
   

4. Scattering techniques 
 

 

 The determination of molecular organisation within colloidal systems is 

an important aspect when studying relationships between physical properties 

and molecular structure. Scattering techniques provide the most obvious 

methods for obtaining quantitative information on size, shape and structure of 

colloidal particles, since they are based on interactions between incident 

radiations (e.g., light, X-ray or neutrons) and particles. The size range of 

micelles, microemulsions, or other colloidal dispersions is approximately 10 – 

104 Å, so valuable information can be obtained if the incident wavelength, λ, 

falls within this range. Therefore, microemulsion droplets or micelles, in the 

order of 102 Å in size, are well characterized by X-ray (λ = 0.5 – 2.3 Å) and 

neutrons (λ = 0.1 – 30 Å), while for larger colloidal particles, light scattering (λ 

= 4000 – 8000 Å), is best. In addition, considering the Bragg equation that 

defines the angle of diffraction θ of radiation of wavelength λ for a separation 

of lattice planes d: 
 

θ=λ sind2    (4.1) 
 

it can be seen that nanometre-sized particles such as microemulsion droplets 

will scatter at small angles, so that small-angle neutron scattering (SANS) can 

be used to study such systems [1]. 
 

Although the first neutron reactors were built in the late 1940’s and 

1950’s, literature for application of neutron scattering to condensed matter 

appeared only in the late 1970’s. In the last twenty years, with the 

development of more powerful neutron production sites, and progress in the 

technology of large area detectors and high resolution spectrometers, SANS has 

become a more accessible technique and, in particular, has been used 

successfully to study micellisation, microemulsion and liquid crystal structures. 

SANS is thus a relatively recent technique but is now one of the most powerful 

tools to characterize molecular aggregates. 
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 In the following sections a summary of neutron scattering theory and 

methods for SANS data analysis is given.  

 

4.1 GENERAL BACKGROUND  

 

4.1.1 Neutrons 

 

 A neutron is an uncharged (electrically neutral) subatomic particle with 

mass m = 1.675 × 10-27 kg (1,839 times that of the electron), spin ½, and 

magnetic moment -1.913 nuclear magnetons. Neutrons are stable when bound 

in an atomic nucleus, whilst having a mean lifetime of approximately 1000 

seconds as a free particle. The neutron and the proton form nearly the entire 

mass of atomic nuclei, so they are both called nucleons. Neutrons are classified 

according to their wavelength and energy as “epithermal” for short wavelengths 

(λ ∼ 0.1 Å), “thermal”, and “cold” for long wavelengths (λ ∼ 10 Å). The desired 

range of λ is obtained by moderation of the neutrons during their production, 

either in reactors or spallation sources. 

 

Neutrons interact with matter through strong, weak, electromagnetic and 

gravitational interactions. However, it is their interactions via two of these 

forces – the short-range strong nuclear force and their magnitude moments – 

that make neutron scattering such a unique probe for condensed-matter 

research. The most important advantages of neutrons over other forms of 

radiation in the study of structure and dynamics on a microscopic level are 

summarised below: 
 

• Neutrons are uncharged, which allows them to penetrate the bulk of 

materials. They interact via the short-rang strong nuclear force with the 

nuclei of the material under investigation. 

• The neutron has a magnetic moment that couples to spatial variations of 

magnetization on the atomic scale. They are therefore ideally suited to the 
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study of magnetic structures, and the fluctuations and excitations of spin 

systems. 

• The energy and wavelength of neutrons may be matched, often 

simultaneously, to the energy and length scales appropriate for the structure 

and excitations in condensed matter. The wavelength, λ, is dependent on 

the neutron velocity following the de Broglie relation: 
 

mv
h

=λ     (4.2) 

 
where h is Planck’s constant (6.636 × 10-34 J s) and v the particle velocity. 

The associated kinetic energy is: 
 

2
2

1 mvE =  or 2

2

)λm(2
hE =   (4.3) 

 

Because their energy and wavelength depend on their velocity it is possible 

to select a specific neutron wavelength by the time-of-flight technique. 

• Neutron do not significantly perturb the system under investigation, so the 

results of neutron scattering experiments can be clearly interpreted. 

• Neutrons are non-destructive, even to delicate biological materials. 

• The high-penetrating power of neutrons allows probing the bulk of materials 

and facilitates the use of complex sample-environment equipment (e.g., for 

creating extremes of pressure, temperature, shear and magnetic fields). 

• Neutrons scatter from materials by interacting with the nucleus of an atom 

rather than the electron cloud. This means that the scattering power (cross-

section) of an atom is not strongly related to its atomic number, unlike X-

rays and electrons where the scattering power increases in proportion to the 

atomic number. Therefore, with neutrons light atoms such as hydrogen 

(deuterium) can be distinguished in the presence of heavier ones. Similarly, 

neighbouring elements in the periodic table generally have substantially 

different scattering cross sections and so can be distinguished. The nuclear 

dependence of scattering also allows isotopes of the same element to have 

substantially different scattering lengths for neutrons. Hence isotopic 
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substitution can be used to label different parts of the molecules making up 

a material. 

 

 

4.1.2 Neutron sources 

 

 Neutron beams may be produced in two general ways: by nuclear fission 

in reactor-based neutron sources, or by spallation in accelerator-based neutron 

sources. A brief description of these processes is given below, with particular 

reference to the two world’s most intense neutron sources, i.e., the Institut 

Laue-Langevin (ILL) in Grenoble, France [2], and the ISIS Facility at the 

Rutherford Appleton Laboratory in Didcot, U.K. [3]. 

 
• Reactor-based neutron source: neutrons have traditionally been 

produced by fission in nuclear reactors optimised for high neutron brightness. 

In this process, thermal neutrons are absorbed by uranium-235 nuclei, which 

split into fission fragments and evaporate a very high-energy (MeV) constant 

neutron flux (hence the term “steady-state” or “continuous” source). After the 

high-energy (MeV) neutrons have been thermalised to meV energies in the 

surrounding moderator, beams are emitted with a broad band of wavelengths. 

The energy distribution of the neutrons can be shifted to higher energy (shorter 

wavelength) by allowing them to come into thermal equilibrium with a “hot 

source” (at the ILL this is a self-heating graphite block at 2400 K), or to lower 

energies with a “cold source” such as liquid deuterium at 25 K [4]. The resulting 

Maxwell distributions of energies have the characteristic temperatures of the 

moderators (Figure 4.1(a)). Wavelength selection is generally achieved by 

Bragg scattering from a crystal monochromator or by velocity selection through 

a mechanical chopper. In this way high-quality, high-flux neutron beams with a 

narrow wavelength distribution are made available for scattering experiments. 

The most powerful of the reactor neutron sources in the world today is the 58 

MW HFR (High-Flux Reactor) at the ILL. 
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• Accelerator-based pulsed neutron source: in these sources neutrons are 

released by bombarding a heavy-metal target (e.g., U, Ta, W), with high-

energy particles (e.g., H+) from a high-power accelerator – a process known as 

spallation. The methods of particles acceleration tend to produce short intense 

bursts of high-energy protons, and hence pulses of neutrons. Spallation 

releases much less heat per useful neutron than fission (typically 30 MeV per 

neutron, compared with 190 MeV in fission). The low heat dissipation means 

that pulsed sources can deliver high neutron brightness – exceeding that of the 

most advanced steady-state sources – with significantly less heat generation in 

the target. The most powerful spallation neutron source in the world is the ISIS 

facility. It is based around a 200 µA, 800 MeV, proton synchrotron operating at 

50 Hz, and a tantalum (Ta) target which releases approximately 12 neutrons for 

every incident proton. 
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Figure 4.1 (a) Typical wavelength distributions for neutrons from a reactor, 
showing the spectra from a hot source (2400 K), a thermal source and a cold 
source (25 K). The spectra are normalised so that the peaks of the Maxwell 
distributions are unity. 
(b) Typical wavelength spectra from a pulsed spallation source. The H2 and CH4 
moderators are at 20 K and 100 K respectively. The spectra have a high-energy 
“slowing” component and a thermalised component with a Maxwell distribution. 
Again the spectra are normalised at unity. 
(c) Neutron flux as a function of time at a steady-state source (grey) and a 
pulsed source (black). Steady-state sources, such as ILL, have high time-
averaged fluxes, whereas pulsed sources, such as ISIS, are optimised for high 
brightness (not drawn to scale). After [3] 
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Figure 4.2 Schematic layout of the spallation pulsed neutron source at the 
Rutherford Appleton Laboratory, ISIS, Didcot, U.K. Beam tubes radiate out from 
the ISIS target and deliver pulses of “white” neutrons – i.e., neutrons having a 
wide range of energies – to 18 instruments [3].  

1. Ion source and pre-injector
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3. 800 MeV synchrotron injection area
4. Fast kicker proton beam extraction
5. Synchrotron south side
6. Synchrotron west side

7. Extracted proton beam tunnel
8. ISIS target station
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10. Experimental hall, north side
11. RIKEN superconducting pion decay line
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At ISIS, the production of particles energetic enough to result in efficient 

spallation involves three stages (see Figure 4.2): 
 

(1) Production of H- ions (proton with two electrons) from hydrogen gas and 

acceleration in a pre-injector column to reach an energy of 665 keV. 

(2) Acceleration of the H- ions to 70 MeV in the linear accelerator (Linac) 

which consists of four accelerating tanks. 

(3) Final acceleration in the synchrotron – a circular accelerator 52 m in 

diameter that accelerates 2.8 × 1013 protons per pulse to 800 MeV. As 

they enter the synchrotron, the H- ions pass through a very thin (0.3 µm) 

alumina foil so that both electrons from each H- ion are removed to 

produce a proton beam. After travelling around the synchrotron 

(approximately 10000 revolutions), with acceleration on each revolution 

from electromagnetic fields, the proton beam of 800 MeV is kicked out of 

the synchrotron towards the neutron production target. The entire 

acceleration process is repeated 50 times a second. 
 

Collisions between the proton beam and the target atom nuclei generate 

neutrons in large quantities and of very high energies. As in fission, they must 

be slowed by passage through moderating materials so that they have the right 

energy (wavelength) to be useful for scientific investigations. This is achieved 

by hydrogenous moderators around the target. These exploit the large inelastic-

scattering cross-section of hydrogen to slow down the neutrons passing 

through, by repeated collisions with the hydrogen nuclei. The moderator 

temperature determines the spectral distributions of neutrons produced, and 

this can be tailored for different types of experiments (Figure 4.1 (b)). The 

moderators at ISIS are ambient temperature water (316 K, H2O), liquid 

methane (100 K, CH4) and liquid hydrogen (20 K, H2). 

 

The characteristics of the neutrons produced by a pulsed source are 

therefore significantly different from those produced at a reactor (Figure 4.1 

(c)). The time-averaged flux (in neutrons per second per unit area) of even the 

most powerful pulsed source is low in comparison with reactor sources. 
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However, judicious use of time-of-flight (TOF) techniques that exploit the high 

brightness in the pulse can compensate for this. Using TOF techniques on the 

white neutron beam gives a direct determination of the energy and wavelength 

of each neutron. 

 

4.1.3 SANS instruments 

 

 In neutron scattering experiments, instruments count the number of 

scattered neutrons as a function of wave vector Q, which depends on the 

scattering angle θ and wavelength λ. For elastic scattering – i.e., when 

scattered neutrons have essentially identical energy to the incident neutrons – 

this corresponds to measuring with diffractometers the momentum change. 

Information about the spatial distribution of nuclei can then be obtained in 

systems ranging in size and complexity from small unit-cell crystals, through 

disordered systems such as glasses and liquids, to “large-scale” structures such 

as surfactant aggregates and polymers. Spectrometers, on the other hand, 

measure the energy lost (or gained) by the neutron as it interacts with the 

sample, i.e., inelastic scattering. These data can then be related to the dynamic 

behaviour of the sample. 

 

 On a reactor source a single-wavelength beam is normally used and 

monochromatic beams can be produced by wavelength selection by velocity 

selection through a mechanical chopper. In contrast, on a spallation source 

polychromatic “white” beams, and a range of wavelengths are used. Energy 

analysis of the scattered beam is achieved by measuring time-of-flight, i.e., the 

time the neutrons take to travel from the source to the sample. As a result of 

the different wavelength spreads, the detectors on reactor and spallation 

source based instruments differ. For constant λ, the scattering intensity must 

be measured at different angles to cover the required Q-range. This is achieved 

on reactor sources by varying the sample-to-detector distance, using a 

moveable detector. On spallation sources, the neutron wavelength varies, and 

is determined by TOF method, so the position of the detector is fixed. Figures 
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4.3 and 4.4 show schematic layout of two typical instruments. More technical 

details can be found elsewhere [2 ,3, 5]. 

 
Figure 4.3 Schematic layout of the LOQ instrument, ISIS spallation source, 
Didcot, U.K [2]. After interaction with the sample (typical neutron flux at 
sample = 2 × 105 cm-2 s-1), the beam passes into a vacuum tube containing an 
3H gas filled detector (active area 64 × 64 cm2 with pixel size 6 × 6 mm2) placed 
4.5 m from the sample. Incident wavelengths range ~ 2.2 – 10 Å, and the 
scattering angle < 7° gives a useful Q-range of 0.009 – 0.249 Å-1.  
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Figure 4.4 Schematic layout of the D22 instrument, ILL reactor source, 
Grenoble, France [1]. The maximum neutron flux at sample is 1.2 × 108 cm-2 s-

1. D22 possesses the largest area multi-detector (3He) of all small-angle 
scattering instruments (active area 96 × 96 cm2 with pixel size 7.5 × 7.5 mm2). 
It moves inside a 2.5 m wide and 20 m long vacuum tube providing sample-to-
detector distances of 1.35 m to 18 m; it can be translated laterally by 50 cm, 
and rotated around its vertical axis to reduce parallax. D22 thus covers a total 
Q-range of up to 1.5 Å-1 for λ = 2.6 Å (0.85 Å-1 for λ = 4.6 Å, ∆λ/λ = 5-10 %). 
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4.1.4 Scattering theory 

 

 Scattering events arise from radiation-matter interactions and produce 

interference patterns that give information about spatial and/or temporal 

correlations within the sample. Different modes of scattering may be produced: 

as mentioned before, scattering may be elastic or inelastic, but also coherent or 

incoherent. Coherent scattering from ordered nuclei produces patterns of 

constructive and destructive interference that contain structural information, 

while incoherent scattering results from random events and can provide 

dynamic information. In SANS, only coherent elastic scattering is considered 

and incoherent scattering, which appears as a background, can be easily 

measured and subtracted from the total scattering. 

 

Neutrons interact with the atomic nucleus via strong nuclear forces 

operating at very short range (~ 10-15 m), i.e., much smaller than the incident 

neutron wavelength (~ 10-10 m). Therefore, each nucleus acts as a point 

scatterer to the incident neutron beam, which may be considered as a plane 

wave. The strength of interaction of free neutrons with the bound nucleus can 
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be quantified by the scattering length, b, of the atom, which is isotope 

dependent. In practice, the mean coherent neutron scattering length density, 

ρcoh, abbreviated as ρ, is a more appropriate parameter to quantify the 

scattering efficiency of different components in a system. As such ρ represents 

the scattering length per unit volume of substance and is the sum over all 

atomic contributions in the molecular volume Vm: 
 

∑∑ ==ρ
i

coh,i
a

i
coh,i

m
coh b

Mw
DN

b
V
1

  (4.4) 

 
where bi,coh is the coherent scattering length of the ith atom in the molecule of 

mass density D, and molecular weight Mw. Na is Avogadro’s constant. Some 

useful scattering lengths are given in Table 4.1, and scattering length density 

for selected molecules in Table 4.1 [6]. The difference in b values for hydrogen 

and deuterium is significant, and this is exploited in the contrast-variation 

technique to allow different regions of molecular assemblies to be examined; 

i.e., one can “see” proton-containing hydrocarbon-type material dissolved in 

heavy water D2O. 

 

 

 

Table 4.1 Selected values of coherent scattering 
length, b [6] 

 

Nucleus b / (10-12 cm) 
1H -0.3741 

2H (D) 0.6671 
12C 0.6646 
16O 0.5803 
19F 0.5650 

23Na 0.3580 
31P 0.5131 
32S 0.2847 
Cl 0.9577 
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Table 4.2 Coherent scattering length density of selected 
molecules, ρ, at 25°C [6]. aValue calculated for the deuterated 
form of the surfactant ion only (i.e., without sodium 
counterions), and where the tails only are deuterated 

 

Molecule ρ / (1010 cm-2) 

Water H2O -0.560 
 D2O 6.356 
Heptane C7H16 -0.548 
 C7D16 6.301 

AOT (C8H17COO)CH2CHSO3
- 

(Na+) 0.542 

 (C8D17COO)CH2CHSO3
- 

(Na+)   5.180 a

 

 

 In neutron scattering experiments the intensity I is measured as a 

function of a scattering angle, θ, which in the case of SANS is usually less than 

10°. Figure 4.5 illustrates schematically a SANS experiment. The incident wave 

is a plane wave, whose amplitude can be written as [7]: 

 

)tRkcos(AA oooin Ω−⋅=    (4.5) 

 

Ao is the original amplitude, ok  is the wave vector of magnitude 
λ
π2

, R  is a 

position vector, Ωo is the frequency, and t the time. In static experiments, 

where relative motions of molecules are ignored, there is no time dependence, 

and if complex amplitudes are considered, equation. 4.5 reduces to: 

 

)Rkiexp(AA ooin ⋅=    (4.6) 

 

When this wave hits an atom, a fraction of it is scattered, radiating spherically 

around the scattering centre: 

)Rkiexp(
r

bA
A o

o
sc ⋅=    (4.7) 
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where b is the scattering length and r the distance between two point-

scattering nuclei (Figure 4.6a). If the atom is not at the origin but at a position 

vector R , the wave scattered in the direction of sk  will be phase shifted by 

R⋅Q  with respect to the incident wave (Figure 4.6b). Q  is the scattering 

vector and relates to the scattering angle θ via  
 

os kk −=Q    (4.8) 

 

and the magnitude of Q  is given by the cosine rule: 

 
θ−+= coskk2kk so

2
s

2
o

2Q   (4.9) 
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Figure 4.5 Schematic instrumental setup of a small-angle scattering 
experiment. Sample-to-detector distance is usually 1 – 20 m; scattering angle θ 
< 10°.  
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For coherent elastic scattering, 
λ
π

==
n2kk so , where n is the refractive index 

of the medium, which for neutron is ∼ 1, so Q  can be obtained by geometry 

as: 

 

2
sin4

2
sink2 o

θ
λ
π

=
θ

== QQ    (4.10) 

 

The magnitude Q has dimensions of reciprocal length and units are commonly 

Å-1; large structures scatter to low Q (and angle) and small structures at higher 

Q values. 

 

Accordingly, the amplitude of the scattered wave at angle θ for an atom at 

position R  from the origin is: 

)]Rrk(iexp[
r

bA
A o

o
sc ⋅−= Q    (4.11) 

 

Equation 4.11 is only valid for the simple case where two point scatterers are 

considered. In the more realistic case of a very large ensemble of atoms 

present, the total scattered amplitude is then written as: 

 

)]Riexp(b)rkiexp(
r

A
A i

i
io

o
sc ⋅−= ∑ Q   (4.12) 

 

 In the specific case of SANS and the relevant Q-range (distances ∼ 10 to 

1000 Å, scattering vectors Q ∼ 0.006 to 0.6 Å-1), dilute samples can be treated 

as discrete particles dispersed in a continuous medium, and the scattering is 

controlled by the scattering length density, ρ: 
 

)RR(b
v
1)R( j

j
j∑ −δ=ρ    (4.13) 

 
where the sum extends over a volume v which is large compared with 

interatomic distances but small compared to the resolution of the experiment. 
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Then the scattered amplitude is the Fourier transform of this density in the 

irradiated volume V: 

Rd)Riexp()R()(A
V

sc ⋅−ρ= ∫ QQ    (4.14) 

 

Radiation detectors do not measure amplitudes as they are not sensitive 

to phase shift, but instead the intensity Isc of the scattering (or power flux), 

which is the squared modulus of the amplitude: 
 

)(A)(A)(A)(I
2

sc QQQQ ∗⋅==   (4.15) 

 

For an ensemble of np identical particles, equation 4.15 becomes [8]: 
 

so

2
scpsc )(An)(I QQ =    (4.16) 

 

where the ensemble averages are over all orientations, o, and shapes, s. 

 

Therefore, there is a convenient relationship (equation 4.10) between 

the two instrumental variables, θ and λ, and the reciprocal distance, Q, which is 

related (via equation 4.14) to the positional correlations r between point 

scattering nuclei in the sample under investigation. These parameters are 

related to the scattering intensity I(Q) (equation. 4.16) which is the measured 

parameter in a SANS experiment, and contains information on intra-particle and 

inter-particle structure. 

 

 

4.2 NEUTRON SCATTERING BY MICELLAR AGGREGATES 

 

 For monodisperse homogeneous spherical particles of radius R, volume 

Vp, number density np (cm-3) and coherent scattering length density ρp, 

dispersed in a medium of density ρm, the normalised SANS intensity I(Q) (cm-1) 

may be written as [9]: 
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)(S)R,(PVn)(I 2

p
2

p QQQ ρ∆=    (4.17) 

where mp ρ−ρ=ρ∆  (cm-2). The first three terms in Equation 4.17 are 

independent of Q and account for the absolute intensity of scattering. A so-

called scale factor, SF, can then be defined where: 
 

p
2

p
2
p

2
mppF VV)(nS ⋅ρ∆⋅φ=ρ−ρ=   (4.18) 

 
φp is the volume fraction of particles. The scale factor is a measure of the 

validity and consistency of a model used when analysing SANS data; i.e., the SF 

value obtained from model fitting can be compared to the expected value, 

based on sample composition (from equation 4.18). The last two terms in 

equation 4.17 are Q-dependent functions. P(Q,R) is the single particle form 

factor arising from intra-particle scattering.  It describes the angular distribution 

of the scattering due to the particle shape and size. S(Q) is the structure factor 

arising from inter-particle interactions. To better understand the influence of 

each term, two scattering profiles are illustrated on Figure 4.7 for the cases of 

repulsive and attractive forces between interacting homogeneous spheres [8]. 

It shows how P(Q) and S(Q) can combine to give the overall intensity I(Q).  

These scattering functions are briefly discussed below. 

 

4.2.1 Single particle form factor P(Q) 

 

P(Q) is the function from which information on the size and shape of 

particles can be obtained. An approximate representation of the form factor 

P(Q,R) for spheres is shown in Figure 4.7 In general, it appears as a decay 

although under high resolution maxima and minima are expected at high Q 

values. The function P(Q) is usually defined as 1.0 at Q = 0. General 

expressions of P(Q) are known for a wide range of different shapes such as 

homogeneous spheres, spherical shells, cylinders, concentric cylinders and discs 

[7]. For a sphere of radius R: 
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2

3)R(
)RcosRR(sin3)R,(P ⎥
⎦

⎤
⎢
⎣

⎡ −
=

Q
QQQQ   (4.19) 

 

For certain systems such as microemulsions, a polydispersity function 

may be introduced to account for the particle-size distribution. For spherical 

droplets, this contribution may be represented by a Schultz distribution function 

X(Ri) [10, 11], defined by  an average radius Rav and a root mean square 

deviation 2/1

av

)1Z(
R
+

=σ  with Z a width parameter. P(Q,R) may then be 

expressed as: 

 

⎥
⎦

⎤
⎢
⎣

⎡
= ∑

i
ii )R(X)R(P)R,(P Q,Q    (4.20) 
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Figure 4.7 Schematic representation of the particle form P(Q,R) and 
structure S(Q) factors for attractive and repulsive homogeneous spheres, and 
their contribution to the scattered intensity I(Q).  
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4.2.2 Structure factor S(Q) 

 

 The inter-particle structure factor S(Q) depends on the type of 

interactions in the system, i.e., attractive, repulsive or excluded volume. For 

spherical particles with low attractive interactions, a reasonable first 

approximation is a hard-sphere potential, Shs(Q), given by [12]: 
 

)R(fn1
1)(S

hshsp
hs φ⋅−

=Q    (4.21) 

 

where  is the hard-sphere radius (with t the hydrocarbon layer 

thickness) and 

tRR av
corehs +=

p
3
hs3

4
hs nRπ=φ  is the hard-sphere volume fraction. The intensity 

of scattering (equation 4.17) can then be rewritten as: 
 

),R,(S)R(X)R(PV)(I hshs
i

iip
2

p φ⎥
⎦

⎤
⎢
⎣

⎡
ρ∆φ= ∑ QQ,Q  (4.22) 

 

As shown in Figure 4.7, Shs(Q) is important at low Q values where it reduces 

the scattering intensity and produces a peak in I(Q) profile at D2max π=Q , with 

D the mean nearest neighbour distance in the sample. For dilute, non-

interacting, systems φhs → 0, so the structure factor disappears, i.e., S(Q) → 1. 

For interacting systems, an effective way of reducing S(Q) is by diluting the 

system [13], or for charged particles by adding salt [14]. 

 

For systems where attractive interactions have to be considered, 

particularly in the vicinity of phase separation regions or cloud point in binary 

phase diagrams, a structure factor known as the Ornstein-Zernike (OZ) 

expression may be used [8]: 

 
 

2OZ )ξ(1
)0(S1)(S

Q
Q

+
+=    (4.23) 
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where χ= Tkn)0(S Bp , with kB the Boltzmann constant, T the temperature, and 

χ the isothermal compressibility. ξ is a correlation length. Far from phase 

boundaries, S(0) → 0, and so SOZ (Q) disappears, i.e., S(Q) → 1. 

 

 

4.2.3 Neutron contrast variation 

 

As mentioned previously, the very different neutron scattering lengths of 

hydrogen and deuterium are exploited in SANS experiments to reveal details of 

structure and composition at interfaces. This is routinely applied in 

microemulsion droplets where different regions can be highlighted by selectively 

varying the scattering length density of the surfactant, oil or aqueous phase. 

Three contrasts are commonly studied – core, shell and drop – which can be 

fitted individually or simultaneously [15]. Figure 4.8 illustrates the scattering 

length density profiles for a water–AOT–n-heptane microemulsion for the three 

contrasts. The initial situation, where all components are hydrogenated, is 

shown in Figure 4.8(a). As reported in Table 4.2, the scattering length densities 

of H2O, n-heptane and AOT are very similar, so that deuteration of the water 

and/or oil phases allows contrast match of specific regions within the system. 

The distance from the droplet centre is Z, and so ρ depends on Z owing to the 

presence of the different materials. Apart from a few subtle effects, such as 

hydrogen bonding, this isotopic exchange does not usually affect the chemical 

or physical properties of the system significantly. 

 117



   

 

Figure 4.8 Elucidation of the structure of water−AOT−n-heptane 

microemulsion droplets by contrast variation. The scattering length density, ρ, 

depends on Z, the distance from the centre of a droplet.  
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4.2.4 SANS approximations 

 

A first estimation of the size and shape of particles can be obtained from simple 

relations between I(Q) and the particle radius (or thickness) based on a few 

assumptions and/or approximations. 

Guinier approximation 

The SANS profile I(Q) is very sensitive to different particle shapes. In 

particular, the Guinier approximation relates the low Q part of the scattering 

plot to a radius of gyration Rg of the particle. At low Q (Guinier regime), the 

single particle form factor P(Q,R) for dilute systems simplifies to [16]: 
 

3
R

1)R,(P
2
g

2Q
Q −=    (4.24) 

 

where Rg is the root mean square value of the radius averaged over the volume 

of particle, and relates to the shape of the particle: 
 

• For spheres or cylinders R
5
3R

2
1

g ⎟
⎠
⎞

⎜
⎝
⎛=     (4.25) 

• For thin discs   
2

14
RRg =     (4.26) 

• For long rods   
2

112
LRg =     (4.27) 

 
R is the radius of the spheres or cylinders, or disc thickness, and L is the rod 

length. 

 

Assuming S(Q) = 1 and , Equation 4.17 becomes: )Xexp(X1 22 −≈−

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−ρ∆φ≈

3
R

expV)(I
2
g

2

p
2

p

Q
Q    (4.28) 

 
The Guinier plot – i.e., ln I(Q) versus Q2 – should includes a linear section up to 

the limit QRg < 1. The associated slope is 
3

R2
g− , and so Rg can be determined 
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for any isometric particles. Another useful expression for the Guinier 

approximation is [7, 17]: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−∝ −

K
Rexp)(I

22
D QQQ    (4.29) 

 

Equations 4.28 and 4.29 are equivalent. They are valid for non-interacting 

particles (i.e., S(Q)→1) only, and over a restricted Q-range. The proportionality 

constant depends on the concentration and isotopic composition. The exponent 

D is 1 for cylinders, 2 for discs, and 0 for spheres. R is the characteristic 

dimension of the particle, i.e., the cross sectional radius for cylinders, the 

thickness for discs, and the radius for spheres. K is an integer of value 4 for 

cylinders, 12 for discs, and 5 for spheres. Depending on the geometry, the 

dimension R can be obtained by plotting different quantities against Q2: 

 
•  vs. Q[ QQ ⋅)(Iln ] 2:  cylinder radius 4slope ×=   (4.30) 

• [ ]2QQ ⋅)(Iln  vs. Q2:  disk thickness 2slope ×=   (4.31) 

•  vs. Q[ )(Iln Q ] 2 (QR < 1): sphere radius 5slope×=   (4.32) 

 
Therefore the most probable particle shape can be predicted by comparison of 

the three different I(Q). QD vs. Q2 plots (i.e., the one giving a linear decay). 

 

4.2.5 Porod approximation 

At high Q values, the SANS intensity is sensitive to scattering from local 

interfaces rather than the overall inter-particle correlations. Then I(Q) is related 

to the total interfacial area S, and the asymptotic intensity (see Figure 4.9) may 

be analysed using the Porod equation [18, 19]: 
 

42

V
S2)(I −⎟

⎠
⎞

⎜
⎝
⎛ρ∆π= QQ    (4.33) 

 
where S/V is the total interfacial area per unit volume of solution (cm-1). The 

Porod equation is only valid for smooth interfaces and a Q-range >> 1/R (Porod 
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regime). Assuming all the surfactant molecules are located at the interface, the 

average area per surfactant head group, as, can be estimated from: 

 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
=

s
s N

V
S

a     (4.34) 

 
where Ns is the number density of surfactant molecules (i.e., surfactant 

concentration × Avogadro’s number). The Porod approximation can also be 

used to estimate the particle radius [8]. For monodisperse spheres of radius R, 

a plot of [ ]4)(I QQ ⋅  vs. Q gives a first maximum at Q ≈ 2.7/R and a minimum at 

Q ≈ 4.5/R (see Figure 4.9). 

 

The Guinier and Porod approximations thus offer simple relations that 

allow a first estimation of the size and shape of colloidal particles. However, 

they are limited to dilute, non-interacting systems. As mentioned in the 

previous section, dilution or addition of salt allow the screening of interactions, 

so that the assumption S(Q) = 1 in the low Q-range becomes valid and the 

Guinier approximation can be applied. For microemulsions, these conditions do 

not always hold, they might be unstable to dilution, and also addition of salt 

may introduce structural changes. In such cases, information about the size and 

shape of aggregates are obtained by fitting SANS experimental data to more 

complex mathematical models, such as those derived for polydisperse spherical 

droplets and introduced in this section. More details about these models can be 

found elsewhere [9, 20]. 
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Figure 4.9 Schematic diagram of a Porod plot for near-monodisperse spheres 
(see text for details).  
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4.3 NEUTRON REFLECTION 

 

Neutron reflection (NR) is a very useful and reliable method since it 

provides a direct measure of the surface excess, and also permits structural 

features of the interface to be elucidated.  Just like SANS the only disadvantage 

is the necessity to carry out expensive experiments at neutron facilities, and in 

some cases the need for deuterated solvents and/or surfactants. Tensiometry, 

on the other hand, is a very accessible method but only provides indirect 

determination of the surface excess via surface tension measurements and 

application of the Gibbs equation (see Section 2.1.2).  Certain material and 

basic definitions relevant to NR have already been covered in relation to small-

angle scattering in section 4.2. 

 

4.3.1 Background theory 

The properties of neutrons and their interaction with matter have been 

presented in Section 4.1 with particular interest in scattering from small 

particles. Here, reflection of neutrons from a flat surface is considered. The 

reflectivity profile R(Q) gives information on the structure normal to the 

interface, and, as with reflection of light, the refractive index, n, normal to the 

surface is important. For any material n for neutrons is wavelength dependent 

[21], i.e., 

 

CiA1n 2 λ+λ−=    (4.35) 

 

where 
π

=
2

bNA  and 
π

σ
=

4
N

C abs  are constants, with N an atomic number density, 

b a bound scattering length and σabs the absorption cross-section (which may 

often be ignored). Figure 4.10 shows the reflection of a fraction of the incident 

neutron beam by a smooth surface; the rest being either transmitted or 

adsorbed. 
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Figure 4.10 Geometry of a neutron reflection experiment and direction of the 
scattering vector Q, where ko and ks are the incident and scattered wave 
vectors, and θ is the scattering angle. 
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As for SANS, elastic scattering only is considered, i.e., specular reflection, 

when the moduli of the incident and reflected wave vectors, ko and k 

respectively, are equivalent ( kko = ). A scattering vector Qz defined in one 

dimension only, i.e., the z direction perpendicular to the sample surface, is then 

given as: 

 

θ
λ
π

= sinn4
zQ    (4.36) 

 

where n is the refractive index. The reflected intensity R(Qz) is thus measured 

as a function of Qz either by varying the wavelength of the neutron beam, λ, 

and keeping the angle of incidence, θ, constant (method at pulsed neutron 

sources), or by selecting a constant λ value and varying θ (at reactor sources). 

 

 For a plane wave incident upon a surface, if the first medium is air 

, total external reflection occurs below a critical incidence angle 1n 0 ≈ c0 θ=θ , 

and a critical value Qc, defined by the wavelength λc or angle θc, is reached. For 

a clean D2O surface (Figure 4.11(a)) if cθ<θ  (i.e., below Qc) then there is total 

reflection and , whilst above Q1)(R ≡Q c the reflectivity falls off sharply as Q-4. 

The region where 1)(R =Q  is used to determine the instrument calibration 

scale factor. In the case of a surfactant monolayer on a water sub-phase 

(Figure 4.11(b)), Qc is usually reached when measurements are made at 

 [8]. On passing through an adsorbed layer the incident neutron beam 

is partially transmitted and reflected. Waves are reflected from both top and 

bottom surfaces of the thin interfacial film. There is then an interference 

between these two reflected beams, resulting in the appearance of a “fringe” in 

the R(Q) profile. The position of a minimum Q

°<θ 5.1

min is related to the layer 

thickness τ by τπ≈ 2minQ  (Figure 4.11(b)). 

 125



   

4.3.2 Layer thickness and adsorbed density 

 The analysis of specular reflectivity in single- or multiple-layer systems 

can be done either by comparison with a reflectivity profile calculated using an 

exact optical matrix method, or by using the kinematic (or Born) approximation 

method which originates from classical scattering theory. 

 
Figure 4.11 Specular reflection at the sharp interface between two bulk media 
(a), and for a thin interfacial layer (b) of thickness d sandwiched between two 
media. I, R and T are the incident, reflected and transmitted beams 
respectively. Other symbols as defined in the text. Also illustrated are schematic 
R(Q) profiles for the two situations. 
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In the first approach, a characteristic matrix per layer is defined that 

relates electric vectors in successive layers in terms of Fresnel reflection 

coefficients – combining refractive index and reflected angle – and phase 

factors introduced on traversing each layer [22]. A detailed account of this 

approach can be found in several texts [e.g. 21, 23]. The resulting model 

typically consists of a series of layers, each with a scattering length density ρ 

and thickness τ, into which an interfacial roughness between any two 

consecutive layers can also be incorporated. Indeed most surfaces are affected 

by a local roughness that reduces the specular reflectivity [24, 25], especially 

for liquid surfaces where thermally excited capillary waves are present. The 

calculated and measured profiles are compared, and ρ and τ for each layer 

varied until the optimum fit is found (determined by a least-squares iterative 

fitting process). Then secondary parameters such as the area per molecule or 

the coverage can be easily determined (see below). 

 

 Consider the simple situation of a single uniform layer, of thickness d 

and refractive index n1, introduced between bulk media of refractive index n0 

and n2 (Figure 4.11(b)). If the surfactant solution is made up in null reflecting 

water (NRW), a mixture of 8 mol % D2O in H2O where ρ = 0 and hence n = 1. 

Then there is no scattering contribution from the NRW, and reflection arises 

urely from the surfactant monolayer. Fitting a single-layer model to the data 

immed

p

iately allows the surface excess Γ to be calculated through [26, 27] 

 

a

i

N
1

)z(
b

A
Γ

=
τρ

=s
∑    (4.37) 

 

where ∑ ib  is the sum of scattering lengths over a single molecule, Na is 

Avogadro’s number, and ρ(z) and τ are the optimised scattering length density 

and layer thickness determined by fitting. The absolute value of τ is model 

dependent and will vary with the choice of the distribution function employed to 

describe the scattering length density profile normal to the surface. However, 

as described by Simister et al. [28], the sets of ρ(z) values required to give a 
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good fit exactly compensate for the change in τ so that As is independent of the 

uncertainty in τ. 

 

 A second analysis method is the kinematic (or Born) approximation [29]. 

 thisIn  approach, the reflectivity R(Qz) is related to the scattering length density 

profile normal to the interface, ρ(z), by 

 

2
z2

z

2

z )ˆ16
Q

π
   (4.38) 

 

where )(ˆ zQρ  is the one-dimensional Fourier transform of ρ(z), 

()(R QQ ρ=

()ziexp()(ˆ zz

.3.3 Partial structure factor analysis  

etail

of adsorbed thin films are described elsewhere [29, 30]. For surfactant 

pproximation. Depending on the labeling scheme, the total scattering may be 

of a surfactant solute, A, 

nd a solvent, S, are considered. Then the scattering length density may be 

represented as 

 

 

∫
+∞

∞
ρ−=ρ

-
QQ dz)z    (4.39) 

4

 D s of the development of the kinematic approximation for the study 

monolayers adsorbed at the air−solution interface, the main features of interest 

– in addition to film thickness and surface coverage – are the relative positions 

of the chains, head, and water, and the widths of their distributions normal to 

the interface. Such structural features can be obtained through analysis of 

complementary R(Q) profiles, determined at different isotopic compositions 

using hydrogen/deuterium labeling of the surfactant.  This is known as a partial 

structure factor (PSF) analysis, which is valid under the kinematic 

a

expressed in terms of numerous partial structure factors that are descriptive of 

the various components in the interface [29, 31]. Below is a brief description of 

such analysis where a simple binary system consisting 

a

AASS b)z(Nb)z(N)z( +=ρ    (4.40) 
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where NA(z) and NS(z) are the number densities of solute and solvent 

respectively and bi are the scattering lengths. Combining equations 4.38 and 

4.40 gives  

 

[ ]ASSASS
2

SAA
2

A2

2

z hbb2hbhb16)(R ++
π

=
Q

Q  (4.41) 

 

where the h  and h  are the PSFs :h  are self-terms that contain information 

about distributions of the individual components, and are one-dimensional 

Fourier transforms of N (z): 

 

z

ii ij ii

i

2
zizii )(N)(h QQ

 

h

=    (4.42) 

s, 

ij are cross-terms that describe the relative positions of the different 

components. In the example given here, of a surfactant solute and solvent, 

assuming that the distributions of A and S at the interface are exactly even 

(symmetrical about the centre) and odd respectively [32], then the following 

relationship hold

 

)sin()hh(h ASz
21

SSAAAS δ±= Q    (4.43) 

 

where δ is the separation between the centres of the surfactant and solvent 

distributions. The distributions may not be exactly even/odd, and deviations 

from this assumption may affect the accuracy with which δAS can be 

etermined. Circumstances where this approximation fails has been discussed 

in full elsewhere [33], but this is not expected to arise for simple surfactants 

[34, 35]. 

 In principle, the Ni(z) can be obtained by Fourier transformation of the 

PSFs, but in practice, an analytical function that best represents the form of 

d
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Ni(z) is assumed. The function is then Fourier transformed and fitted to the 

experimental data. For monolayer of soluble surfactants, it is shown that a 

Gaussian distribution is a good representation of the number density profile, 

A(z), [36]: 

 

N

⎟⎟
⎠⎝ σA

 

where N

⎞
⎜⎜
⎛ −

= 2

2

0AA
z4expN)z(N    (4.44) 

 through 

A0 is the maximum number density and σA is the full width at the 1/e of 

the maximum number density. The total adsorbed amount in the monolayer, 

Γm, is related to NA0

2
N

A
1 21

0AA

s
m

πσ
==Γ    (4.45) 

 

where As is the area per molecule. 

For the interfacial solvent distribution, a convenient analytical form is the 

tanh function given by 

 

⎥
⎤

⎢
⎡

⎟⎟
⎞

⎜⎜
⎛

+=
ztanh11NN 0SS     (4.46) 

⎦⎣ ⎠⎝ ζ22

 

where NS0 is the number density of water in the bulk solution and ζ is the width 

parameter. The respective PSFs for distributions described by equations 4.44 

and 4.46 are then 

 

⎟⎟
⎞

⎜⎜
⎛ σ
−

πσ
= expNh

2
A

2
z

2
z

2
0A

2
A

AA
2

z
QQQ   (4.47) 

⎠⎝ 84

 

⎟
⎠2

z   (4.48) ⎞
⎜
⎝
⎛ ζππζ

= echcos
4

Nh 2
2

z
222

0S
SS

2
z

QQQ

he cross PSF, hAS, can be obtained directly by combining the above equations 

for hAA and hSS into equation 4.43 and fitting the resulting function for δAS: 

T

 130



   

 

AS
z

2
A

2
z

2
z0A0SA
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4
NN ⎞⎛ ζπ⎟

⎞
⎜
⎛ σζπσ QQQ23
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exph πδ⎟
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⎜
⎝
−=Q  (4.49) 

 

Structural parameters (with the exception of δAS) obtained from the 

inematic approximation are dependent upon the assumed distribution shapes. 

 shown that the surface coverage, Γm, is 

indepe

sian distribution at the surface of water that is contrast 

atched to air, NRW, the reflectivity is given by [37, 38]. 

 

k

For the solute, however, it can be

ndent of any assumptions made about the NA(z) distribution [29]. For a 

monolayer with a Gaus

m

)exp()bN(
16

)(R 2
A

2
z

2
Aam2

z
2

z σ−Γ≈
π

QQQ
  (4.50) 

 0 yields a model independent value for Γm. 

The kinematic approximation assumes all scattering is due to single 

events, i.e., effects of multiple scattering within the sample are ignored. 

herefore this approximation is only valid when the scattering is weak, that is, 

the incident intensity, Io is much greater than the scattered intensity, I  

applied to reflection, the approximation breaks down in the region Q  ∼ Qc since 

otal 

flection. As a result, equation 4.38 is only approximate and fails at low Q. To 

utilize the entire range of reflectivity data available, and to acco e 

failure of the kinematic approximation as Qz ~ Qc, each calculated R(Qz) needs 

 be corrected before being compared with the observed reflectivity [27, 39]. 

 

where Na is the Avogadro constant.  Hence, a plot of )(Rln z
2

z QQ  vs. Qz
2 

extrapolated to Qz =

 

T

s.  When

Is ~ Io, and the scattering is no longer “weak”. Thus interpretation of reflectivity 

data using the kinematic theory is strictly only valid far from the region of t

re

unt for th

to

 

An excellent review of the applications of neutron reflectometry has been 

published [40].  

 

 131



   

2.4 REFERENCES 

 

1. Bacon, G. E. ‘Neutron Scattering in Chemistry’ Butterworths, 1977, 

London. 

2. ILL World Wide Web page: http://www.ill.fr 

. ISIS World Wide Web page: http://www.isis.rl.ac.uk3  

, issue 12

page: 

http://www.physicsweb.org/article/world/10/12/7

4. Finney, J.; Steigenberger, S. Physics World 1997, 10  (report 

published on PhysicsWorld Web 

). 

5. H

10. Chen, S-H. Ann. Rev. Phys. Chem. 1986, 37, 351. 

11. K

054. 

2. Ashcroft, N. W.; Lekner, J. Phys. Rev. 1966, 145, 83. 

yers, D. Y.; Ottewill, R. H. Colloid Polym. Sci. 1982, 260, 

96. 

romol. Chem. Suppl. 1985, 10/11, 499. 

 , 33, 749. 

eenan, R. K; Penfold, J.; King, S. M. J. Appl. Cryst. 1997, 30, 1140. 

6. King, S. M. ‘Small-Angle Neutron Scattering’ a report published on ISIS 

Web page, 1997. 

7. Cabane, B. in ‘Surfactant Solutions: New Methods of Investigation’, (Ed. 

Zana, R.), Surfactant Science Series vol 22, p57-139, Marcel Dekker Inc., 

1987, New York. 

8. Eastoe, J. in ‘New Physico-Chemical Techniques for the Characterisation of 

Complex Food Systems’, (Ed. Dickinson, E.), p268-294, Blackie, 1995, 

Glasgow. 

9. Ottewill, R. H. in ‘Colloidal Dispersions’, (Ed. Goodwin, J. W.), R.S.C, 1982, 

London. 

otlarchyk, M.; Chen, S-H.; Huang, J. S.; Kim, M. W. J. Phys. Chem. 

1984, 29, 2

1

13. Cebula, D. J.; M

14. Goodwin, J. W.; Ottewill, R. H.; Owens, S. M.; Richardson, R. M.; Hayter, 

J. B. Mac

15. Heenan, R. K.; Eastoe, J. J. Appl. Cryst. 2000

16. Guinier, A. Annales de Physique 1939, 12, 161. 

 132



   

17. Porte, G. in ‘Micelles, Membranes, Microemulsions, and Monolayers’ (Eds. 

Gelbart, W. M.; Ben-Shaul, A.; Roux, D.), Springer-Verlag, 1994, New 

York, p105-145. 

18. Porod, G. Koll. Z. 1951, 124, 82. 

19. Auvray, L.; Auroy, P. in ‘Neutron, X-Ray and Light-Scattering’ (Eds. 

Lindner, P.; Zemb, Th.), Elsevier Science Publishers, 1991, Holland. 

M

21. B 'Principles of Optics', 6th edition, Pergamon Press, 1980, 

22. Ab

23. H J. 'Optical Properties of Thin Solid Films', Butterworths 

24. N Croce, P. Rev. Phys. Appl. 1980, 15, 761. 

Phys. Rev. B 1988, 38, 

26. Thomas, R. K.; Penfold, J. J. Phys. Condens. Matter 1990, 2, 1369. 

nie, A. R.; Penfold, 

28. Simister, E. A.; Thomas, R. K.; Penfold, J.; Aveyard, R.; Binks, B. P.; 

Physica B 1991, 

31. Simister, E. A.; Lee, E. M.; Thomas, R. K.; Penfold, J. J. Phys. Chem. 1992, 

1

20. arkovic, I.; Ottewill, R. H.; Cebula, D. J.; Field, I.; Marsh, J. Colloid Polym. 

Sci. 1984, 262, 648. 

orn, M.; Wolf, E., 

Oxford. 

elès, F. Ann. Phys. (Paris) 1948, 3, 504. 

eavens, O. 

Scientific Publications, 1955, London. 

evot, L.; 

25. Sinha, S. K.; Sirota, E. B.; Garoff, S.; Stanley, H. B. 

2297. 

27. Lu, J. R.; Simister, E. A.; Lee, E. M.; Thomas, R. K.; Ren

J. Langmuir 1992, 8, 1837. 

Cooper, P.; Fletcher, P. D. I.; Lu, J. R.; Sokolowski, A. J. Phys. Chem. 

1992, 96, 1383. 

29. Crowley, T.; Lee, E. M.; Simister, E. A.; Thomas, R. K. 

173, 143. 

30. Lu, J. R.; Simister, E. A.; Thomas, R. K.; Penfold, J. J. Phys. Chem. 1993, 

97, 6024. 

96, 1373. 

32. Cooke, D. J.; Lu, J. R.; Lee, E. M.; Thomas, R. K.; Pitt, A. R.; Simister, E. 

A.; Penfold, J. J. Phys. Chem. 1996, 100, 10298. 

33. Simister, E. A.; Lee, E. M.; Thomas, R. K.; Penfold, J. Macromol. Rep. 

992, A29, 155. 

 133



   

34. Li, Z. X.; Lu, J. R.; Thomas, R. K.; Penfold, J. Prog. Colloid Polym. Sci. 

1995, 98, 243. 

J. J. Phys. Chem. B 1997, 101, 

36. L Thomas, R. K.; Penfold, J. J. Phys. 

38. L ; Lu, J. R.; Thomas, R. K.; Rennie, A. R.; Penfold, J. J. Chem. Soc. 

40. Penfold, J.; ; Zarbakhsh, A.; Webster, J. R. P.; Bucknall, 

hards, R. W.; Staples, E. J.; Burgess, A. N.; Simister, E. 

 

35. Li, Z. X.; Lu, J. R.; Thomas, R. K.; Penfold, 

1615. 

u, J. R.; Li, Z. X.; Smallwood, J. A.; 

Chem. 1995, 99, 8233. 

37. Li, Z. X.; Lu, J. R.; Thomas, R. K. Langmuir 1997, 13, 3681. 

i, Z. X.

Faraday Trans. 1996, 92, 565. 

39. Crowley T.L. Physica A 1993, 195, 354. 

 Richardson, R. M.

D. G.; Rennie, A. R.; Jones, R. A. L.; Cosgrove, T.; Thomas, R. K.; 

Higgins, J. S.; Fletcher, P. D. I.; Dickinson, E.; Roser, S. J.; McLure, I. A.; 

Hillman, A. R.; Ric

A.; White, J. W. J. Chem. Soc. Faraday Trans. 1997, 93, 3899. 

 134


	Nucleus
	Molecule


