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1 Introduction

Nowadays materials with nanosized particles are of great interest due to their completely
different properties as compared to the bulk. The knowledge about the behaviour of such
nanomaterials is of great importance. This will give the base for the future development of
substances with the given or controlled properties.

In this lecture we will learn quite new and promising substance — magnetic fluid. As a
research method, the small-angle neutron scattering (SANS) will be presented. A powerful
technique of contrast variation will be discussed in details and applied to small-angle neutron
scattering on magnetic fluids. We will see that small-angle neutron scattering investigations
of magnetic fluids give important information about particle structure and their interaction.

2 Magnetic Fluids and their Applications

Magnetic fluids (or ferrofluids) are colloidal dispersions of magnetic nanoparticles in liquids.
The typical particle size is around 10 nm. The size of the particles is below the critical size, so
that such small particles become single domain in contrast to bulk ferromagnetic material
which has domain structure of magnetization. The single domain nanoparticles have
saturation magnetization. To prevent aggregation of the particles because of the dipole-dipole
interaction (especially under influence of the external magnetic field) particles are usually
coated with a stabilizing surfactant layer [1]. While in the case of non-polar organic carriers
one surfactant layer chemisorbed on the surface of magnetic particles is enough for this
purpose (Fig. 1a), for polar magnetic fluids the double stabilization, conventionally the
formation of the additional second layer, is required [2,3]. In this case, the first layer forms
due to chemisorption of surfactant polar heads on the surface of the magnetic particles. The
second layer is the result of the physical sorption: tails of the second layer’s molecules are
turned to the tails of the first layer’s molecules, thus polar heads of molecules of the second
layer are turned outside, which makes it possible to dissolve the particles in polar carriers.

(@) - (b)
Fig. 1: Schematic representation of nanoparticles in non-polar (a) and polar (b)
magnetic fluid. Note excess of surfactant in solution in case of polar
ferrofluids.
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Such kind of double-layer stabilization requires some excess of the surfactant molecules in
the solution, so that exchange of molecules of the second stabilization layer with free
molecules in the solvent is in equilibrium (Fig. 1b).

Due to the combination of magnetic properties and liquidity ferrofluids found a large variety
of applications. All the applications are based on the principles that under the influence of
magnetic field the ferrofluid goes to the point where the magnetic field is the strongest,
absorption of electromagnetic energy at convenient frequencies causes the ferrofluid heat up
and the ferrofluid properties can be changed with the application of magnetic field.

2.1 Technical applications

Technical applications consider the ferrofluids’ properties as a whole. In techniques magnetic
fluids are already used in dynamic sealing, damping, bearings, separation, heat dissipation,
measuring devices and so on [4,5]. We will stop here in more details on the applications of
magnetic fluids for heat dissipation and dynamic sealing.

Ferrofluids are used to form liquid seals around the spinning drive shafts in hard disks, which
have to operate in a hermetically closed box because any grain of powder or even smoke may
spoil the reading and writing process. This is achieved by making the hole inside a magnet
and the shaft made of soft magnetic material. A groove in the shaft is filled up with ferrofluid,
which is kept in place by the magnetic field, obstructing the passage of any impurity, but
leaving the axle free to rotate, because the obstructing material is liquid [4,5].

Another good example of ferrofluid application is loudspeaker. Its coil heats up by
functioning and the ferrofluid is kept in place by the magnetic field of the magnet which is
fixed on the loudspeaker’s horn. When the magnetic fluid temperature reaches Curie
temperature, ferrofluid’s particles lose their magnetic properties and a non-magnetic liquid
would flow away and will be substituted by a part of the fluid which has not been overheated.
In this case a passive heat transfer is realized. Nowadays most of the high power loudspeakers
are equipped with ferrofluid. The presence of the fluid around the coil improves also the
quality of the speaker because it damps unwanted resonances, which would produce a very
unpleasant noise [5].

2.2 Biomedical applications

In contrast to technical applications biomedical applications of magnetic fluids focus on the
single colloids’ properties. The main direction of ferrofluids’ application in biomedicine is
cancer treatment. It is magnetic hyperthermia [4,5,6], drug targeting and delivery [5,7],
contrast medium in Magnetic Resonance Imaging (MRI) [5,6,7].

When one applies a drug onto the surface of magnetic particle and focuses the nanoparticles
around cancer tumor with the external magnetic field, the amount of drug necessary is much
less than what would be necessary if it were dispersed in the whole body. When the magnetic
field is turned off the drug will disperse in the body, but, since the total amount is very small,
there will be practically no side effects [5].

The powerful technique of MRI is based on the different relaxation times T, of the proton’s
magnetic moments when it is inside different environments. Often the differences are not
strong enough to obtain well resolved images. Dextran coated iron oxides are biocompatible
and are excreted via the liver after the treatment. They are selectively taken up by the
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reticuloendothelial system. This is important because tumor cells do not have the effective
reticuloendothelial system of healthy cells, so that their relaxation time is not altered by the
contrast agent, which makes them distinguishable from the surrounding healthy cells [5,8].
Hyperthermia is a promising therapy technique which is based on the property of ferrofluids
to absorb electromagnetic energy at a certain frequency. This allows one to heat up a localized
portion of a living body, where ferrofluid has been injected, for example a tumor, without
heating at the same time the surrounding parts of the body. The results of successful
experiments healing cancer tumors in rats and rabbits can be found in [9].

The main problem of Hyperthermia is the high Curie temperature of the used ferromagnetic
materials. The solution is to define substances with low Curie temperature in order to avoid
possible harmful overheating of the human body [10].

3 Magnetic Properties of the Nanoparticles

In bulk ferromagnets the magnetization has a domain structure. These domains form to
minimize the magnetostatic energy of the material. As the size of a magnetic particle is
reduced down to the critical one the magnetic properties of the material are then dictated by
the particle anisotropy and shape rather than by the microstructure of the bulk magnets. There
are two main sources of magnetic anisotropy — magnetocrystalline anisotropy and shape
anisotropy. Magnetocrytalline anisotropy is determined by the atomic structure of a crystal,
which introduces preferential directions for the magnetization (easy axes). The easy and hard
directions arise from the interaction of the spin magnetic moment with the crystal lattice
(spin-orbit coupling). Shape anisotropy appears when a particle is not perfectly spherical. The
demagnetizing field will not be equal for all directions, creating one or more easy axes.

A single-domain : multi-domain
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Fig. 2: Coercivity as a function of particle size.
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Let’s have a look on coercivity as a function of particle size (Fig. 2). For large sizes the
particles are multi-domain becoming more bulk-like with increasing size. Below a critical
particle size domain walls will no longer form due to energy considerations and single domain
particles are stable. This critical size corresponds to the peak in the coercivity in Fig. 2. The
peak position on the particle size axis is dependent on the values of anisotropy and
magnetization. Below the coercivity maximum the particles remain stable until the effects of
temperature destroy the ferromagnetic order. The particles are then superparamagnetic. The
superparamagnetic size strictly depends on the magnetocrystalline anisotropy of the material
[11].

3.1 Superparamagnetism

An assembly of non-interacting single-domain isotropic particles behaves like classical
paramagnetic matter but with very high (~10° —10* ug) effective magnetic moment x per
particle [12]. If the influence of thermal energy is high enough the magnetic moments of the
nanoparticle are randomized unless a magnetic field is applied. In thermal equilibrium the
average magnetic moment of assemble has the following expression [12]:

<y >= p-(coth(uH [KT)—KT / uH) . (1)

Such substances with a huge magnetic susceptibility, whose average magnetic moment is
represented by equation (1), are called then superparamagnetic.

3.2 Néel relaxation. Blocking temperature

Equation (1) is valid only in case of negligible anisotropy energy, but real single-domain
particles are anisotropic. In the normal conditions the magnetization direction inside particle
is along the easy axis. The two states of magnetization of a uniaxial magnetic particle are
separated by an energy barrier (Fig. 3), K,V, where K, is the anisotropy energy density and V
is the particle volume [11]. If the thermal energy, kT, becomes comparable to the barrier
height there is an increased probability of the magnetization reversing.

Fig. 3: Double potential well with two possible orientations of particle magnetic
moment.
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This thermally activated switching in case of non-interacting single-domain nanoparticles
with the uniaxial magnetic symmetry follow the Néel relaxation law [12]:

KV
KT

T =1, exp(

) )

where 7 is the relaxation time and 7o is a constant.

In case of hard disks stability over a time scale of, for example, 10 years gives a stability
criterion of K ,V/KT > 40 [13].

The value of 1 is typically in the range 10™"° =107 s [12,14]. The actual magnetic behavior of
nanoparticle assemble depends on the value of the measuring time, e, Of the specific
experimental technique with respect to the relaxation time.

If zexp >> 17, the relaxation is fast and a time average of the magnetization orientation is
observed during the measurement time. In this case the assembly of nanoparticles behaves
like a paramagnetic system. If ze, << 7, the relaxation is slow and non-equilibrium properties
are observed. The two cases are separated by the blocking temperature, Tg. It can be defined
from the expression zey =

KV Tex
T, == Inl(—”j- 3)

Near Tg changes of magnetization reorientation occur with relaxation times comparable with
the time of a measurement. Well below Tg the thermal agitation can be neglected and
magnetization has static behavior.

It is quite hard to define Tg uniquely. The values of 7., depend on the experimental
technique. In case of Mosshauer spectroscopy tex, is of the order of a few nanoseconds while
in static magnetization measurements the timescale is typically of the order of 1 s. Therefore,
the same nanoparticles can be in the superparamagnetic state in static magnetization
experiments and in the blocked state in Mossbauer spectroscopy experiments [12,14].
Nevertheless, there are some general properties of the Tg: the blocking temperature increases
with nanoparticle size increase and for a given particle size increases with decreasing
measuring time. The highest possible value of Tg is represented by the Curie (or Néel)
temperature, when the magnetic moments of each particle disappear [12].

4 Small-Angle Neutron Scattering

There are several possible ways for neutron to interact with a matter. In general, neutrons can
be absorbed or captured with all the corresponding consequences or neutrons can scatter on
the atoms and inhomogeneities either elastically or inelastically. Small-angle neutron
scattering (SANS) is an elastic coherent scattering of neutrons [15]. The typical neutron
wavelength used in SANS experiments is in the order of several angstroms [16]. Since
distances between atoms in a substance are of the same order as neutron wavelength the
coherent scattering picture is concentrated in small-angle region. That is why this method
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received its name. In SANS experiment one registers a dependence of scattering cross-section
(scattering intensity 1) on modulus of scattering vector g (i.e. on scattering angle):

q:%sine, 4)

where 4 is the neutron wavelength and 26 is the scattering angle.

The intensity of small-angle neutron scattering is a superposition of particle form- and
structure factors. From the form-factor dependence on the scattering angle one obtains
information about distribution of the scattering density inside scattering particles (size, shape,
etc.). The structure-factor gives information about particle displacement (radial distribution
function).

In 1939 Guinier derived a general expression for the g-dependence of scattering intensity at
small angles, which gives number of scattering parameters directly from scattering curve [15]:

R2 2
1(q~0)=1(0) exp(—gTqJ. (5)

Here 1(0) is called zero scattering intensity and contains information about amount of the
scattering particles and Ry is a gyration radius, which as in mechanics is directly connected to
particle dimensions.

4.1 Contrast variation. Basic functions

In contrast to X-ray scattering the amplitude of neutron scattering depends on atomic number
in random way. Thus, for example, it made it possible to detect signal from hydrogen
containing substances of the background of heavy atoms such as iron, copper and so on.

If we consider particles placed in the certain solvent, we have to take into account that the
scattering intensity will not be proportional just to square of the average particle scattering
density but to the square of difference between the average scattering density of the particles
and scattering density of the solvent. This difference is called contrast. If the scattering
densities of the particle and of the solvent are equal the neutrons doesn’t “see” the particles,
since the solution represents a homogeneous continuum, and waves scattered into any
direction will be extinguished. The neutrons give a brilliant possibility to study complex
structures “step-by-step” since one can use hydrogen/deuterium substitution in the solvent or
in some part of the particle. It will significantly change scattering contrast of the system
revealing scattering features that were buried in case of fully protonated system. The idea and
theory of such influence on system contrast was developed by H.B. Stuhrmann and is known
as contrast variation [17].

He showed that scattering intensity can be expanded into series of contrast [17]:

1(@) = 1,(a) + Al (@) +(2p)° 1. (a) (6)
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where s, Ics and I are called basic functions, Ap is a contrast. Is gives the residual scattering at
zero contrast — scattering on density fluctuations. I dominates at high contrasts and represents
thus the scattering intensity of the particle shape. I is a cross-term.

The parameters of Guinier approximation (5) have the following dependences (see for
example [18]):

1(0) =nV;(Ap)* and Ry =R? +a/Ap—B/(Ap), (7)

where R and V. are particle gyration radius and corresponding volume, n particle number
density, a and S are the parameters describing the relative distribution of the “heavy” and
“light” components inside particles [16].

This is only valid for monodisperse non-magnetic particles. In case of polydisperse and
magnetic particles, whose scattering density also depends on size, one has to make averaging
of equation (6) over the particle size distribution function. Nevertheless, as it was shown in
[18] it is still possible to derive the final expression to the same form as (6), but with modified
basic functions and modified contrast:

1) = 1,(@) + 851 (@) +(25)* . (a) (8)

Here Ap is the modified contrast — the difference between effective average scattering
density of the particles p, and solvent [18].

Since magnetic scattering doesn’t depend on contrast, its contribution enters into the fs
modified basic function. Among all of the modified basic functions, which are now the
expressions of classical basic functions, the modified basic function fc is just the average of

the classical shape scattering basic function I; over the polydispersity function.
The parameters of Guinier approximation have qualitatively different from (see [18] for more
details):

1(0) =n(Ap)’ <VZ >+n<(p—p,)° V. >+(2/3)np’ <V? >, (9a)
< VIRZ> A B D
R2 = <070+7_7 1+—— |,
TevE s Tap (Aﬁ)z}/ { (Aﬁ)z} 0)

where pn, and Vy, are magnetic scattering density and magnetic volume of the particle, A, B, D
are parameters and <...> denote averaging over polydispersity function. Now it is impossible
to find a scattering density of the solvent which would zero contrast from all of the particles
in solution simultaneously, so there is always residual scattering intensity at the effective
match point (where Ap=0): due to polydispersity (the second summand in equation (9a))

and contrast independent magnetic scattering (the third summand in equation (9a)).
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4.2 Core-shell structure

Magnetic nanoparticles in ferrofluids are of core-shell structure. As an example let’s consider
a simple case of monodisperse non-magnetic nanoparticles (Fig. 4).

ps -

Fig. 4: Schematic representation of the particle core-shell structure. p, and p, are

scattering densities of the particle core and shell (p = (V,/V,) o, + 1-V,/V,) 2,
is the average particle scattering density), p, is solvent scattering density. Ro
and R; are the radii of particle core and shell.

The expression for scattering intensity in this case consists of the core and shell contributions:
I (q) = n[(ﬁl _ﬁs)vlq)(qu) - (/51 _,50)\/0q)(qR0)]2 ) (10)

where Vp and V; are the particle and “particlet+shell” volumes and @(x) is the spherical
scattering amplitude: @(x) =3(sinx—xcosx)/ x® [16].

Combining the members at contrast Ap = p— p,, the three basic functions in equation (6) can
be derived analytically:

1,() = V2 (5, — B, [D(ER,) ~ D(AR,)T (11a)
1., (@) = 20V,Y, (3, — 2,) D(R)[D(AR,) ~ DGR )I(A0) (11b)
1,(q) = V2% (AR (Ap)?. (110)

To obtain the three basic functions one has to measure scattering curves for at least three
contrasts, then the system of equations of type (6) can be easily solved and compared to the
analytical result.

In case of magnetic nanoparticles one has to add a magnetic contribution in equation (10), the
square of magnetic form-factor Fy:

Fa (@) =[o Vo ®@R,)I . (12)
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In case of SANS with non-polarized neutrons on diluted unmagnetized samples of ferrofluids,
the total scattering intensity contains contributions of nuclear form-factor and 2/3 of magnetic

form-factor (for more details refer to [19]):

JORHORHO!

(13)

As a first example we consider organic magnetic fluids which are polydisperse magnetite
(Fe,O3) nanoparticles coated with a single layer of oleic (OA) or myristic acid (MA) in

benzene [20].
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Fig. 5: Contrast variation curves of SANS on diluted ferrofluids:

@ - MA

stabilization, (b) — OA stabilization. The amount of D-benzene in the solvent
(i.e. contrast) is indicated in the legend.

For changing system contrast initial concentrated magnetic fluids (based on CgDg) were
diluted with different mixtures of D- and H-benzene, so that the D-benzene content in the
final solution was varied within interval 10-100 % (10-12 points). The final magnetic particle
concentrations in ferrofluids were 0.8 % and 0.7 % in case of MA and OA stabilization
respectively. The whole set of obtained scattering curves at different contrast are presented in
Fig. 5.

To each of the scattering curves in Fig. 5 the Guinier approximation (5) was applied and the
dependences (9) were obtained (Fig. 6):
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Fig. 6: The parameters of the Guinier approximation (5) fitted according to equations
(9). (a) — zero scattering intensity dependence on deuteration of the solvent and
(b) — dependence of gyration radius on inversed contrast.

The effective match points were determined from parabolic fitting of curves in Fig. 6a as
34.2+ 0.4 % and 63 + 3 % of the D-benzene content for MA and OA fluids, respectively. The
corresponding scattering density’s values are (2.64 +0.03) x 10"® cm™ and (3.86 + 0.15) x
10™ cm™. Taking into account the quasi-spherical shape of particles in magnetic fluids the
characteristic radius of the whole particle was calculated from the fit results were calculated
to be 5.0+ 0.1 nm (MA) and 10.3+0.1 nm (OA) [20]. Thus, combining the results of the
calculated effective match point, which shows that OA sample contains more of heavier
component (magnetite) in the particles, and radius of the particles one can speak about size
regulation effect when using such two surfactants to synthesize the ferrofluids. The particle
size, which comprises both the mean size and polydispersity, in OA fluid is twice larger as
compared to MA fluid.

From the whole set of scattering curves the three basic functions from equation (8) were
calculated. The best way to check the reliability of the calculated basic functions is to
compare Is basic function, which is a residual scattering intensity at zero contrast, with the
scattering curve close to math point (Fig. 7). As one can see, the Is basic functions coincide
well with measured SANS curves which confirms correctness if the basic function separation.
Comparison of the shape scattering basic functions 1. for two magnetic fluids directly
confirms the results of fit of gyration radius dependence on inversed contrast in Fig. 6b with
the expression (9b). The I basic function in case of OA stabilization is more steep than MA
sample, which is the results of larger particles in the ferrofluid.
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Fig. 7: Calculated basic functions of expression (8). (a) represents Is basic function of

the residual scattering and (b) — I shape scattering basic functions. I is not
shown due to the lack of its transparent interpretation.

For the next example we consider water-based magnetic fluids. Performing the same steps for
sample dilution with different ratios of H,O and D,0 as for previous ferrofluids the SANS
contrast variation curves were measured in 10 contrast points for each sample (Fig. 8) [21,22].
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Fig. SANS contrast variation curves for water-based magnetic fluids with double

layers of lauric (LA) (a) and myristic acid (MA) stabilization (b). The ration of
D0 in the solvent is indicated in the legend.

As one can see, Guinier region, which is represented by a plateau at small g-values, is
inaccessible here due to an aggregation in ferrofluids. The water-based magnetic fluids
require double stabilizing shell around magnetic nanoparticles. The second layer is quite weak
and its molecules are in equilibrium with the free surfactant in the solvent. The equilibrium is
very sensitive to external actions and such ferrofluids are usually characterized by the
existence of aggregates (see for example [23]).
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Nevertheless, the three basic functions (8) were calculated, among them the most informative
shape scattering basic function I (Fig. 9a). From the more steep I curve of LA magnetic fluid
one can easily say that particles (aggregates) in the sample are large than in MA sample.

10 0.25- —— TEM of separate particles
— Indirect Fourier Transform of | (q)
o 1 0.204 MA Indirect Fourier Transform of scattering
g 3 curve of the sample on H,0
LA
8 0.15-
8 0.1+ =
= =
—° 0.10
0.014 MA
0.05- LA
1E-34
: i 0.00 T T T T l
0.1 1 0 10 20 30 40 50
g, nm” r, nm
(@) (b)

Fig. 9: Shape scattering basic functions for both ferrofluids. Line shows fit according
to Indirect Fourier Transformation [24] (a). The pair distance distribution
functions calculated from the shape scattering basic functions, scattering
curves of the samples in pure H,O and compared to the results of Transmission
Electron Microscopy measurements [22] (b).

The comparison of pair distribution functions calculated from I basic function and scattering
curves of ferrofluids on H,O, where due to a weak contrast between shell and water the
scattering originates mainly from magnetite core, are compared to the results of Transmission
Electron Microscopy, when only single particles were taken into account (Fig. 9b). In both
cases experimental curves give broader p(r) function pointing to the existence of large
aggregates in the samples. In case of LA sample the maximum r-value of p(r) functions are
different on 7 nm. This can be associated with shell (~3.5 nm) around the particles which is
apparent in I; function, but not in scattering on H,O-based sample. In MA sample the p(r)
functions coincide, so in this sample the aggregates consist of nanomagnetite with one
incomplete layer of the surfactant [21,22].

In case of maghemite water-based ferrofluid stabilized by short citric ions (charge
stabilization [25]) the particles can be considered as homogeneous [26]. The Coulomb
interaction is compensated with the addition of NaCl to the solvent. In that case, the result of
SANS contrast variation experiment gives directly two characteristic sizes of the particles —
nuclear and magnetic [18]. The dependence of the gyration radius on contrast together with its
fit is presented in Fig. 10.

The difference in magnetic and nuclear radii of around 3 nm could hardly be explained as the
existence of magnetically dead layer on the edge of maghemite nanoparticles in the ferrofluid.
As it was shown such a difference can be explained as a result of non-uniform charge
distribution on the surface of the particles and as a result the existence of residual Van der
Waals interaction (for more details refer to [26]).
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Fig. 10: The dependence of the gyration radius on contrast and its fit according to [18].

4.3 Polarized neutrons. Magnetic scattering

When polarised neutrons are used with the neutron spins aligned antiparallel (+) or parallel
() to the direction of an applied magnetic field H scattering intensity depends on the neutron
spin state [27,28,19]:

1 (q) = F¢ (@) +[Fy (@) —2F (a) Ry, (a)1sin’ ¢, (14a)
17 (a) = FZ(a) +[Fy () + 2F, (a) Fy, (@)]sin® @, (14b)

where ¢ is azimuthal angle in detector plane.
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Fig. 11: Separation of nuclear and magnetic scattering contributions for magnetite
ferrofluids based of deuterated cyclohexane and stabilized with oleic (a) and
myristic acid (b).
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Thus, character of the scattering is anisotropic now. By making cuts of scattering pattern for
both intensities in sectors 0° with 180° and 90° with 270° and solving the system of equations
(14) one can separate nuclear Fy and magnetic Fy contributions [29,30]. Separation of nuclear
and magnetic scattering on the example of organic ferrofluid is represented in Fig. 11.
Different magnetic and nuclear radii calculated from Guinier approximation point to a
complex correlation between the magnetic moments of the particles. These correlations differ
qualitatively for the two samples [30].

When a polarization analysis of the scattered beam is applied four types of scattering
processes are distinguished, two for conserving the neutron spin (F)? and (F)? (non spin
flip scattering, NSF) and two with reversal of the spin with the scattering (F)? and (F )?
(spin-flip scattering, SF) [27,28,19]. In a particle of radius 4 nm, about 50 % of atoms lie on
the surface. The concept of a well-defined super-moment breaks down. Single domain
nanoparticles still have uniform magnetization direction, but their spin configuration is not so
transparent [31]. In real particles, the surface region thickness is very sensitive to particle
shape distortion, surface roughness, surface impurities, defects (like vacancies),
compositional inhomogeneity, surface chemical bonds with environment, etc [12]. In
literature one can find several possible descriptions of particle spin configuration (see for
example [32]).

For the first time the magnetically distinctive core-shell morphology was “seen” in the work
[33], where the polarization analysis was successfully applied to directly extract the average
spatial distributions of magnetic moments and their correlations. From the obtained scattering
in perpendicular direction to the applied magnetic field the authors conclude that magnetic
shells of nearly uniform magnitude and direction around the magnetic core exist.

5 Conclusions

Magnetic nanoparticles in general and magnetic fluids particularly nowadays are widely used
in technics and are very promising for biomedical applications. For the latter case structure
and properties of the substances have to be known beforehand in order to control the synthesis
process. The small-angle neutron scattering together with contrast variation technique plays a
crucial role in particle structure definition. The newly developed approach of basic functions
in contrast variation experiments for the case of polydisperse magnetic nanoparticles opens
new possibilities for structural determination. Compared to the monodisperse case, the
contrast dependence of scattering integral parameters for the polydisperse system contains a
number of additional parameters comprising information about polydispersity function of the
system; their analysis increases the reliability of experimental results. As to the SANS data
fitting according to supposed particle models the contrast variation technique results in
additional parameters, which can be included in the fit function as constants, thus reducing the
number of free parameters and increasing the reliability of the fit.
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