging

The LabVIEW environment also realizes easy integration of data acquisition and
primitive analyses. The control system installed at the SANS-U contains a real time
circular averaging function, which converts an original two-dimensional scattering
intensity pattern to a circularly averaged one-dimensional profile. By simply typing
the center channel of the profile and the rate of re-flushing, users are able to watch the
evolution of the scattering profile during measurement. The resulting one-dimensional
data and the original two-dimensional data are stored automatically to the control
PC. Users are allowed to transfer the data to their own computers any time. This
function has drastically improved operating efficiency as well as capability of designing

the experiment in situ.

1.2.4 Accessories

A 500 mm¢ diameter sample stage is located between the pre- and post-sample
flight paths. A variety of sample systems can be mounted on this stage, such as an
automatic sample changer, an inner cell-type high-pressure cell (HP cell), a shear
cell with a thermometer covering the range of shear rate from 1073 to 10% s~ 111 a
furnace for high temperature up to 250 ‘C, and a cryostat with electromagnets. The
sample changer has horizontally-aligned 10 sample holders and the sample position
can be changed automatically. The chamber is designed to tolerate evacuation for
the use of high (< 200 ‘C) and low (> 10 'C) temperatures by either electric heater or
water circulation. The HP cell has recently been designed to carry out high-pressure
experiments for polymer solution or microemulsion systems. The accessible pressure
is 400 MPa. Some experimental results have already been published.' ' Though
it is under establishment, the details of the HP cell will be reported elsewhere in
the near future. The sample stage can be rotated for fine adjustment of the sample
systems to the optic axis and especially for #-scan of solid-state crystals. Except for
the shear cell system, the temperature of the sample can be controlled precisely by

using TEMCON system!® with an accuracy of less than 0.01 C.
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Figure 1.3: The spatial linearity of the area detector of SANS-U.

1.3 Calibration and Performance
1.3.1 Linearity of the detector

The linearity of the detector was measured by carrying out SANS measurement of a
polyethylene (PE) slab. Here, just in front of the detector was placed a cadmium plate
with 3 mm diameter holes aligned 5 em interval orthogonally. Figure 1.3 shows the
observed distances (in pixel) of the apertures from the center channel of the detector
against the actual distances (in mm) from the center of the detector plane. This
clearly indicates that the positions of the apertures are detected properly, meaning

good linearity of the detector with 1 pixel = 4.92 mm.

1.3.2 Uniformity of the detector

The uniformity of the efficiency of the detector was measured by using incoherent
scattering from H,O in a quartz cell with the optical length of 2 mm. The scatter-
ing profile of HyO was corrected for transmission, parasitic scattering from the cell
and the dark current (Figure 1.4). The accumulated counts were 200 to 400 neu-

trons/pixels. resulting in 4 x 10? neutrons along the x- or y-directions. As shown in
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Figure 1.4: Performance test of the detector uniformity. (a) Horizontally (x-axis) and
(b) vertically (y-axis) integrated incoherent scattering profiles from a polyethylene
standard sample.

the figure, there are two types of inhomogeneities, i.e., odd-even type and gradient
type inhomogeneities. Hence, currently a pixel-to-pixel correction for each data point

is employed by using incoherent scattering from a polyethylene secondary standard.

1.3.3 Center beam profile

Figure 1.5 shows the geometrical scheme of the symmetric optical arrangement for
the cases of CL = SDD = 4 (dashed lines) and 8 m (solid lines). A 5 mm¢ sample
aperture is also set in the beam line. As shown in the figure, the incident beam profile
on the detector plane is uniquely determined independent of CL (and SDD). The full
width at half maximum (FWHM) is calculated to be 4 pixels (= 19.7 mm) when a 5
mme sample aperture is used. The center beam profile along the x-axis at the optics
of SDD = CL =4 m with A = 0.70 nm is shown in Figure 1.6a. A similar profile was
obtained for the y-axis. The profile is nicely reproduced by a Gaussian function with
FWHM of 3.45 pixels (= 17.3 mm), which is in good agreement with the evaluated
value from Fig. 1.5. The FWHMs of the profile at other optical conditions are shown
in Figure 1.6b. The value of FWHM increases with SDD up to 4m. This is due to
the fact that CL was set to be constant, i.c., CL = 4 m, irrespective of SDD. On the
other hand, a symmetrical optical condition was taken for the case with SDD > 4 m.
2

The neutron flux at the sample plane is 6.0 x 10° cm™2 sec™, in the case of CL

= 4 m. The incident beam intensity at the detector plane, I3, was measured by
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Figure 1.5: The geometrical scheme of the symmetric arrangement of SANS-U for
SDD = 8 (solid lines) and 4 m (dashed lines).

using incoherent scattering from Hy as shown in Figure 1.7 It was found that I 9, was
a function of SDD with a power of 1.91, 19, o SDD™'?! for the collimation-fixed
optical conditions. The power ca. —2 is explained by the reduction of the solid angle
covered by the detector plane with SDD. When the symmetric optical arrangement
is applied (SDD = CL), the relationship became I3, oc SDD™*%?. The additional

power —2 with respect to the collimation-fixed case is due to the reduction of the

effective source area determined by the end of the neutron guide with CL.

1.3.4 Wavelength calibration

The wavelength calibration is carried out using Bragg reflections from a microphase
separated block copolymer film (poly(styrene-ds)-poly(isoprene), sample code : DI33)
at the beginning of cach reactor cycle. Two-dimensional scattering patterns contain-
ing sharp peaks are obtained as a function of the NVS revolution speed, vnys. A
sector averaging with the angle of 10 ‘is carried out to obtain a scattering function
shown in Figure 1.8. By using an assumed wavelength, Aysum. the g-value of the
first peak position, geeum. is determined by curve fitting of the peak profile with
a Gaussian function. Here, ¢ is the magnitude of the scattering vector defined by
q = (47/A\)sinf, where 20 is the scattering angle and X is the wavelength of the

incident neutron beam. The Bragg spacing of the DI33, d, is known to be d = 44.5

28



.
b
i
i
-
-l

<
]
—~
=
~—

ot
o0
T

normalized counts
o ©
> o
1] 1

‘O'
[3®)

=
pixel
S5F T -]
4 (b) A=0.70 nm
3 ° e o
R ]
:,
= 2F ®
& “« | —»
1+ asymmetric symmetric -
SDD <CL =4m SDD =CL
Ok X ] -
| ;) T4 5 6 T80
SDD/m

Figure 1.6: (a) The center beam profile along the x-axis at SDD = CL = 8 m. (b)
The SDD dependence of FWHM of the divergence of the center beam.

29



0 392 1
I det ~ SDD .
(symmetric)

-

== )
é N I(’det ~ SDD*!BI
5 10 F (collimation fixed)
= s
Mg

SDD/m

Figure 1.7: The incoherent scattering intensity from H,O as as function of SDD and

CL.

l04 ' ) .
} Ist peak
10" o 3
E o o
o E Qoo co00 ) o]
S R |
101 = DI33 (dg 44.5 nm) -
E SDD=CL=8m
A=0.70 nm (vyys = 19300 rpm)
10" ———— : —
0.1 |
q/ nm’

Figure 1.8: The scattering intensity function from DI33 used for wavelength calibra-
tion. (SDD = CL = 8 m.)

30



nm determined by small-angle X-ray scattering.'® So the real wavelength, A, can
be obtained with the following equations.

27
q:issm‘n)\nssum == Qx'eal’\wal = “‘;‘;Amal (11)

Usually, A is selected to be 0.70 nm after iterating the above procedure at several
vnvs values by assuming a linear relationship between vyys and A. Figure 1.9a shows
the plot of the wavelength, A, as a function of the vnvs. As shown in the figure, the
relationship is rather linear in this region. Figure 1.9b shows the A dependence of
the incident beam intensity, which is a monotonically decreasing function of A. From
practical point of view, the wavelength A = 0.70 nm is recommended by setting vnvs
around 1.9 x 10* rpm, which optimizes the flux and the g-resolution. The adjustable
M is 0.65 < ¢ [nm™!] < 1.1. The wavelength distribution is 10 % (FWHM) according
to the manual of the NVS.”

1.3.5 Accessible g-range

The accessible g-range was evaluated by measuring incoherent scattering from Lupolen
at various optical conditions. The scattering profiles are shown in Figure 1.10 for the
cases of (a) CL =4 m, SDD = 1 m, (b) CL = 4 m, SDD = 2 m, (¢) CL = 4, SDD
=4m, (d) CL = 8 m, SDD = 8 m, and (¢) CL = 12 m, SDD = 12 m. The valid
g-range was evaluated from the flat range of the scattering intensity in the figure. At
¢ < 0.16 nm™~', a slight upturn due to the concentration fluctuation of polyethylene
is observed. However, it does not affect to the accessible g-range of the spectrometer.
For example, when SDD = 4 m and CL = 4 m with X = 0.70 nm, the accessible
g-range is 0.08 < ¢ [nm~'] < 0.8. Hence, by choosing suitable set of different optical
conditions, SANS-U covers a wide ¢g-range of 0.04 < ¢ [nm '] < 3.5 in the case of

A= 0.70 nm.

1.3.6 Focusing collimation

The performance of the focusing collimation with the material lenses was examined.
In the upgraded SANS-U, a beam guide with 54 biconcave lenses can be mounted by
remote control from the SANS-U control panel. Here, the specification of the lens is
as follows; the curvature radius = 25.0 mm, the center thickness = 1.00 mm, and the

outer diameter = 30.0 mm. In the case of SDD = 8 m symmetric optical arrangement
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Figure 1.10: Background corrected scattering profiles of a polyethylene slab (3 mm
thick), indicating the accessible ¢-ranges at various optical conditions.

with 20 mme sample aperture, the transmittance of a A = 0.7 min neutron beam was
0.51 and the focal spot size on the detector plane was calculated to be 9.5 mm in
diameter. Figure 1.11 shows the comparisons of the incident beam profiles at the
detector plane with and without the focusing collimation system for the beam sizes
of (a) 5 mme¢ and (b) 16 mm¢. By enlarging the sample aperture, both the peak
intensity and the sharpness of the profile was improved by the factors of 1.4 and 1.3
times, respectively. Hence, it is recommended to employ this setup if a large sample

is available.

1.4 Data treatment at the SANS-U

1.4.1 Absolute intensity calibration

One of the greatest advantages of the SANS technique is that the absolute scatter-
ing intensity is easily obtained by scaling the observed scattering intensity with a
standard sample, e.g., a vanadium standard or water. Since the zero-g scattering

intensity, /(¢ = 0), contains useful information such as molecular weight of polymers
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and the association number of particles, it is recommended to obtain the absolute
scattering intensity at SANS-U as well as at other SANS instruments. Because of
weak scattering and difficulty in handling of vanadium, vanadium-calibrated materi-
als are used as the secondary standard samples. The secondary standard for absolute
intensity calibration is Lupolen (polyethylene (PE) slab) at SANS-U. The following
fact should be noted here. A PE slab with known mass density is more suitable as a
standard than water since the latter contains larger inelastic scattering.'® The effect
of multiple scattering from PE slabs has been properly taken into consideration.'?
A calibrations for PEs was carried out by scaling the incoherent scattering intensity
with that from the primary standard, vanadium.

In the case of single scattering, the normalized scattering intensity, u(q) [-] is

expressed by the following equation.'®

) = s =T () @ (12)

where Ii(q) [s7'], Ti[—], and t;[cm] are the corrected scattering intensity, the trans-
mission for neutrons, and the thickness of i (i = L, V or S for Lupolen, vanadium or
another sample). ®glem 257! is the flux of the incident beam, e[~] is the efficiency

of the detector, Alem?] is the irradiated cross section of the sample, AQ[st] is the

solid angle at the detector plane. [;(q)[s '] is given by
[19(0) = I8y (@)] = T3 [1(a) = 18,a) N
Ii(g) = - LY e (1.3)

where I2(q) [s7'] is the count rate of the scattered neutrons from the sample (in a
cell), Ip,(q)[s™"] is the detector dark current, I9(¢q)[s™"] is the air scattering (or the
scattering from the sample cell). The factor 1/ cos® 20 corresponds to the correction
for the oblique incidence and the g-dependence of the solid angle necessary for high-¢
region. By employing an identical optical condition for each measurement, i.e., the

sample and the standard, we obtain a simple equation,

dX\  Ipgine
ppg = Tyty (*‘“) e

1.4
dQ2 (1.4)

v IV,iiIC

where Ty and ty are the transmission and the thickness of the vanadium, and Ipg e
and Iy i, are the corrected scattering intensities of Lupolen and the vanadium. Note

that Ipg inc, Iv.inc and therefore pipg are g-independent because both Lupolen and the
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Figure 1.12: Comparison of the incoherent scattering intensities from vanadium and
a polyethylene slab (3 mm in thick).

vanadium show incoherent scattering in small-angle region. The differential scattering

cross seetion of vanadium, (d¥/dQ)y, is estimated with the following equation,

dZ _ PVOVine 15
(T(Z)\ 4 (15)
where oy e is the incoherent scattering cross section, py = dy Ny /My and dy are
the number and the mass density, Ny is Avogadro’s number and My is the molecular
mass of vanadium. These values are well known from literatures as oy j,e = 5.08 %
10 2tem?, dy = 5.8 gem ™, My = 50.94. Therefore, (dX/d§2)y = 0.0278 em™".

The corrected profiles, Tpgine and Iy e are shown in Figure 1.12. The ratio
Ipgine/Iv ine was evaluated to be 18.9. By substituting this value and the values Ty
and ty. pipr = 7.45 x 1072 was obtained from eq. 1.3. Note that ppg is sample
thickness-dependent due to multiple scattering.

In practice, the differential scattering cross section of a sample. (dX/dQ)g (g), is

obtained by the following equation.

d¥ Ig(q) Hpg )
b N — L 1.6
00) DT T Tet (16)

S
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1.4.2 Thickness dependence of incoherent scattering

Let us discuss the thickness dependence of the scattering intensity from polyethylene
slabs. Figure 1.13 shows the thickness, ¢ [em], dependence of the observed scattering
intensity, Iops, transmission, 7', and the scattering intensity corrected with Eq. 1.6,
Ieorr. As clearly shown, T is a monotonically decreasing function of ¢, obeying the
Lambert-Beer’s law,

T = exp(—put), (1.7)

with 1 = 7.99 em™! which is close to that obtained previously.!'” On the other hand,
the behaviours of I, and I, are rather complicated. These behaviours are mainly
due to the multiple scattering as discussed elsewhere.!” The observed I, is well
reproduced by that expected theoretically in the following equation (dashed lines in

Fig. 1.13).

Icm‘r = IG,COTTC ( 18)
K  po, ;

S 1.9
[0,(,0 A1 4r ( )
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Os = Ocoh + Oine (1 16)
, Kt
C = —— 1.11
Kt ( )

Here, o4, and oy, are the coherent and incoherent scattering cross-sections, respec-

I

tively. The factor K = 7.42 em™' obtained by curve fitting is close enough to 6.71

em ' the caleulated value for PE with the density of 0.922 gem ™17

1.4.3 g¢-resolution

Next, let us discuss the g-resolution of this instrument. The g¢-resolution was eval-
uated with the sharpness of the Bragg reflections from the DI33 sample with SDD
= CL =4 m and A = 0.70 nm (Figure 1.14). The relative peak positions obey the
lamellar stacking, i.e., 1:2:3:... The square of FWHM of the peaks, d¢%, is plotted
against ¢ (Figure 1.15). It is clearly shown that FWHM becomes larger with increas-
ing ¢. Smearing occurs by the following contributions: (i) an aperture smearing due
to a finite size of the incident beam, (i1) the wavelength distribution of the incident

neutrons, and (iii) the paracrystal nature of the microdomains in block copolymers.?®

38



Gﬂig T —r T

0008 - O ObS{L “" _
—— best fit .
- 8¢ !
« slit ¢
‘= 0.006} 2 S
g e 6q A ':
~ JO—— §q2 ',"
"> 0.004 fam . §
%] .
0.002 P
“.m“d,._....ﬂ&,.&'f'i ....... -
0 PP e “n ]
0 0.2 04 0.6 0.8
q/ nm’

Figure 1.15: The g-dependence of FWHMs of the Bragg reflections from DI33.

The instrumental smearing, d¢i,, is obtained by the sum of (i) and (ii), and is eval-

uated by
q = é; sinf ~ %9 (when small-angle) (1.12)
S = OU5 + 62t (1.13)
St = 1%1:6,\} = w%% sin()éki = uq%%} x ¢* (1.14)
OGypert %59; (1.15)

where the wavelength A = 0.70 nm and its resolution dA/A = 0.10 (FWHM). The
contribution (i) can be estimated from the optical arrangement. From Figure 1.6,

the square of FWHM of the center beam profile at the detector plane, d¢Z,,,,, was
evaluated to be 1.60x 10™*nm 2. 8¢2,,, is also evaluated by the following equation,” '

8ln2(27)% [ R?
5 q2 . : ( ) 3 1

_8m2em? [(B RS (AR)?
spert = Tpox2 |2

(1.16)

where R, and R, are the radii of the source and sample apertures, AR is the detector
resolution (FWHM), and L; and L, are the incident and scattered flight path lengths,
and L' is the reduced path length, L' = LyLy/(L1 + L), respectively. According to

eq. (1.15), on the other hand, d¢? is proportional to ¢*, meaning that the g-resolution
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Table 1.1: Comparison between values for the ¢g-resolution function from the experi-
ment, calculation and the fitting. (a) From the center beam profile on the detector,
(b) (Mildner, 1984; Glinka, 1998), (¢) From the catalogue from the manufacturer, (d)
(Shibayama, 1986)

- exp. calc. fit
Adaper[nm 2] | 0.00160  0.000763™  0.000967
AMNAFWHM) n/a 0.1 0.123
g 0.05(@ n/a 0.0559

becomes worse by increasing ¢. In order to estimate the smearing effect of paracrystal

2

nature of the sample, dg¢,, the paracrystal theory was adopted.?:?! The theory gives

Ly 4In2 {1 — exp [-27%¢%(q/q )2]}2

Qv =
lan - 4{1§

(1.17)

where g is the Hosemann'’s g-factor, ¢; the first peak position of Bragg reflection, and
d the Bragg spacing of the lamellar structure. Thus the square of the total FWHM

of the scattering peaks for the paracrystal system is

2

i

y sA\ .

dqg’herf + (‘j{) (12

A2 {1 —exp [-272¢%(q/q1)?]}*
T 4q?

oy

i
¢

(1.18)

Curve fitting was carried out on the plot of d¢° vs ¢ by floating parameters 5quert%
ON/A, and g. The fitted values are in good agreement with those obtained with other
methods (Table 1) and we can conclude that the instrumental smearing effect in high

q region is dominated by the A-distribution.

1.4.4 Experimental Example

In order to demonstrate the performance of SANS-U, the molecular weight of a
standard polystyrene (PS, the number and weight average molecular weights be-
ing M, = 2.08 x 10" and M, = 2.22 x 10, respectively, the polydispersity index
= 1.07; Polymer Source Inc., Doval, Montreal, Canada) was evaluated. Deuterated

cyclohexane solutions of the PS were prepared, and SANS experiments were carried
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c/Kq)/ x10 cm

0 i L 1 i

qz +Kc/nm*

Figure 1.16: The Zimm plot of PS/cyclohexane solutions measured at 310 K. Here,
K =1nm™2 g~!' mlis a constant.

out at 310 K, where the solution is the © condition.?? The SANS data were analyzed

with the Zimm equation given by

(byvg/vi — b1)*Nac 1 IRP ,
, = 14 =Rég° + ...| + 2A5¢ 16
H(q)m? 7 R LA R (1.19)

where b; and v; are segment length and the molar volume of the polymer segment (i
= P) and the solvent (i = S), m is the monomer molecular weight of the polymer,
Ay is the second virial coefficient, R, is the radius of gyration, and ¢ is the polymer
concentration. Figure 1.16 shows the Zimm plot of the PS solutions. By extrapolating
the datatoc¢ = Oand ¢ = 0, M,, = 2.10x 10" was obtained, which is in good agreement
with the catalogue value by the supplier. The radius of gyration of the PS chains,
Ry, were evaluated to be 3.89 nm, which is in accordance with the calculated value

(4.02 nm) from the molecular weight with the following equation,?* 2!

R, = 0.027M}/*[nm)] (1.20)

1.5 Conclusion

The SANS-U instrument was upgraded and the new performance was evaluated. (1)

The new multi-wired area detector with a new data-acquisition system was installed,
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enlarging the dynamic range of neutron counting with higher reliability. (2) The new
control system, i.e., LabVIEW-based PC system, is a user-friendly interface with
versatile possible-modifications compared with the old VAX-sequencer system. (3)
An in-situ real-time circular averaging allows prompt evaluation of the experiment.
The method of the absolute intensity calibration used at SANS-U was confirmed
by calibration of the standard sample, Lupolen, with vanadium and water. (4) A
focusing collimation systemn was installed. This system is advantageous for investi-
gation of large samples than 10 mme¢ because of larger neutron flux without a loss
of the ¢-resolution. (5) The performance of the upgraded SANS-U was examined by
studying the molecular weight and the radius of gyration for a standard polystyrene
sample. The new SANS-U will serve as a powerful SANS instrument for scientists

from overseas as well as domestic users.
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Chapter 2

Evaluation of Incoherent Neutron
Scattering from Softmatter

2.1 Introduction

SANS analyses on hydrogen-containing materials often encounter an uncertainty
problem of incoherent scattering subtraction. This is because hydrogen has the
largest incoherent scattering cross-section and the scattering signals having structure
information may be buried by the scattering-angle-independent background, i.e., the
incoherent scattering. In principle, the incoherent scattering can be estimated by
calculation on the basis of the table of the cross-sections of the elements. However,
the observed incoherent scattering intensity is dependent on the sample thickness.
This is mainly due to multiple scattering. Schelten and Schmatz' discussed the effect
of multiple scattering and proposed analytical expressions of multiple scattering from
arbitrary scattering bodies. In the case of water, the so-called (1 = T') correction
has been widely employed for water samples up to 0.2 em thick,* where 7" is the
transmission of the sample. As its physical meaning is addressed by Wignall and
Bates,! the scattering intensity from HyO does not depend on its cross-sections but
only on the transmission.

Various types of SANS analyses require well-qualified scattering intensity func-
tions in the wide range of momentum transfer, ¢. Therefore, the incoherent scattering
subtraction is very important in SANS data analyses. It is of particular importance
when structure investigation is carried out with the contrast matching method using
a mixture of protonated and deuterated solvents, e.g., a mixture of H,O and DO, be-

cause of the large incoherent scattering from the protonated solvent (e.g., H,O). May
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et al® discussed the incoherent scattering from mixtures of HyO and D,0O as a func-
tion of composition, wavelength, and temperature, and found a linear relationship of
the attenuation coefficient with the H-fraction. Dubner et al® studied on deuter-
ated and protonated mixtures of poly(ethylene terephthalate) (H-PET/D-PET) and
reported that the incoherent scattering is proportional to the fraction of the H-PET.
This result led to a proposal that the incoherent scattering intensity can be scaled
with the factor (1 — 7). These findings, however, are restricted to a limited thickness
(up to 0.2 ecm) as well as low H-fractions (up to 0.6), and was not universal. Hence,
in reality, incoherent scattering subtraction has been a "delicatessen” depending on
individual scientists and/or institutions.” " For example, in the case of polymer solu-
tions in deuterated solvent, the incoherent scattering measured with bulk polymer or
monomer is subtracted from the scattering intensity from the sample. However, each
method has its own problem. In the case of the bulk polymer subtraction method,
the incoherent scattering is very strong and a simple additivity rule does not work.
The monomer subtraction method has uncertainty of the difference in mass densities
between the monomer and the polymer, in addition to the volume change on mixing
by dissolution. Estimation of incoherent scattering by calculation usually is much
lower than the observed one. All of these problems are due to the fact that the "inco-
herent scattering” is dependent on the sample thickness even after normalization of
sample thickness to the absolute intensity scale with a conventional method. Though
the problem of multiple scattering in water has been extensively discussed in the past

three decades, 258 194t still remains as one of the unsolved problems.

In this chapter, a method to quantitatively estimate the sample thickness de-
pendence of incoherent scattering is proposed. It will be shown that both trans-
mission and incoherent scattering intensity are uniquely determined as a function of
the cross-sections and the sample thickness by taking account of multiple scattering
from hydrogen. The validity of the method is examined for mixtures of HyO and
D, 0. polyethylene having various sample thicknesses, and polymer solutions in D,O.

Examples of incoherent scattering intensity prediction are also provided.
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2.2 Theoretical Background

2.2.1 Transmission

The incident neutron beam is attenuated during propagating in a scattering medium
by scattering and absorption. The ratio of the transmitted neutron intensity, /i, {s““],
to the incident neutron intensity, Iy [s7'], is called the transmission, 7' (= Ii,/Iy).
The transmission is experimentally obtained by measuring I;, and I,.

1

= L = exp(—put), (2.1)
Iy

where ¢ [cm] is the sample thickness and g [em™'] is the linear attenuation coefficient

of the sample. p is also evaluated by calculation with the following equation,
="y pior;, (2.2)
i

where p; [em™] and o1 ; [em?] are the number density and the total cross-section of
the scattering element i. For compound i, p; is given by

_diN,

m;

pi (2.3)

where d; [g-em™?] and m; [grmol '] are the mass density and molecular weight of
compound i, and Ny is the Avogadro’s number. The total cross-section is the sum of
the scattering cross-section, o ;, and the absorption cross-section, o,;. The scattering
cross-section consists of the coherent scattering, Teois and the incoherent scattering

cross-sections, oy,.;. Hence, o is given by
Or1i = Oy + Oy = Ocoi + Oinei + Ty v (24)

These values are easily calculated by consulting a table of cross-sections as listed
in Table 1.!' For example, the total cross-sections of H,O and D,O are o p,0 =
168.93 x 1072 cm? and orp,0 = 19.52 x 1072 cm? for neutrons with the wavelength

X being 0.18 nm. Note that o, is proportional to A and is given by

A
) = ———0,(0.18 ( 2.5
(M) 0.18 nmo ( nm), (2:5)

where ¢,(\) and 0,(0.18 nm) are the absorption cross-section at A and at A = 0.18
nm, respectively. It should be also noted that o i,0 is much larger than ot p,o. This
is why the transmission of DO is much larger than H,O, and multiple scattering has

to be taken into account for scattering measurements from H-containing materials.
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Table 2.1: Estimation of cross-sections for A = 0.70 nm neutron. The units of the
cross-section, o, and the product of the number density and the cross-section, po, are
barn (=10"2" cm?) and cm™', respectively.

Teo Cinie O 0.(0.70 nm)  o1(0.70 nm)
H 1.7568  80.26 82.0168 1.293 83.33
D 5.592 2.05 7.642 0.002 7.64
C 5.551  0.001 5.552 0.014 0.57
O 4.232  0.0008 4.2328 0.001 4.23
N 11.01 0.5 11.51 7.389 19.00
\Y 0.0184 508  5.0984 20.04 25.14
PO POine pos  poa(0.70 nm)  por(0.70 nm)  po,/4n
HyO | 0259 5369  5.628 0.087 5.714 0.448
D,O 0.510  0.136 0.646 0.000 0.646 0.051
Vv 0.0013  0.348 0.350 1.374 1.724 0.028
PE 0.359  6.353 6.711 0.103 6.814 0.534
PNIPA | 0.455  5.921 6.376 0.148 6.524 0.507

2.2.2 The incoherent scattering

The incoherent scattering from H-rich materials cannot be uniquely determined be-
cause of multiple scattering and inelastic scattering. Schelten and Schmatz! discussed
the multiple scattering and derived an analytical expression for arbitrary scattering
bodies. The theory was used to explain a distorted scattering function by multiple
scattering. In the case that the coherent scattering cross-section is negligible and
the incident neutron beam is mainly attenuated by incoherent scattering and by ab-
sorption, the following argument is widely accepted. The scattering intensity from a
parallel-plate object with a thin enough thickness is given by Wignall and Bates,!

pdaoy

dQ2

'
I(q) = @@AAQ/ exp(—pora) exp|—po,(t — z)|dx, (2.6)
0

where @ [em™s 7' e, A [em?], and AQ are the incident flux, the detector count-
ing efficiency, the irradiated sample area, and the solid angle of the detector pixel,
respectively. This equation means that the second (and subsequent) scattering is
likely to give a roughly isotropic distribution of scattered neutron, and the effect of
scattering of the once-scattered neutrons can be ignored.'? This is why the total
cross-section, o, in the third part of the integrand of eq. 2.6 was replaced by the

absorption cross-section, o,. A typical system to which this assumption may apply
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is small-angle scattering from vanadium, where o, = 0 and oy, < 0, (See Table I).

By conducting the integration, one obtains,

pdog

exp(—po,t)

I{q) = Ppc AAQ [1 — exp(—pogt)]

dQ PO
On the other hand, single scattering is simply given by,
pdos \ ‘
I(q) = @g&AAthiﬁm exp(—port). (2.8)
¢
Hence, the ratio of the single-scattering to the total-scattering is given by
I(Q)single N post exp(—port) (2.9)

I(@)singte + 1(@muttipte  exp(—paat)[1 — exp(—pot)]

This equation has been successfully employed for the incident beam calibration with
vanadium.

In the case of HyO, however, the scattering is predominantly incoherent, i.e.,

Oine > 0. = 0. Wignall and Bates obtained the well-known empirical equation

proposed by Jacrot?3 by substituting o, & 0 and exp(—poit) =~ T into eq. 2.7,

pdos I : (1 - T) ;
0 (1 T)pgg = Ooe AAQ P (2.10)

[(q) = B AAQ

where pdoy/d) = po,/4w. Jacrot also considered the effect of inelastic scattering,

i.e., the g-factor,?

, 1
A) = el 2.11
() 1 — exp[—0.6A1/2] (211)
Hence, the incoherent scattering from H-rich medium is given by
\ ; NEEA 1 ,,
I(q) = Q)ga‘A&Sl( ) (2.12)

41— exp[0.6A172]
eq. 2.12 indicates that the scattering intensity is not proportional simply to pdo,/d€
but to (1 — T). eq. 2.12 has been frequently used to determine the incoherent
scattering of HyO with the thickness range from 0.05 to 0.2 cm.

Now let us rederive eq. 2.7 by properly taking acount of the multiple scattering.
First; according to the treatment of Schelten and Schmatz,' one can re-write eq. 2.6

in the following form,

I ‘ t do,
RIACIRNN %/9 pr(—w)%@"(qwxp{“ﬂ(t“"f)}dﬂ"

cAAQ
= dpexp(-pt 2 (a). (2.13)
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(I)O S0 7

Figure 2.1: Twice-scattering in a specimen with thickness t. The incident neutron
enters the specimen at 0 and scatters at ry and ry, and then exits at r3. s, 1, and s9
are the distances given by sg = |ry — 0|, 8; = |r2 —ry|, and $ = |r3 —ra|, respectively.
The projections of r; and ry on the thickness direction are 2y and z,.

where [, (q) means the single-scattering at the scattering vector q. Note that (dog/d€2)(q)
is gq-dependent. When a twice-scattering takes place, attenuation of the neutron flux

in the specimen is scattering-path dependent. Suppose a twice-scattering takes place

at r = r; and at r = ry as shown in Fig. 2.1, the scattering intensity is given by

I
rz(gs)z = b /Q,,/ / / exp( Iibo)dbu (QI)dQI

{

pdo
X exp(— s, )dsl a0 (q—ai)

X exp(—psy)ds,. (2.14)

Here, Q is the solid angle of the scattered neutron at r = ry and d§), = dq,/(27/))2.
S0y 81, and sy are the distances of a propagating neutron between the corresponding
points as shown in Fig. 2.1. Note that the path integrations in eq. 2.14 have to
be carried out with respect to the all possible paths but only in the specimen with
the restriction of the final scattering vector being q. When the incoherent scattering
cross-section is large, contribution of a multiple scattering becomes large. However,
a multiple-scattering intensity including a large-angle scattering decays much faster
than the case without a large-angle scattering. Hence, the scattering-path integra-
tions can be assumed to the thickness integrations with respect to x; and x,. Ac-

cordingly. eq. 2.14 is simply expressed in a form with one-dimensional integration as
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was proposed by Schelten and Schmatz!

Liq) ¢t o
ajgiz - %L/g /i @XP(“ﬂ:zr;)d:rl%ﬁw(q;)dsz}

X exp|—p(xy - :m)}dlz—““(q qi)
X exp[—u(t — x9)]. (2.15)

Note that eq. 2.15 is decoupled to two integrations, one with respect to the scattering
and the other to attenuation. The former takes account of scattering to any direction,
while the latter assumes attenuation by absorption and scattering along the sample-
thickness direction.

For incoherent scattering and/or coherent scattering from a homogeneous medium
consisting of small molecules, such as HyO, the small-angle scattering is gq-independent.

Hence, eq. 2.13 reads

II(Q) A0y
= ®gexp(—put)t 2.16
ang = Poexp(=HIE (2.16)
Similarly, the g-integration for the twice scattering in eq. 2.15 is written by,
pdog . pdoy , ( PO ) ‘r
Lt —q)dy = (= dQ
a0 W) Gg (4 a)dh ir ) Jin
= dr (’”’g’) . (2.17)
4n
On the other hand, the integration over the thicknesses gives,
/(; / exp(—px,)dx, exp|—pu(zy — xy)|day exp|—p(t — 23)]
= »‘xp(wut)/ (t — xy)dzy = exp(wﬂi)g. (2.18)
0 A
Hence,
I5(q) 1,1 2 ~
A B expl —ut ) =12 — ) 2.19
iag = Poexp(—ut)5 0 (po) (2.19)
Similarly, for the n-times scattering, one obtains
i(q) 11
= Qgexp(—put)—t"— (pos)" . 2.20
Cang = Poexp(—put) St (pos) (2.20)
By summing up the n-times scattering, one obtains
I(q) 1 &1
= $gexp(—put)— i st) . 2.21
—iaq = Loexp( u)zlm};n!(m) (2.21)
The summation is carried out to
o~ ! ! DI R (2.22)
nz::t’nf —3f+'2“'£+ 7;);51 — 1 =¢ -1
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Therefore, the scattering intensity with multiple scattering correction is given by
I9)

potexp(pogt) — 1
e AAQ '

= &g exp(—pt)

2.23
dr post ( )

Note that eq. 2.23 is identical to eq. 2.7 because p = op. Here, let us briefly
discuss the reason why the two equations are identical. In the derivation of eq. 2.7,
the following conjecture was made. Neutrons removed from a particular detector
element by multiple scattering are replaced by an equal number of neutrons multiply
scattered into this detector element from other angles. Therefore, attenuation of the
scattered beam due to multiple scattering processes is ignored and only absorption
loss is allowed for on the scattered beam.? These statements are easily understood
by substituting o, = 0 in eq. 2.9. The relation between single and total scattering
corresponds to the transmitted and scattered neutrons with factors of T and (1 —
T), respectively. On the other hand, eq. 2.23 is derived by properly considering
multiple scattering, and has a clear physical implication. Let us examine eq. 2.23
more carefully. It is a product of the neutron flux, the transmission, the differential
scattering cross-section, and the correction factor, C necessary for multiple scattering

riven b
5 ¥ Kt _ 1

L Ig) explpogt) =1 e
¢= Li(q) pogt Kt (2:24)

where K [em ') is denoted to be K = poy. Note that the correction factor is sample-
thickness dependent.
It is quite important to compare the two factors, i.e., the Jacrot’s factor (1 —T)

and the multiple-scattering factor (this work). eqs. 2.9 and 2.23 can be rewritten as

Aml(q) 1 1-T

i .. é j. 2. ’
e AAQTKT Tiep (Jacrot), (2.25)
47‘(1( l {)K‘ _1 o
@FA(A?SZ TRt Kt (This work). (2.26)

Fig. 2.2 shows the comparison of the two factors for the cases of (a) HoO and (b)
vanadinm. The former demonstrates the case of o, > o0,(= 0), and the latter does
0, 3> 04(x o, > 0). The values of the cross-sections for comparison were taken from
Table 1. As shown in the figure, the (1 — T') factor is applicable only at the limit of
t — 0 and a significant deviation from the multiple-scattering factor occurs even at
t = 0.lcm. On the other hand, the (1 — T') factor is not applicable to an estimation

of incoherent scattering for materials with a large absorption cross-sections such as
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Figure 2.2: Comparison of the factors, (1 —T)/TKt (eq. 2.25) and (X' —1)/Kt (eq.
2.26), for (a) multiple-scattering dominant and (b) absorption dominant materials.
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vanadium. The factor derived in this work is applicable to both multiple scattering-
dominant and absorption-dominant cases because the two factors are properly taken

into account.

2.3 Experimental

2.3.1 Samples

As hydrogen-rich scatters, polyethylene (PE) and water samples were prepared. Low
density polyethylene (FW-200-0) was kindly provided by Sumitomo Chemical Co.
Thin slabs of 0.1 (0.106), 0.2 (0.188), and 0.3 (0.291) cm thick were prepared by
melt pressing. Here, the numbers outside and inside of the parentheses denote the
nominal and exact thicknesses, respectively. The mass density of the PE sample
was d = 0.922 g/em®. A 0.4 cm-thick PE sample was prepared by stacking 2 of 0.2
cm-thick PE sheets. As for water samples, mixtures of H,O and D,O were filled in
quartz cells. The water compositions were varied from 0 to 100 vol.% H,O. The cell
thicknesses were also varied from 0.1 to 0.2, 0.3, and 0.4 em. The deuterated water

with 99.9 at. %D was purchased from Isotec Inc, U.S.A.

2.3.2 SANS

SANS experiments were carried out at the SANS-U. The incident neutron wavelength
A was 0.70 mm with the wavelength distribution of 10 % (FWHM), and the sample
to detector distance was 1 m for the water mixtures and 2 m for PE. The source
aperture was 20 mm® and was placed by 4 m apart from the sample and the sample
slit was 5 mm?. The covered momentum transfer, ¢, was ranged from 0.02 to 0.3
A ' The transmission of neutron beam was counted with a 3He detector placed
at the center of the transmitted beam just before the PSD. The transmissions of
the samples with various thicknesses were obtained by measuring the transmitted
neutrons with and without the samples for 30 s. The measurements were carried
out three times each and arithinetic averages were taken. The scattered neutrons
detected on the area detector were circularly averaged and the scattering intensity
function, I(q), was obtained as a function of ¢. The sample scattering, Isan [s71], was
corrected for the blocked beam scattering Ipgp (BGD: B4C), the sample thickness,

fsant [em), open beam scattering. Ioppn (OPEN), and transmission, Tsay, with the
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Figure 2.3: Semi-logarithmic plot of the transmission, T', of polyethylene (PE) sam-
ples having different thicknesses.

following equation, and then scaled to the absolute intensity,

Isam = Ipep

— (Hoppn — 1 ‘
s Torm (Toren = Isep) () o573 N
_16 - fe s o | 28 X 1() y (227)
WS sam fSAM X COS 0.
0 (Istp — Isap) — (Topen — Tuep) X Tsrp
I%”m = i ,
' cos’ 20

where Istp [s7!] and Tspp are the scattering intensity and the transmission of the
standard sample. cos® 26 is the correction factor for oblique incidence and 20 is the
scattering angle. In this experiment, the polyethylene standard sample (Lupolen)
was used and the numerical constant in eq. 2.27 was obtained by calibrating with

the vanadium scattering.'?

2.4 Results and Discussion

2.4.1 Polyethylene (PE)

First of all, let us examine the validity of eq. 2.23 from the viewpoint of sample
thickness dependence by using PE samples having different sample thicknesses. The
transmission of PE is plotted as a function of the sample thickness, t, in Fig. 2.3. As
shown in the plot, the data fall on to a single straight line in the semi-logarithmic plot.

Note that Lambert-Beer law holds a wide absorption range down to the transmission
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Figure 2.4: The observed scattering intensity, (d¥X/d$2)(¢), of PE with different thick-
NESSeS.

of ca. 5 %. From the linear curve fitting, the following equation is obtained,
T = exp(—pppt), (2.28)

with fippans = 8.02 cm ™', The calculated value with eq. 2.2 is jipg ca = 6.814 cim ™.
Hence, the observed one is about 18 % larger than the calculated one. Though this
may be mainly due to multiple scattering, no plausible explanation has not been
obtained.

Fig. 2.4 shows the absolute scattering intensity, (dX/dQ)(q), for PEs having
various sample thicknesses. (dX/dQ)(q) is independent of ¢ as is the case of incoherent
scattering. However, the observed (d¥/dQ)(q) is an increasing function of ¢ even that
(d¥X/dQ)(q) is corrected for the sample thickness and transmission. (See eq. 2.27.)
Hence, the observed (d¥/d€Q2)(¢g) cannot be a material (intensive) property. Certainly,
this contradiction is ascribed to the multiple scattering.

In order to clarify the general rule of the incoherent scattering from hydrogen-
rich objects, the mean value of (dX/dQ)(q)s, i.e.. ((dX/dQ)(q)) = i(dZ/dQ)(qi)/N,
was plotted as a function of the sample thickness, where N(= 8{3) is the number

of data points used for evaluation of the incoherent scattering. Fig. 2.5 shows the
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Figure 2.5: Variation of ((dX/d€2)(¢)) with sample thickness for PEs. The solid line
denotes the fitting function with eq. 2.23.

sample-thickness dependence of ((dX/d2)(q)) with the fit with eq. 2.23, i.e,

dx - I(q) _/d¥
<dﬂ(q)> e AAQD Gt exp(—jut) ~—~<m(g)>06’,

d¥ K  po, .
sssiiien s L e e 9
< dQ(q)>0 Py (2.29)

ef\'t -1
Kt

where ((dX/dQ)(q)), is the differential scattering cross-section at single-scattering
limit, and C' is the correction factor. Those values obtained by the fit are ((dX/d$2)(q))g e =

0.622 em™' and Kpgehs = 6.76 ecm ™!, while the calculated values for PE are 0.534

1 i

em™! and Kpgeae = 6.71 em™', respectively. Hence, the agreement for K between
the calculated and observed values is quite satisfactory. On the other hand, the ob-
served value of ((dX/d2)(q)), is 16 % larger than the calculated one. This may be
mainly due to the error of the accuracy of the absolute intensity calibration since this
is a calibration-dependent and instrument-dependent variable.

Fig. 2.6 shows the corrected (d3/dQ)(q)s for PEs with eq. 2.23. As shown in
the figure, all of the (dX/d2)(¢q)s are nicely collapsed to each other. This strongly
suggests that the sample-thickness dependence of the incoherent scattering can be

corrected with the correction factor given by eq. 2.24.
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Figure 2.6: Corrected (d¥/d§2)(q)s of PE with the new correction factor, (e**~1)/Kt.

2.4.2 Water mixtures

A similar analysis to the incoherent scattering of PE was carried out for mixtures of
light and heavy water. This example allows to examine the validity of eq. 2.23 for the
case where the contribution of incoherent and coherent scattering varies as a function
of composition. In Fig. 2.7 the obtained transmission is plotted as a function of the
volume fraction of water fy;. As shown in the figure, the data points fall on a straight
line for each composition from fy; = 0 to 1. Introducing Lambert-Beer’s relation, the
transmission can be written by the following equation,

ol exp[—t{un fu + po(1 = fi) }, (2.30)

Iy '

where iy and pupy are the absorption coefficients of H,O and DO, respectively. Taking
logarithm and dividing with ¢ for both sides of eq. 2.30, linear functions of fy were
obtained for the normalized attenuation coeflicient, F'(fy), for the water mixtures
with the four different thicknesses,

InT

F(fu) = — = (kn = o) fu + pp- (2.31)

Fig. 2.8 shows the variations of F(fy) for the four different sample thicknesses.

Again, all of the lines are collapsed to a single straight line, from which the values of
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Figure 2.7: Semi-logarithmic plot of the transmission, T', of H,O and D,O mixtures
having various sample thicknesses. The sample thicknesses are 0.1, 0.2, 0.3, and 0.4
cm. fy is the volume fraction of HyO.
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Figure 2.8: The normalized log-transmission, InT', with respect to the sample thick-
ness, t. All of the four lines are collapsed to one straight line.
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pn (HyO) and pp (D50) were obtained to be py = 6.22 em™" and pp = 0.588 cm™ L.
These values are in good agreement with the calculated values for H,O and D50, i.e.,
Hicale = 5.714 em™ and pp e = 0.646 em™'. Dubner e al.® obtained a similar
relationship with eq. 2.30, but the sample thickness was restricted to 0.2 cm. eq.
2.31 indicates that the transmission of any kind of hydrogen containing objects can
be predicted by knowing the hydrogen number density in the sample. This finding
is particularly important for SANS experiments using a contrast-matching method
since the hydrogen concentrations are significantly large.

Fig. 2.9 shows (dX/d$2)(¢)s of H3O and D, 0O mixtures with various compositions.
The sample thicknesses were (a) 0.1 ¢cm and (b) 0.4 cm. Note that the average
value of the observed incoherent scattering intensity from 0.1 c¢m thick HyO was
((dX/dS2)(q)) = 0.892 ecm ™', The reported values of ((dX/dQ)(¢)) with A = 0.70
nm for HyO are 0.89 and 1.01 em™', respectively at the Institute of Laue-Langevin
(ILL) and at the National Institute of Standards and Technology (NIST)." Although,
the obtained value, i.e., ((dX/dQ2)(q)) = 0.892 cm™! is somewhat smaller than those
values in the literature, the agreement is satisfactory. Now, let us discuss the thickness
dependence of ((d¥/dQ)(q)) for the water mixtures.

Fig. 2.10 shows the thickness dependence of ((d3/d€Q)(q)) for the water mixtures
with fiy = 0,0.2, 0.8 and 1.0. Again, all of the lines can be described by eq. 2.23. The
typical fitted values of ((d¥/d§2)(q)), and K are ((d2 /A2)(@)) o 4,0 = 0.689 cm™" and
Ko = 540 em™ ' and ((d¥/dQ2)(q))yp,0 = 0.0302 em™" and Kp,o = 0.578 cm ™"
The values for the other compositions are given in Table I1. Hence, it can be concluded
that (d¥/d€2)(q)s for water mixtures are also simply given by eq. 2.23. The observed
values are somewhat larger and smaller than the calculated values, respectively. The
agreement between the observed and calculate values for PE is much better than for
H,0. Therefore, the discrepancy found in HyO is deduced to be mainly originating
from the inelastic scattering of H,O.

Apart from the discussion of the absolute values of the (d/d)(q))g 4,0 the
above discussion indicates that the incoherent scattering from a mixture of HyO and
D,0O can be written by

dx dx exp[ K (fu)t] — 1
<<1szm,m((*’)> <d§zmr(q'f”)>g K(fmt (2:32)

Here, K = K (fy) is now a function of fy. Fig. 2.11 shows the reduced incoherent
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Figure 2.9: The observed scattering intensity, (dX/d€2)(¢), of H,O and D50 mixtures
with the sample thickness of (a) 0.1 ¢m and (b) 0.4 cm. fy is the volume fraction of
H,O0.
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Table 2.2: Comparison of the observed differential cross-sections at single-scattering
limit with the calculated values for light- and heavy-water mixtures. The numbers in
the parenthesis are the caleulated values with eq. 2.35.

i | (520g)) (o Klen
S <d$2( 1)>D [em™) Clem ™!

0 | 0.0302 (0.051)  0.578 (0.646)
0.2 0159 (0.131)  1.63 (1.642)
08| 0.568 (0.369)  4.29 (4.632)

1| 0689 (0.448)  5.40 (5.628)
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Figure 2.11: Reduced scattering intensities of (a) HyO (fy = 1.0) and (b) a mixture
of H,O and D,O (fy = 0.2) with various sample thicknesses. The correction factors,
(eKt — 1)/Kt, are (a) K = 5.40 cm™! and (b) K = 1.63 cm™".
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scattering intensity for (a) HoO (fy = 1.0) and (b) a mixture with fy = 0.2 with
different thicknesses. All curves are nicely overlapped to each other for both fy = 0.2
and 1.0. By substituting the observed values, the incoherent scattering of light water

with a given thickness is now predicted by,

~ xp[5.40¢] — 1
<9~§ (q)> — s PPBAM Ly (2.33)

d€21,0 5.40t
This equation covers the incoherent scattering from water with ¢ < 0.4 em. By us-
ing eq. 2.33, one obtains ((dX/dQ)(q)) = 0.911 em™! with ¢ = 0.1 em and 1.232
cm™! with ¢ = 0.2 em for A = 0.70 nm neutrons. Wignall and Bates reported
(dE/d2)(q)) = 0.937 em ™! with ¢t = 0.1 cm and 1.303 em™" with ¢ = 0.2 cm for
A = 0.475 nm neutrons at Oak Ridge National Laboratory (ORNL).* Hence, the
agreement is satisfactory. Now, having the success of this argument, let us gener-
alize the discussion and propose equations describing the incoherent scattering from

hydrogen-containing media.
\ g

2.4.3 Generalization H-containing materials

On the basis of the experimental findings and discussion, let us generalize eq. 2.32
to H-containing materials. Now, the incoherent scattering can be approximated by

the incoherent scattering from the hydrogen in the system, namely

dx d¥ \ exp|Kut] -1
O o (82 ) el 7 b 34
d§) <d§2n>0 Kyt (2.34)

Here, ((d¥/d€2)y), is the differential incoherent scattering cross-section at single-
scattering limit of hydrogen in the system. The values of ((dE/dQ)inen), and Ky
can be easily obtained by summing up the values of cross—sections of the hydrogen
in the components as shown in Table 11,

. » d¥ o\ K _
[\&HQ’JZ[R(UH)“ < > == (2.35)

dQu GMZ;’

1
Thus, the incoherent scattering for an arbitrary system containing hydrogen is pre-

dicted.

2.4.4 Diluted systems

Let us further generalize the equation to dilute systems, e.g., a polymer solution in

deuterated solvent. where the hydrogen number density is considerably low compared
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with the cases discussed above and the product of the number density and the cross-

section of the hydrogen is comparable to those of the other components. Hence,

d¥ d¥ k @XP{I{suhxtiont] -1 O
dx _ (4= ) Lsolut ‘ 2.36
< dQ solution ((Z) > < dQ? soiuf.iau( 1) >0 K miui.icmt ’ ( )
and
I{S(mmm] = Z Pi (Uﬁ)i = PsoluteTs solute + Psolvent T s.solvent s (237)
d¥ F {sniuiim\ g 9
<gﬁsolutieix(Q)>0 B dr (238)

Let us give an example, a 7.8 vol% poly(N-isopropylacrylamide) (PNIPA) -(-
CeH11ON-),- solution in deuterated water. PNIPA has mpnpa = 113.16 g/mol,
dpnipa = 1.26 g/em?® and the number of hydrogen per monomer is 11. Hence, the
following values are obtained,

Knipasom = 6.376 x 0.078 + 0.646 x 0.922
= 1.093[cm™], (2.39)

and

dx
— = 0.0870[cm™']. 2.40

<d§2 NIPAsaIn>Q fem™] (2.40)
As a result, the incoherent scattering for 7.8 vol% PNIPA solution in DO with 0.4
cm thick is given by

d ~ <d$ > exp(1.093t) - 1
0

an = 0.109[cm ™.
dQ NIPAsoIn 0.109[cm™] (2.41)

dQNIPASeln 1.093¢

The observed values are 0.09 - 0.13 cm™'.'% The agreement is quite satisfactory.
At the end of the discussion, it should be noted that the (1 — T') factor is valid
as far as the assumptions o, and exp(—po,t) are satisfied. Water with 0.2 mm
thick and thinner satisfies this criterion. However, it does not work for a scatterer
having a considerable absorption cross-section, e.g., vanadium. On the other hand,
the proposed method in this work is applicable to such a scatter since the effects of

multiple scattering and absorption are separately considered.

2.5 Conclusion

A new method to evaluate the incoherent scattering intensity is proposed. By re-
visiting the theoretical treatment of multiple scattering followed by carefully analyz-

ing the sample-thickness dependence and hydrogen number density dependence of
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the incoherent scattering intensity for low-density polyethylene and mixtures of light

and heavy water, the following relationship was derived. The scattering intensity is

Y /dE\ M -1
e “\de/, Kt °

given by

with

K = 2:: Pi0s,i,
dy’ K

(i), -
Here, ((dX/dQ)), is the differential scattering cross-section at single-scattering limit
and (' — 1)/Kt is the correction term. This equation was examined for hydrogen-
rich systems, i.e., low-density polyethylene and for systems where the hydrogen num-
ber density varies in the wide range, i.e., light and heavy water mixtures. The linear
attenuation coefficient, p (equivalent to the sum of the product of the number—density
of atoms and total cross-section of component i to all the component in the system)

for HyO and D50 mixtures are given by

with o = 6.22 em ' and pp = 0.588 ¢m ™!, where gy and pp are the linear atten-
uation coeflicient of HyO and D,O, respectively. Application to a polymer solution
also supports the validity of the proposed equation. The scattering from water is also
approximately given by the following equation,

dy oexp[bA0t] -1, |
e e Q.
<d§2mo((”> 0.689 5 401 [em™ 7],

at least up to £ = 0.4 em. Although a significant disagreement is found in the observed
and theoretical values of ((dX/d€Q2)ic(q)), for HyO, which is mainly due to inelastic
scattering from water, it is now available to predict the incoherent scattering intensity
of hydrogen containing materials with reasonable accuracy with the correction factor

proposed in this chapter.
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