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Small-angle X-ray scattering (SAXS) provides a direct probe of structure over nanometre to
sub-micrometre length scales and is widely used to characterize particle-based soft materials. This
tutorial provides a hands-on introduction to the analysis and interpretation of SAXS data, with par-
ticular emphasis on connecting scattering features to particle structure, interparticle interactions,
and collective organization. Using silica nanoparticle suspensions as a starting point, we introduce
background subtraction, absolute intensity normalization, the scattering invariant, volume fraction
determination, and form-factor analysis. We then consider salt-induced colloidal gelation and ex-
amine the evolution of the structure and rheological properties during gel formation using fractal
and asymptotic models. Finally, we discuss SAXS from concentrated hard-sphere-like suspensions,
focusing on the structure factor, compressibility, interparticle correlations, and the emergence of
glassy behavior. Throughout, the emphasis is on practical data analysis and on developing a phys-
ical understanding of the information contained in SAXS measurements.

Please bring your laptop equipped with at least one
software for basic data manipulation, and pre-install
SasView from https://sasview.org. Having access
to MATLAB, Python, or alternative data analysis soft-
wares is highly recommended for more advanced anal-
ysis. Please download the tutorial data at https://
perso.ens-1lyon.fr/thomas.gibaud/cocogelsaxs/

I. INTRODUCTION

Small-angle X-ray scattering (SAXS) is a powerful
technique for probing the structure of soft materials over
length scales ranging from a few nanometres to hun-
dreds of nanometres. Because the scattered intensity
contains information about both the individual parti-
cles and their spatial organization, SAXS can be used
to investigate particle size and shape, interparticle cor-
relations, aggregation, gelation, and phase transitions.

The interpretation of SAXS data, however, requires
more than fitting a scattering curve with a model. Ex-
perimental normalization and background subtraction
must first be carefully considered, while the separation
of particle form factors from collective structure requires
measurements over an appropriate range of concentra-
tions and wavevectors. Moreover, apparently simple fea-
tures of a scattering curve, such as a low-¢ upturn or a
peak in the structure factor, can originate from very dif-
ferent physical mechanisms. Establishing the connection
between these features and the underlying structure is
therefore an essential part of SAXS analysis.
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This tutorial develops this approach through a se-
ries of practical examples. We first analyze dilute sil-
ica nanoparticle suspensions to introduce basic SAXS
concepts, including background subtraction, the scatter-
ing invariant, volume fraction, and particle form factors.
We then consider the destabilization and gelation of sil-
ica nanoparticles following the addition of salt, using
the evolution of the scattering intensity and rheolog-
ical response to connect microscopic aggregation with
the formation of a space-spanning network. Fractal and
asymptotic descriptions are introduced to characterize
the structures that emerge during gelation. Finally, we
examine concentrated hard-sphere-like suspensions and
use the structure factor to discuss interparticle correla-
tions and compressibility.

The objective is not to provide an exhaustive review of
SAXS analysis, but rather to develop a practical frame-
work in which scattering data, mathematical models,
and physical interpretation are considered together. The
exercises are designed to encourage the reader to move
from raw experimental data to quantitative structural
information and, ultimately, to a physical description of
the material.

II. FROM RAW DATA TO FORM FACTOR

Small-angle X-ray scattering is used to characterize
aqueous silica nanoparticle (Ludox SM) suspensions.
Four samples of weight concentrations ¢, are measured
in quartz capillary of with width e = 2 mm (see Tab.

and Fig. .
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Sample ¢, (wt%) Data file
LudoxHS 0.0025  I_HS1.txt
LudoxHS 0.025 I_HS2.txt
LudoxHS  0.25 I_HS3.txt
LudoxHS 1 I_HS4.txt

Water / I_water.txt

Table I. SAXS datasets.
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Figure 1. SAXS intensity I(¢q) normalized by the capillary
width for Ludox HS suspensions at different silica concentra-
tions and for water.

A. Raw data

1. Load the five experimental datasets and plot the mea-
sured intensities I(¢q) in mm~! on a log-log scale after
dividing the raw intensity by the capillary width e.

2. Why is this normalization by e necessary?

3. At large ¢, do the silica samples approach the water
scattering curve? Discuss the physical origin of this
behavior. What is the expected water scattering in-
tensity at ¢ ~ 1 nm~! [1]?

B. Background subtraction
The scattering intensity from the silica suspension is
approximated by

Tsam elq Iwacrq
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1. Ideally, what should be the value of a?

2. Plot the resulting I(¢q) on a log-log scale. Why is a
logarithmic representation useful for SAXS data?

3. How can you assess whether the background subtrac-
tion is correct? Plot ¢%I(q) and ¢*I(q). How are those
representation useful?

C. Absolute intensity, invariant and volume
fraction

1. Show that the volume fraction corresponding to the
mass fraction c,, is

Cw/dsio,
Cw/dSiOg + (]- - Cw)/dw7

with densities dgio, =

1.0 gecm 3.
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2. For a two-phase system, the scattering invariant [2H5]
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where 7. = 2.871 x 1076 nm is the classical electron
radius and Ape = p§;0, — Py, = 318 enm 3. Justify
this value of Ap,.

3. Calculate @ for each sample, taking care with the
units, and determine the corresponding volume frac-
tion from

1—1—44 Q

with A =

0= 2 212r2(Ape)?’

Note: After background subtraction, I(¢) may occa-
sionally become slightly negative, particularly at large
or low ¢ where the sample and background intensi-
ties are comparable. Such values are not physically
meaningful and can significantly affect the numerical
evaluation of the invariant ). Care should therefore
be taken when selecting the g-range used for the inte-
gration and when assessing the uncertainty associated
with the background subtraction.

4. Plot ¢.,, versus ¢ obtained from the invariant. Discuss
possible deviations arising from imperfect background
subtraction, finite g-range, uncertainties in density or
electron-density contrast, sample preparation, and in-
strumental normalization.

5. Plot I(q)/¢ for all four concentrations on the same
graph. Why do the curves collapse onto a master
curve at large ¢, but not necessarily at small ¢7

D. Form factor

1. Which I(q) dataset is best suited to determine the
form factor of the nanosilica spheres?



2. Why is it useful to perform a dilution series when
determining the form factor?

3. Fit the data using SasView. What parameters do you
obtain, and how do they compare with the expected
nanosilica size?

III. COLLOIDAL HARD-SPHERE

This tutorial aims to understand how the microscopic
interaction between particles determines their structure,
and how this structure can be probed using small-angle
scattering. The system considered here is a concentrated
suspension of charge-stabilized polystyrene (PS) spheres
in glycerol (see Tab. [lIl and Fig. 2| [6]) which behave as
hard sphere colloidal system [7H9].

Sample ¢ (%) Data file
PS  0.027 I_PSi.txt

PS 0.13 I_PS2.txt
PS 0.28 I_PS3.txt
PS 0.34 I_PS4.txt
PS 0.49 I_PS5.txt
PS 0.52 I_PS6.txt

Table II. SAXS datasets.
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Figure 2. SAXS intensity I(q) for charge-stabilized
polystyrene (PS) spheres in glycerol at different volume frac-
tions and their structure factor. Background solvent is al-
ready subtracted from the data.

A. What is a hard-sphere system?

1. Define a hard sphere in terms of its interparticle in-
teraction and sketch the interaction potential U(r) as

a function of the center-to-center distance r between
two particles.

2. What is the relevant physical parameters of a hard-
sphere suspension that controls its phase diagram?
Does the phase diagram of hard sphere depend on
the temperature?

3. Explain it in term of free energy. More precisely, What
is the free volume available to a particle? How does
it change with increasing volume fraction ¢?

4. How can the competition between the entropy of the
disordered fluid and the free volume available in the
ordered crystal drive the fluid—crystal transition?

B. What can we learn from the scattering
intensity?

The measured scattering intensity is written schemat-
ically as I(q) x P(q)S(q), where P(q) is the particle
form factor and S(g) is the structure factor.

1. What information about the particles is contained in

P(q)?

2. What information about the spatial organization of
the particles is contained in S(gq)?

3. Is the system monodisperse or polydisperse? What
features of the scattering curves support your answer?

4. What features of S(g) can provide information about
the nature of the interparticle interactions?

C. What is the physical meaning of S(0)?

1. What does the limit ¢ — 0 correspond to in real
space?

2. What does a large value of S(0) compared to the value
1 indicate? What does a small value of S(0) compared
to the value 1 indicate?

3. Can S(0) ever be exactly zero? What would this imply
about density fluctuations?

4. For an equilibrium fluid, the static structure factor
satisfies the compressibility equation. Why is S(0)
therefore related to the equation of state, P(¢) (for
an ideal gas, P o ¢)?

5. Why does an interacting hard-sphere system deviate
from the ideal-gas equation of state? Explain phys-
ically why the pressure increases more rapidly than
the ideal-gas pressure as the volume fraction of hard
spheres increases.



D. What it the meanning of the first correlation
peak in S(q)?

1. A pronounced peak is observed in the structure factor
especially at high ¢. What is the physical origin of
the peak in S(q)?

2. What does the position ¢* of the peak tell you about
the spatial organization of the particles?

3. Associate a characteristic real-space length with ¢*:
05 o~ 28 Tg g* necessarily equal to the nearest-
neighbor distance? Explain why or why not.

4. What information is contained in the height of the
peak? What information is contained in its width?

5. How does the peak evolve when ¢ is increased? Justify
q* o /3 [10).

E. Fit

One of the primary objectives of this section is to ex-
tract the effective hard-core particle size (dg) and the
thermodynamic packing fraction (¢) from dense colloidal
suspensions via Small-Angle X-ray Scattering (SAXS)
analysis. To achieve this, the structural arrangement
of the interacting spheres must be accurately modeled
through the structure factor, S(gq), which is fundamen-
tally rooted in liquid-state theory. The spatial cor-
relations of the fluid are governed by the Ornstein-
Zernike (OZ) integral equation. To solve this math-
ematically underdetermined system, the Percus-Yevick
(PY) closure relation, originally derived by Percus and
Yevick [I1], is applied. For ideal monodisperse hard
spheres, this was solved analytically by Wertheim [12]
and Thiele [I3], and later expanded to multicomponent
hard-sphere systems by Lebowitz [I4]. When accounting
for sizing parameters in realistic experimental distribu-
tions, structural calculations can be computed utilizing
either the loose Gazzillo Scaling Approximation [I5] or
evaluated rigorously via Vrij’s exact multicomponent so-
lution [I6], which can be coded efficiently using modern
matrix reformulations [I7].

1. What are the fundamental physical hypotheses behind
the Percus-Yevick framework?

2. Fit the experimental scattering intensity, I(q), within
the OZ and PY framework. Explain why there are
two radius in the fitting, the hard core particle radius
and the effective particle radius. Beware that they
are many variations of OZ-PY codes; make sure you
understand the code you use.

3. How does S(0) compare to the
state proposed by Carnahan-Starling for

equation of
hard

2_ 3 .
spheres [18], kaT = 1+f’1‘t¢;)3¢ , leading to S(0) =
(1-¢)"

P15 |

4. If the colloidal system has even mild size polydisper-

sity (s > 0.10), the structural peak in S(g) broad-
ens and dampens. Discuss the physical difference be-
tween handling this using Vrij’s exact multicomponent
solution [I6] versus using a local monodisperse ap-
proximation with a decoupling correction factor (like
SasView’s 8(q) method). Which framework preserves
the true size-dependent cross-correlations and why?

IV. COLLOIDAL FRACTAL GELS

Rheo-SAXS is used to characterize the time evolution
of an aqueous dispersion of Ludox SM nanoparticles in
presence of NaCl as it forms a gel (see Tab. [l1I| [19] and

Fig. [3).

Sample ¢ (s) Data file

Ludoxgel 231 I_gelseriel.txt
Ludoxgel 731 I_gelserie2.txt
Ludoxgel 1231 I_gelserie3.txt
Ludoxgel 1731 I_gelserie4.txt
Ludoxgel 2231 I_gelserieb.txt
Ludoxgel 4731 I_gelserie6.txt

Table III. SAXS datasets.

A. Gelation of Ludox particles with addition of
salt

1. Using the same silica particles as in the previous sec-
tion, we now add salt. From an interaction point of
view, explain why adding salt can destabilize the sus-
pension and lead to gelation.

2. Why are equilibrium liquid-state theories, such as the

Percus-Yevick approximation used for the Hard sphere
in previous section, fundamentally inadequate for de-
scribing the structural properties of out-of-equilibrium
colloidal gels |20, 21].

3. The data series Ludoxgel correspond to the scattering

from a suspension of Ludox HS silica nanoparticles
dispersed in water with NaCl at 500 mM, at ¢, =
10 %w measured at as function of time ¢t. The data
files correspond to the viscous and elastic moduli, G”
and G’, of the same dispersion as a function of time.
Plot G’ and G” as a function of time. Plot I(g,t) and
q*I(q,t) as a function of ¢. Plot S(q) as a function of

q.
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Figure 3. SAXS intensity I(q) for gel as a function of time.
Background solvent is already subtracted from the data.

4. Explain the emergence of strong forward scattering

with time. Based on scaling arguments, what is the
low-q structure that develops during gelation. For t=x
determine its properties. Why does S(g) exhibit a
minimum below the baseline S(q) = 1?7 What does
this minimum correspond to, and why does its inten-
sity decrease with time? Make a sketch that illustrates
the gelation process.
B. Fit of the data

. Using a mass-fractal model [22H24], fit the data.

The mass fractal model decomposes as follows,
I(q) = Iy, P(q),S(q) where P(q) is the form fac-

tor of spherical silica nanoparticles, and S(q) =
1—-d
dsT(ds—1 =,
1+ f(q(g)gf ) {1 + (q%)2:| sin[(d; — 1) arctan(g¢)]
is the mass-fractal structure factor. Here, dy is the
mass-fractal dimension, and £ is the characteristic

cluster size, related to the radius of gyration R, by

Ry =&/ W. Explain why the model can accu-
rately describe either the low-q or the high-q regime,
but not both simultaneously.

. Develop an asymptotic model to describe the low-q

data. Justify whether a Guinier—Porod approxima-
tion [25] 26] based on Beaucage’s global unified frame-

2 p2

work m I(q) _ [0 €xXp (7q Rg/3) y 4 S q1, or an
9 I —df
Pq ) q>q1,

Ornstein—Zernike-type form generalized to a fractal
exponent [28], I(q) = [H—(q&IW’ is appropriate for
describing the data. Fit the data and plot the fitting
parameters as a function of time.

C. Other gels

. The data in I_supra.txt corresponds to the scatter-

ing intensity from a viologen-based supramolecular gel
exhibiting hierarchical self-assembly. From the high-
q data, we get the smallest self-assembled structural
unit in the hierarchy. Determine the shape and esti-
mate the geometrical characteristics of this unit.

. Propose a structure of the gel based on scaling argu-

ment and make a sketch that illustrate this structure.
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