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Chapter 1

Introduction
1.1

A Short History of Diffraction and Scattering

The phenomenon of diffraction might have already been observed in the prehistoric times, but
the first scientific approaches—by Francesco Maria Grimaldi, Christiaan Huygens, James Gregory and Isaac Newton—date to the mid 1600s. The start of the 19th century saw important
developments in the understanding of diffraction and scattering, with the famous experiment
of Thomas Young in 1803 and the wave theory formalized by Augustin-Jean Fresnel between
1815-1818, based on Huygens’ ground-breaking study.
X-rays were discovered at the end of the same century by Wilhelm Conrad Röntgen (1895),
and they were used for radiography already in the next year. Diffraction of X-rays on crystals was
first reported by William Henry and William Lawrence Bragg in 1912 [1, 2], and in the following
years, up to the 1930s the groundwork of X-ray diffraction was laid by the two Braggs, Max
von Laue, Peter Debye and Paul Scherrer, among others [3–7]. During these times, small-angle
scattering (SAS) was interpreted as an instrumental artifact, originating from the not properly
adjusted slit system (collimation). P. Krishnamurti and B.E. Warren were the first to realize
(and publish) that the beginning part of the diffractogram might carry structural information
[8, 9]. The larger part of the theory of small-angle X-ray scattering (SAXS) was formalized by
André Guinier [10, 11], Peter Debye [12–14], Otto Kratky [15, 16], Günther Porod [17–20], Rolf
Hosemann [21], Vittorio Luzzati [22] and several others between 1940 and 1960. Since then,
X-ray instrumentation underwent a rapid improvement with the usage of synchrotron radiation
and better detectors, which made new families of materials able to be investigated by SAXS.
This in turn brought on the development on the theoretical side, a process continuing to this
very day.
Neutrons were discovered in 1932 by James Chadwick, and a decade later they were used
for diffraction, thanks to Ernest O. Wollan, Lyle B. Borst, Walter H. Zinn, Enrico Fermi, Clifford Shull and other scientists at the X-10 pile (now ORNL) [23–26]. The first small-angle
neutron scattering (SANS) instrument was commissioned at the research reactor of Institut
Laue-Langevin (ILL) in Grenoble, France. This beamline, called D11 is still operational.
SAXS and SANS are very similar research methods, having several properties in common.
Although this thesis work deals with the former one, many of the considerations may be applicable
to SANS as well. The differences and similarities of the two will occasionally be noted.
12
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Small-Angle Scattering as a Method in Structural Research

Because SAXS is a relatively rarely used and not so well-known method, it is usually helpful
to compare it to other measurement techniques, which can yield similar results or work along
analogous principles.

1.2.1

Scattering versus Diffraction

The physics behind SAXS and X-ray diffraction (XRD) is the same: the scattering of X-rays by
matter. The differences between these two methods are only technical. Goniometers (such as
the Bragg-Brentano geometry) are well-suited for the detection of X-rays scattered under higher
angles. SAXS, on the other hand needs a very fine, focused or parallelized X-ray beam since the
majority of incident photons do not interact with the sample, and this so-called un-scattered or
primary beam might overshadow the relatively few scattered photons, or in the worst case would
saturate and damage the detector.
Another difference lies in the structural features detectable by the two methods. As it will
be discussed later, there is an inverse proportional relation between the scattering angle1 and
the characteristic distances in the sample. Thus—assuming Cu Kα radiation for the moment,
with 0.1541 nm photon wavelength—the high-angle range corresponds to a few tenths of nm
(Ångströms), while at lower angles larger size scales manifest themselves, up to several hundreds
of nanometers, or even micrometers in specialized ultra-small-angle X-ray scattering (USAXS)
instruments. Since the structural properties appearing at the two angular ranges are different
(crystallinity in the XRD case and a vast selection of nano-forms for SAXS), the obtained scattering patterns and curves will be different, needing special treatment and interpretation (model
fitting).
Fig. 1.1 illustrates the above on the calculated scattering curve of an ensemble of nano-sized
grains of a simple cubic crystal. The same dataset has been plotted in two representations:
intensity versus 2θ, the scattering angle in a log-lin scale the left side (typical for XRD measurements) and a double logarithmic plot of the scattered intensity as a function of q ≡ 4π sin θ/λ,
the momentum transfer (introduced below in 1.3.2), as SAXS results are commonly visualized.
The XRD graph shows the features of a typical diffraction curve, namely sharp Bragg-peaks,
originating from the discrete translational symmetry of the sample. A logarithmic scale on
the horizontal axis, however, reveals that the range of smaller angles also carries much information. While the wide-angle regime describes the structure at mostly the length-scale of
atomic/superatomic organization, the small-angle range gives information on the overall size of
the crystallite.
The other curve plotted with a thin, green line on the right graph shows the scattering of
an equivalent ensemble of nanospheres. Here, equivalence means that the spheres have the same
diameters as the crystallites, and they contain the same number of electrons as the crystallites
do, but these are dispersed homogeneously, thus without atomic structure. The two curves match
each other well at the small angle range, difference is only found at wider angles. Indeed, SAXS
cannot resolve the internal structure of the nanospheres, while from XRD one cannot (directly
and accurately) give information on the nanosize2 .
1

to be more exact, the sine of the half of the scattering angle
There are techniques (Bertaut’s principle, Scherrer equation, Warren-Averbach and Williamson-Hall methods), which make connections between the profile of the diffraction peak and the size of the crystallite. This is,
however, based on the “perfectness” and the extent of the crystalline order, and not on the real grain size, which
can contain multiple crystal domains
2
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Figure 1.1: Simulated scattering curves of an ensemble of spherical nanocrystallites (diameter:
20 nm, σ = 1 nm) of a simple cubic lattice (spacing: 0.5 nm, σ = 0.01 nm). Left: XRD
representation with linear 2θ scale on the angular axes). Right: SAXS representation, double
logarithmic plot

Fig. 1.1 also visualizes the difference between XRD and SAXS. The wide angle range corresponds to sizes of a few Ångströms, where mostly crystal structure appears, thus instrumentation
and data interpretation is geared towards detecting, resolving and assigning diffraction peaks.
On the other hand, a vast and diverse collection of structural features and morphologies may
appear in the size range of SAXS (starts from a few nanometers and extending up to several
microns). Therefore the interpretation of SAXS results is usually not straightforward and often
involves model fitting or computer simulations.

1.2.2

Scattering versus Microscopy

There is a significant overlap between the resolvable size range of transmission electron microscopy (TEM) and SAXS. TEM is a direct, visual method, capable of describing morphology
in an intuitive way. Its drawbacks, where SAXS can come to its aid are the need for drastic sample preparation (which can severely affect the native structure) and the subjectivity of the results
(human bias). In comparison, samples are usually tractable in their native state for SAXS: even
in situ measurements can be made.
In contrast to TEM, which allows single-particle detection, SAXS is an ensemble-method.
This precludes discerning features of distinct particles, but on the other hand the statistical
significance is better, the scattering signal originating from a larger volume (in the magnitude of
1 mm3 ), compared to the operator-selected view in case of TEM. For example, the determination
of the size distribution of a nanoparticle suspension by the latter usually results in a histogram
based on at most 1000-10000 objects. In the sample volume illuminated by X-rays a typical
nanoparticle solution contains 108 -109 particles, thus SAXS measurements yield inherently more
representative results. A further advantage of scattering methods that the results are directly
traceable to the definitions of standard units of measurement (SI). Of course, these advantages
come with the cost of an indirect measurement result, which is usually difficult to interpret
without a priori knowledge. TEM, however, can yield this information for SAXS measurements,
making the complementary use of these two methods preferable.
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Theory of Small-Angle Scattering

Several reference books and monographs are available on small-angle (X-ray) scattering, some
of them also freely available on the world-wide web [11, 27–31]. In this section therefore just a
short introduction is given into the mathematics and physics of SAS, constrained strictly to the
needs of this work.

1.3.1

Electromagnetic Radiation and Matter

The physical background of SAXS is the interaction of X-rays (electromagnetic radiation) with
matter. The following types of interaction may occur:
Elastic (Rayleigh) scattering: Momentum transfer occurs between radiation and matter, and
the rays get deflected (absorbed and re-emitted in another direction). Energy transfer is
negligible, therefore the wavelength or frequency of the radiation does not change.
Inelastic (Compton) scattering: Interaction with momentum and energy transfer.
wavelength of the emitted radiation is usually different from that of the incident.

The

Photoelectric excitation: The radiation can eject an electron from a shell of an atom if the
photon energy surpasses the binding energy of the given shell. The photon is absorbed,
an electron is emitted, and a vacancy is created. The excited state relaxes by an electron
hopping down from a higher shell. The excitation energy can be taken away by ejecting
another electron (Auger effect) or by emitting a photon (fluorescence).
pair generation: The photon is absorbed and a particle-antiparticle pair is generated. The
energy of the photon must exceed the rest energy of the pair.
The probability that a given X-ray photon interacts with matter while traversing it is generally low (the interaction cross sections are small), thus the largest part of the X-ray beam is
transmitted.
In (small-angle) X-ray scattering experiments only elastic scattering gives a significant contribution3 . This can be made plausible by noting that X-ray photons (usually 2-30 keV) are
“smaller” than electrons (511 keV rest energy), thus a collision in the classical picture results in
a “rebounding” of the photon from the electron (cf. shooting peas on a cannonball). The elastic
scattering of electromagnetic radiation on charged particles is described by Thomson’s formula:
2

dσelastic
1 + cos2 2θ
e2
=
,
(1.1)
dΩ
4π0 mc2
2
where e is the electrostatic charge of the particle, m is its mass and 2θ is the scattering angle,
i.e. the angle given by the directions of the incident and the scattered rays. For electrons, the
term in parentheses corresponds to their classical radius (2.818·10−13 cm), and the second term
involving the scattering angle is negligible in SAXS. From this formula it is also visible that the
SAXS signal is governed by electrons, since the Thomson contribution of nuclei is negligible.

1.3.2

Momentum Transfer, Scattering Length Density, Differential Scattering Cross Section

The primary observed quantity in scattering experiments is the “intensity”: an ambiguous term
in the literature. Usually however, it boils down to the amount of photons scattered under a
3

Photoelectric effect plays an important role in anomalous small-angle X-ray scattering (ASAXS).
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Figure 1.2: The definition of the scattering vector as the vectorial difference of the wavenumber vectors of the scattered and the incident photons. The equality of the magnitudes of the
wavenumber vectors is due to the elasticity of the scattering

given 2θ angle. Measurements of high standard are reported in so called “absolute intensity
units”, which means the differential elastic scattering cross section already seen in Eq. (1.1),
being proportional to the detector count-rate.
The angle-dependence of the intensity is expressed in terms of q, the scattering vector (also
known as the momentum transfer, because by multiplying it by Planck’s constant one gets the
momentum the scattered photon gains from the sample), or its magnitude,
(1.2)

q ≡ |q| = 4π sin(θ)/λ,

where λ is the wavelength and θ is the half of the scattering angle, as shown in Fig. 1.2.
As said above, scattering of X-rays occurs on electrons, thus the sample under investigation
can be represented by their electron number density function. For practical reasons—and for
compatibility with neutron scattering—the ρ(r) scattering length density (SLD) function is used,
which is simply the electron number density function multiplied by the scattering length of a
single electron, i.e. its classical radius. Without going into further details, the amplitude of the
scattered radiation is expressed (using the first-order Born approximation) as [28]
˚
A(q) =
ρ(r)e−iqr d3 r.
(1.3)
Vsample

The differential scattering cross-section is the absolute square of the amplitude, usually normalized to unit volume:
dΣ
1
(q) =
dΩ
Vsample

˚

2

ρ(r)e

−iqr

d r .
3

(1.4)

Vsample

Frequently, SAS deals with isotropic scatterers, where no special direction exists in the SLD,
i.e. ρ(r) = ρ(|r|) = ρ(r). Using spherical coordinates, the integration in the above equation can
be carried out with respect to the polar and azimuthal angles, yielding
dΣ
16π 2
(q) =
dΩ
Vsample

ˆ∞

2

sin(qr)
r ρ(r)
dr ,
qr
2

0

thus the intensity will also be dependent only on the magnitude of q.

(1.5)
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The Fourier transform of a constant function is the δ-distribution, which is not measurable,
therefore the SLD is unique up to an additive constant. As seen below, it is practical to choose
the zero level of ρ(r) in a way that hρ(r)ir = 0. In the following therefore, whenever SLD is
mentioned, always the excess scattering length density is understood.
As presented in Fig. 1.1, SAS is not sensitive to the fine atomic structure of the crystallite.
In the interpretation of scattering results from particulate or two-phase systems therefore, the
SLD is often approximated with a binary function, taking one value in the volume occupied by
one phase and another in that of the other phase. This assumption is used for example in the
study of protein size and shape. In more complex cases such a simple form for the SLD is not
sufficient for describing the structure, as for example in the case of phospholipid bilayers with
steric stabilization using poly(ethylene-glycol) (PEG) molecules [32].
Therefore one of the simplest scattering objects is a sphere with sharp boundary and homogeneous SLD inside. Its scattering amplitude is readily obtained as [33]:
Fsphere (q) = ρ0 Vsphere

3
(sin qR − qR cos qR) .
qR

(1.6)

The (absolute) square of this formula, termed form factor for particulate scatterers, has been
used to calculate the smooth curve (thin green line) on the right side of Fig. 1.1.
A more complicated but still tractable case is when dealing with rigid assemblies of objects.
Considering an ensemble of scattering units described by their SLDs ρj (r). Expressed using the
corresponding form factors Fj (r), the scattering intensity of the whole ensemble in a static state
(where all interparticle distances and the macroscopical orientation of the whole structure are
fixed) is
X
X
I(q) =
Fj2 (q) + 2
Fj (q)Fk (q) cos qRjk ,
(1.7)
j

j6=k

where Rjk is the distance vector between the reference points of particle j and k. In a special
case of the above equation these distances are fixed, but the whole macroscopic orientation of
the system is uniformly random. This can happen if the object changes its orientation (in a
uniformly random fashion) throughout the measurement time, or we are dealing with a large
ensemble of randomly oriented instances of the same scatterer. In both cases, an averaging can
be done over all possible macroscopic orientations, which leads to the so-called Debye formula:
I(q) =

X
j

Fj2 (q) +

X

Fj (q)Fk (q)

j6=k

sin qRjk
,
qRjk

(1.8)

where Rjk = |Rjk |. Although this formula has originally been developed for molecules where
the Fj (q) form factor amplitude is the atomic scattering factor of the j-th atom, it is valid for
particulate systems on larger size scales as well, such as ensembles of nanoparticles, enabling its
usage not only in wide-angle X-ray diffraction but SAXS as well.
Another specialization of Eq. (1.7) is when the interparticle distances change independently
and “randomly” through time, i.e. no correlation exists between the positions of the particles. In
this case the off-diagonal terms in the above equations vanish, and the scattering intensities of
the units add up incoherently:
X
I(q) =
Fj2 (q),
(1.9)
j

or, if averaging over all macroscopic orientation is possible:
X
I(q) =
F¯j2 (q),
j

(1.10)
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¯
2
2
where Fj (q) ≡ Fj (q) is the form factor of the j-th scattering object averaged over all possible
Ω
orientations. The last equation applies to two, subtly different cases of isotropy. If the SLD of the
j-th particle is inherently isotropic, i.e. the electron number density function depends only on the
magnitude of r, F¯j2 (q) = Fj2 (|q|). In the other case, where the object is inherently anisotropic,
the overall system can still be isotropic if dealing with a large ensemble of several copies of the
same object, assuming all possible orientations with equal weight (such as in a powder) or one
instance of the object takes all possible orientations during the measurement time.
An important application of the above equations is the determination of the size distribution
of nanoparticles. Assuming a suspension of scattering objects of similar shapes but different sizes,
the orientation-averaged scattering form factor of which is F¯2 (q, R), the scattering intensity is
ˆ ∞
I(q) =
F¯2 (q, R)P (R)dR,
(1.11)
0

where P (R) is the size distribution function. Thus if the form of the particles is known, the size
distribution can in principle be determined from a scattering experiment. The situation more
complicated, however. Firstly, it is impossible to distinguish between inherent and statistical
isotropy by using just the scattering results. Secondly, the uniqueness of the solution of the
above integral equation cannot be guaranteed for all particle shape kernel functions. Lastly, a
typical experiment covers only a finite range of the q scattering variable and with finite resolution. Luckily, if the size distribution function has a known, parametrized form, and the
size distribution of the nanoparticles is well-behaved (finite support, not much polydispersity),
accurate determination of P (R) from scattering measurements is feasible.
Using the equations above some remarkable features of scattering and diffraction can be
elucidated. The curves represented with markers in Fig. 1.1 have been calculated via Eq. (1.8),
and describe well both the sphere itself (monotonously decreasing part at the small-angle region)
and its inner structure (the diffraction peaks in the wide-angle range). The continuous line
corresponds to the scattering calculated using the simpler, computationally much less demanding
Eq. (1.6), i.e. the form factor of a sphere with homogeneous SLD. The two curves match well
in the small-angle range, illustrating the size-selectivity of scattering, i.e. a given range in q
corresponds to a given range in real space sizes. Therefore SAXS experiments cannot resolve the
fine atomic structure of the sample, and wide-angle diffraction measurements, as stated before,
are per se not sensitive to structures above the nanometer range.

1.3.3

The Guinier and Porod Approximations

André Guinier noticed that at very small angles (qR  1), the sphere form factor in Eq. (1.6) can
q 2 R2

be approximated by e− 5 , and furthermore that this can be generalized to any particle shape,
even for anisotropic ones [11]. The scattering curve of an ensemble of monodisperse particles of
the same shape, but fully random orientation starts with
IGuinier (q) = I0 e−

2
q 2 Rg
3

,

(1.12)

where I0 = lim I(q) and Rg is the radius of gyration (or Guinier radius or inertia radius), defined
q→0

for an arbitrary ∆ρ(r) SLD as
Rg2

˝
∆ρ(r)r2 d3 r
≡ ˝
.
∆ρ(r)d3 r

(1.13)

Thus with an a priori knowledge of the shape of the given nanoparticle, an explicit (one-way)
relation can be determined between the shape parameters
p and the radius of gyration [27]. The
radius of gyration of a sphere is, for example, Rg = R 3/5.
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A Guinier-behaviour can easily be recognized by using the Guinier plot: ln I vs. q 2 . In
this representation, Eq. (1.12) is shown as a line, the slope of which gives the radius of gyration.
While the radius of gyration is determined directly, by a non-linear least squares fit of the Guinier
equation, the representation is still useful to quickly check for the presence of aggregation or other
interparticle interaction in the sample.
The other end of the scattering curve in Fig. 1.1 is characterized by a smooth power-law
decay. Günther Porod realized that the high-q scattering of ensembles of particles with smooth
surfaces is proportional to VS q −4 , where VS is the specific surface of a particle. If the surfaces are
not smooth, deviations from the −4 exponent occur.
Fractal systems are typical representatives of this case. “The essential property of a fractal is that its structure appears to be the same when the fractal is examined on any scale of
magnification” [34]. In simple geometrical objects, surface or mass scale with given powers of
the measuring length. For example, when measuring the volume of a sphere, the number of
a3 volumes needed to fill the sphere is proportional to a−3 , where a is the chosen basic length
(measuring rod). There can be other geometrical constructs, whose volume or surface is finite,
but the scaling exponent is different from 3 or 2. The above argument on the basic length of measurement leads to the definition of the Hausdorff (or fractal) dimension, which is in principle the
(positive) exponent governing the scaling of volume or surface when measurement using different one-dimensional measuring rods. When calculating the corresponding Hausdorff-dimension
of several representatives of the above mentioned self-similar structures, anomalous, fractional
values are resulted, hence the term “fractal”.
The scattering of a self-similar (length-scale independent) structure should also be scaleindependent. Fractal systems indeed exhibit power-law decays in their scattering curve [34–36].
Mass (or pore) fractals are characterized by q −dm power-laws, with dm being the fractal dimension
of the volume. In the case of surface fractal systems, the decay is q −(6−dsurface ) , where dsurface
is the Hausdorff-dimension of the surface. Smooth surfaces represent a special case of ds = 2,
yielding the −4 exponent found by Porod.
The real importance of the Guinier and Porod approximations is that the parameters they
yield are among the very few structural quantities that are directly obtainable from SAS curves.

1.3.4

The Pair Distance Distribution Function

Above the two ends of the scattering curve have been dealt with, the first part giving information
on the size, the latter on fractal properties or specific surface. It turns out that shape information
is carried by the middle part, the topic of this section.
As seen above, the scattering intensity is obtained from the SLD in two steps: doing a Fourier
transform and taking the absolute square of the result. Using the convolution theorem of the
Fourier transform we can swap the order of these two steps: the intensity can also be calculated
as the Fourier transform of the autocorrelation function of the SLD. Starting from Eq. (1.4):
˚
˚
˚
˚
3
3
−iq(r1 −r2 )
3
I(q) =
d r1
d r2 ρ(r1 )ρ(r2 )e
=
d r
d3 r0 ρ(r + r0 )ρ(r0 ) e−iqr , (1.14)
|
{z
}
Γ(r)

where the just introduced Γ(r) is the auto-correlation of the SLD, known to crystallographers as
the Patterson function. If the SLD is inherently isotropic (Γ(r) = Γ(|r|)) the same treatment as
done above can be carried out here as well, resulting in
ˆ∞
drΓ(r)r2

I(q) = 4π
0

sin(qr)
.
qr

(1.15)
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Figure 1.3: Routes between the scattering length density and the differential scattering crosssection

When the isotropy is statistical, e.g. an anisotropic SLD taking all possible orientations during
the time of measurement, Γ(r) can be obtained from Γ(r) by averaging over the full solid angle:
ˆ
1
Γ(r) =
Γ(r)dΩ.
(1.16)
4π 4π
If no long-range correlation exists in the SLD—which is true in most particulate and multiphase systems—, and the average SLD is set to zero, lim Γ(r) = 0. In fact, when the scattering
r→∞

of a single particle is considered, there exists Dmax , thus Γ(r > Dmax ) = 0. This means that all
structural information is carried by a finite range of Γ(r).
The averaged, volume-normalized Patterson function of the excess scattering length density
is termed correlation function and denoted as γ(r) ≡ Γ(r)/V [13]. Using this, the scattering
intensity reads
ˆ∞
sin(qr)
I(q) = V
dr4πr2 γ(r)
.
(1.17)
qr
0

Günther Porod has shown that the correlation function of particles of unit SLD (γ0 (r) ≡
γ(r)/ρ2 , termed the characteristic function) is the probability that selecting a point at random
inside the particle, another point at a distance r (in arbitrary direction) from it will also be in
the particle [17–20].
The pair distance distribution function (PDDF) is defined as p(r) ≡ 4πr2 γ(r)4 . By virtue of
its definition, p(r)dr represents the probability that the distance of two randomly selected points
inside the particle lies between r and r + dr, weighted by the SLD. This definition can intuitively
be extended for non-homogeneous SLDs. A straightforward Monte-Carlo (MC) algorithm for
calculating the PDDF of an arbitrary ρ(r) is as follows.
1. Let xmin , xmax , ymin , ymax , zmin and zmax define a box in the real space, which fully contains
the non-zero part of ρ(r).
2. Give separation values r0 to rN for the desired histogram bins, and initialize the counters
of the bins to zero.
4

Some authors exclude the 4π factor

1. CHAPTER. INTRODUCTION

21

3. Sample two random points r1 and r2 from the uniform probability distribution defined on
the [xmin , xmax ] × [ymin , ymax ] × [zmin , zmax ] product space.
4. Find the histogram bin into which |r1 − r2 | falls, and increment the corresponding counter
by ρ(r1 )ρ(r2 ).
5. Repeat steps 3-4 several times.
6. With correct normalization, the histogram will be a numeric representation of p(r).
In conclusion, the differential scattering cross-section of an isotropic SLD can be written as
dΣ
(q) =
dΩ

ˆ∞
p(r)

sin(qr)
dr.
qr

(1.18)

0

Given a measured scattering curve, the integration in the above equation can be reversed and
from reciprocal space data (the I(q) function) real space information (p(r)) is obtained [37–39].
The thus derived shape of the distance distribution function is still an indirect representation
of the nanoparticle under examination. Some representative particle shapes and their corresponding distance distribution functions and scattering curves are displayed in Figs. 1.4 and 1.5.
These were calculated using the above described algorithm, using the program Singlebody.
Finally, some basic properties of γ(r) and p(r) follow.
• The physical meaning of γ(r) is especially instructive. Let us translate the particle in an
arbitrary direction by r. Because Γ(r) is the intersection volume of the original particle
and its translated image, Γ(r) will be the average intersection volume of a particle and its
translated by r counterparts in all possible directions. From this we see that Γ(0) = V ,
thus γ0 (0) = 1. Also, γ(r) decreases with increasing r, since the overlap volume decreases,
and γ(r > Dmax ) = 0 where Dmax is the largest size of the particle.
˝
• According to Eq. (1.4), I(0) =
ρ(r)d3 r, i.e. the square of the integrated scattering
length of the sample. In the´ case of homogeneous particles, this is ρ2 V 2 . Comparing this
∞
with Eq. (1.18) yields that 0 p(r)dr = ρ2 V 2 .
• The radius of gyration can readily be obtained as
´∞
p(r)r2 dr
2
Rg = 0´ ∞
.
2 0 p(r)dr

(1.19)

• lim p(r) = lim p(r) = 0. This is the consequence of the choice of the average SLD as the
r→0

zero level.

r→∞

• The maximum distance Dmax exists if and only if the SLD is bounded in space (all particles
in Fig. 1.4 except (g)). The way the PDDF reaches this limit gives much information on
the shape of the particle. For example, in the case of a sphere ((a) in Fig. 1.4), dmax = 2R,
which is reached relatively quickly. The curves of prolate (b) and oblate (c) ellipsoids reach
zero at 4, but the oblate, the tail is thicker than that of the prolate one, because longer
distances (near the maximum 4) are more frequent in the former than in the latter. This
feature is also observed in the case of a non-smooth surface, e.g. a cube (h).
• In the case of the infinite SLD (solid sphere with a ∝ r−2 halo, (g)), no finite dmax exists,
thus for all values of r > 0, p(r) is finite and positive, although very small.
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Figure 1.4: Distance distribution functions of various geometrical bodies: solid sphere, r = 1
(a); prolate ellipsoid, a = b = 1, c = 2 (b); oblate ellipsoid, a = b = 2, c = 1 (c); hollow sphere,
rin = 1, rout = 2 (d); circular rod, r = 1, h = 20 (e); circular disk, r = 1, h = 0.2 (f); solid
sphere with a ∝ r−2 halo, r = 1 (g); cube, a = 2 (h); right prism with square sides, a = b = 2,
c = 4 (i); dumbbell, r = 1 (j); linear chain of six beads, r = 1 (k); linear chain of eleven beads,
r = 1 (l)
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Figure 1.5: Calculated scattering curves of various geometrical bodies: solid sphere, r = 1 (a);
prolate ellipsoid, a = b = 1, c = 2 (b); oblate ellipsoid, a = b = 2, c = 1 (c); hollow sphere,
rin = 1, rout = 2 (d); circular rod, r = 1, h = 20 (e); circular disk, r = 1, h = 0.2 (f); solid
sphere with a ∝ r−2 halo, r = 1 (g); cube, a = 2 (h); right prism with square sides, a = b = 2,
c = 4 (i); dumbbell, r = 1 (j); linear chain of six beads, r = 1 (k); linear chain of eleven beads,
r = 1 (l)
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• Case (e) represents a very long cylinder. Here two distinct length scales coexist: a smaller
one for the cross-section and a larger one for the length. The former one manifests in a peak
at the start of the p(r) curve, signifying that many line segments can be sampled, which
lie approximately in the transversal plane. The nearly linear decrease at larger separations
corresponds to the length of the cylinder: the “amount” of possible line segments of length
l is approximately proportional to (L − l)/L, L being the length of the cylinder. A similar
feature is visible in the case of the square based right prism (i).
• If we swap the magnitudes of the cross-section and the length, we get a flat disk (f). No
trace of the thickness of the disk is visible, since at small values of r the r2 factor dominates.
Therefore only the distance distribution of a two-dimensional circle can be seen.
• Bodies (j-l) are examples of multi-component structures: a dumbbell and two linear chains
of six and eleven spheres of unit radii, respectively. The repeating structure is manifested
in peaks: their number is the same as that of the spherical components. Especially in the
case of the 11-bead model (l), features similar to the cylinder (e) are discernible, i.e. the
peak at the start and the nearly linear decrease.
The distance distribution function is mostly used when dealing with particulate systems,
where interparticle interference is negligible. Typical situations are dilute suspensions of nanoparticles or biological macromolecules (proteins, peptides). The latter is an especially important field
of application of SAXS, and is denoted by biological small-angle X-ray scattering (BioSAXS).

1.3.5

The Phase Problem

Eqn. (1.4) shows how intensity, the measurable quantity in scattering experiments is derived
from the SLD, the fundamental characteristic of the sample under examination. Ideally, it would
be preferable to obtain ρ(r) from a measurement. However, the amplitude, the Fourier transform
of the latter is complex, and by virtue of the absolute square operation, the phase information
is irrecoverably lost in ordinary SAXS measurement.
To visualize the extent of this loss of information, we repeat the idea of Saldin et al. [40]. The
two initial images in Fig. 1.6 are portraits of Otto Kratky (above) and Günther Porod (below),
two key figures in the development of SAXS theory and founding members of the SAXS school
in Graz, Austria. A discrete, two-dimensional Fourier transform is done on the images, resulting
in complex matrices of the same size (not shown). After swapping the phase factors, an inverse
Fourier transform yields the images on the right. It is interesting that each resulting picture
resembles that original one of which the phase it carries. In other words, the phase carries—in
some sense—more information than the amplitude, and it is—because of the absolute square—
completely lost in experiment. And without it, there is no way to reconstruct the original image,
i.e. the SLD.
The consequence of this is an inherent ambiguity in scattering measurements. In principle,
the same scattering pattern can be produced by different scatterers. Results must therefore be
validated, typically against a priori knowledge. SAXS results are mostly interpreted using some
kind of model fitting, and the choice of an appropriate model usually ensures the correctness of
the derived parameters. Strictly speaking therefore, this method by itself is not applicable for
giving structural information. On the other hand, it can readily be used for proving wrong some
candidate structural models or refining/quantifying model parameters.
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Figure 1.6: The results of exchanging the phase information, demonstrated on the portraits of
Otto Kratky (top left) and Günther Porod (bottom left), two pioneers of SAXS.

1.4

Experimental Aspects of SAS

Generally, the results of good experiments should closely approximate the basic theory, insofar
as inherent instrumental distortions are negligible, or at least controlled. In the most frequently
used class of SAS instruments—both laboratory and synchrotron beamlines—this is ensured by a
highly parallel, very thin beam of high intensity, monochromatic radiation, and a detector which
is capable of detecting the scattered rays without much distortion.
In the following, the elements of SAS experimental practice are demonstrated on an archetypal
SAXS instrument, the beamline B1, formerly also known as Jülich’s User-dedicated Scattering
Facility (JUSIFA) [41–43]. This instrument, situated at one port of the bending magnet B
of the DORISIII storage ring (Hamburger Synchrotronstrahlungslabor, Deutsches Elektronensynchrotron, Hamburg, Germany) was a highly flexible and reliable apparatus and the place
where I have learned about synchrotron SAXS practices and instrumentation and spent most of
my synchrotron beamtimes (cca. 2 weeks in each year from 2006 to 2012). During its 23 years
of user operation from 1989 to its decommissioning at the end of 2012 it has made important
contributions to different fields of materials science, such as soft matter, catalysis, polymers,
biochemistry-biophysics etc.
This instrument was more than just a common SAXS instrument. Designed as a dedicated
ASAXS beamline, the X-ray wavelength had to be tunable, and the overall stability of the beam
was crucial. The wavelength spread was also exceptional with ∆λ/λ ≈ 5·10−5 , which is typically
not achieved even at synchrotron SAXS instruments.
A schematic view of the instrument is shown in Fig. 1.7. This is the typical set-up of a
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Figure 1.7: Schematic set-up of the B1 instrument. Image courtesy of dr. Ulla Vainio, Aalto University, Espoo, Finland
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transmission-mode SAXS (and SANS) apparatus. Details of the main components—in downstream order—are given in the following.

1.4.1

Main Components

Radiation Source
The radiation source produces the probe particles (X-rays or neutrons) used in the experiment.
Its most important parameter is the spectral brightness (radiance): the quantity of radiation that
is emitted from the source in a given solid angle, falling into a given wavelength (or energy or
frequency) range. It is typically expressed in W · sr−1 · m−2 Hz−1 . High spectral brightness means
that the beam emitted by the source is of low divergence and its intensity is high enough to
permit serious monochromatization. In the case of JUSIFA, the source was the bending magnet
B of the storage ring DORISIII.
Another important property of the radiation source is the time structure [44]. Synchrotrons
are pulsed sources (because the charged particles circulating in the storage ring are collected into
bunches), and due to particle absorption, the intensity of the radiation decreases over time5 . In
order to account for the changes in the incoming beam intensity a special counter, the so-called
beam monitor is usually applied, which registers the number of photons incident to the sample.
X-ray tubes are another means for obtaining radiation: their spectral brightness is much
lower than that of a synchrotron, but the intensity is usually more stable, the time constant of
the fluctuations being in the range of hours.
Neutrons can be generated either as fission products in nuclear reactors (continuous intensity),
or in spallation sources, where protons accelerated to high energy by a synchrotron hit a target
of high atomic number (typically W or Pb), producing a pulsed stream of neutrons. The spectral
brightness of neutron sources is inherently much smaller than that achievable with X-rays.
Monochromator
For SAS measurements a highly monochromatic radiation is needed. In X-ray scattering experiments this is achieved in almost all cases by Bragg reflections on crystals or multilayers. Care
must be taken that after the monochromator the wavelength spectrum must be unimodal with a
very narrow spread (synchrotrons: ∆λ/λ / 1 · 10−3 , laboratory instruments: ∆λ/λ / 1 · 10−2 ).
Instrument B1 served as an ASAXS instrument, which demanded excellent energy resolution
(∆λ/λ < 5 · 10−5 ), which was achieved by a two-crystal monochromator using the (311) reflection of Si. Suppressing higher harmonics was achieved by a monochromator stabilization system
(MOSTAB) [45, 46].
Because neutrons are more scarce than X-rays, the typical wavelength spread lies between
1-10 %, usually produced by rotating wavelength selectors and choppers.
Collimation
Collimation constrains the size and divergence of the beam, typically by cutting it to the needed
shape with apertures. These can either be fixed-size circular “pinholes” or slits of variable breadth;
the latter used in pairs for limiting the beam in the horizontal and vertical directions. The topic
of collimation in SAS instruments is elaborated in section 3.3. Additionally, beam shaping
optics—e.g. graded multilayer mirrors or X-ray lenses—are also used recently. In the JUSIFA
instrument collimation has been done by three pairs of slits: one for the white beam entering the
5

Most modern synchrotrons operate in top-up mode, which means that the storage ring is constantly refilled,
resulting in a more flat (but still not constant) time structure of the radiation.
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camera, one beam defining slit pair and one pair of guard slits to cover the parasitic scattering
from the beam defining slit and other upstream camera elements.

Sample Environment
One of the advantages of scattering experiments is that samples can be investigated in their
native forms, i.e. artifacts induced by preparation can be avoided. The sample stage is usually
spacious enough to accommodate more than one specimen and to allow controlling different
environmental parameters (e.g. temperature, magnetic field, ambient light intensity, shear etc.).
As air has a relatively strong small-angle scattering, the whole SAXS instrument—including
he sample stage—is put under vacuum, especially in case of weak scatterers. Special containers
(cuvettes, capillaries, cells with thin windows) are therefore in use to allow for the measurement of
liquids or materials containing volatile compounds. JUSIFA featured a spacious sample chamber,
which could be separated by a large valve from the vacuum space of the rest of the instrument,
making the evacuation after a sample change quicker. A motorized stage allowed to raise and
lower the samples and rotate them around two orthogonal axes in the transverse directions.
Another sample stage, allowing only for vertical movement, was placed downstream from the
sample holder for accommodating reference samples.

Flight Path
Because the size of the detector’s active area is fixed, the choice of the sample-to-detector distance
is crucial in selecting the appropriate angular range for the scattering experiment. In typical
SAXS setups the flight path is variable: at JUSIFA this could be achieved by inserting different
combinations of fixed-length spacer pipes. The flight path was composed of four tubes, and an
automatic electro-pneumatic system was implemented to insert any number of them in the beam
path. Thus changing the sample-to-detector distance needed only the pressing of two buttons:
one for taking out all the tubes and another for inserting those needed. The last button press also
moved the detector and beam stop stage to the end of the tubes currently used and started the
pumps which evacuated the beam path. Another option is a fixed evacuated tank, in which the
detector can be moved continuously forward and backward, as in the case of the beamline ID02
of European Synchrotron Radiation Facility (ESRF) [47, 48], or using extensible edge-welded
membrane bellows and an out-of-vacuum detector, as done in the SAXS beamline at BESSYII
[49, 50].

Beam Stop
The elastic X-ray scattering cross-section of the electrons is quite low (≈ 6.7·10−25 cm), therefore
most of the radiation interacts with the sample in other ways, or does not interact at all. In
practice, one has to deal with a very intense “direct” or “uninteracting” radiation after the sample,
which is several orders of magnitude more intense than the scattered radiation. If this is not
blocked, it can either saturate the detector (rendering the detection of the scattered radiation
impossible) or even damage it. A physical obstacle—the beam stop—must therefore be into the
beam just before the detector to absorb the direct beam, allowing only the scattered radiation
pass along the side of it. Its size therefore defines the lowest attainable scattering angle, because
it covers the center of the two-dimensional scattering pattern.
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Two-Dimensional, Position Sensitive Detector
The primary result of a SAXS measurement is the scattering pattern. Scattered photons are
counted by appropriate hardware. During the history of scattering measurements several types
of detectors have been developed, starting from photographic films, through different gas-filled
counters [51, 52] to the most recent semiconductor-based (CCD [53, 54] or CMOS [55]) detectors.
Since SAS usually does not need such a high relative angular precision as e.g. in XRD, and
scattering signals are usually weak, most commonly position sensitive detectors are used, because
by using them the scattered intensity can be recorded simultaneously at different angles. Twodimensional detectors became standard at high-quality instruments, because they allow for better
statistics (cover a broader solid angular range) and the treatment of anisotropic scatterers. In
the B1 instrument originally a gas-filled two-dimensional proportional chamber of the Gabriel
design was used [56], but later a newer hybrid pixel CMOS detector was implemented [43, 57].
Counters for Normalization
For the sake of accuracy, several other “zero-dimensional”, i.e. not position-sensitive detectors are
usually implemented along the main detector. These are termed counters and they do just that:
count the incident photons, or at least give an electric signal which is proportional to the photon
flux. In the B1 instrument these are DET1, DET2, DET3, the ionization chamber and the
photodiode. The first one is the white beam monitor: it monitors changes in the photon stream
coming from the bending magnet. DET2 is after the monochromator, and the ratio of the signals
of DET2 and DET1 is the feedback signal for the MOSTAB. DET3 is just after the 2nd pair
of slits, and termed the “monitor counter”, as it monitors the intensity of the radiation falling
onto the sample (being variable because of the time structure of synchrotron radiation). An
ionization chamber is also added just after DET3, which serves the same purpose, but for X-ray
spectroscopy (X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption
Fine Structure (EXAFS)) measurements. After the sample a photodiode is installed, which can
be moved in or out of the beam on a motorized arm, and is used for measuring transmission, i.e.
the photon flux attenuated after interaction with the sample. Other instruments, such as ID02
of ESRF or the SAXS beamline at BESSYII combine the photodiode into the beamstop.

1.4.2

Computer Infrastructure and Instrument Control Software

Such complex instruments as SAS cameras are can benefit vastly from computer control and
automation. Driving all the devices, reading out counters and detectors, moving motors, etc.
needs special hardware, and appropriate, flexible and unobtrusive user interface. Ideally, the
instrument control system should abstract low-level operations (starting/stopping motors, synchronizing and reading out counters, etc.), and allow the user to think on a higher level (moving
a motor to a desired position, making an exposure, setting the wavelength etc.). It should be capable of unattended operation for long-running measurements, storing the results and optionally
do preliminary data evaluation (quality checks, corrections, calibrations etc.).
JUSIFA was originally controlled by MicroVAX® workstations running the VMS operating
system. The instrument control and data reduction programs were written in Fortran, communicating with the devices over CAMAC bus[41]. In the year 2006 a substantial upgrade took place
at B1, replacing the VAX/VMS infrastructure by a Linux-based PC and several DC motors were
also replaced by steppers [42]. Later a new, more flexible data reduction environment has been
developed in Matlab® [43].

Chapter 2

Scope and Limitations
The present work deals primarily with developments in the methodology and applications of
small-angle X-ray scattering. Developments in experimental methods can happen in hardware
and software. Here both are presented on the example of Creative Research Equipment for
DiffractiOn (CREDO), a SAXS laboratory facility I have constructed. The main driving force of
the underlying work was, and continues to be the permanent feedback between experiments and
methodology: new instrumental developments are prompted by challenging scientific problems,
and by these improvements the exploration of previously unreachable areas becomes possible.
Accordingly, after describing the construction of the instrument and the development of the
corresponding computing infrastructure, some case studies are presented from real measurements.
The main questions this thesis work deals with are:
• Designing and constructing a SAXS instrument, based on previous experience with several
synchrotron beamlines
• Implementing the instrument control and data reduction and analysis software and developing the needed algorithms
• Demonstrating the capabilities of the instrument and algorithms on real experiments performed on CREDO
Although the largest part of this work discusses experimental results on various scientific
problems, the text will be constrained to the presentation and interpretation of the SAXS results. As the underlying scientific problems were initiated by other colleagues (whom attribution
will always be given), it is not my aim to cover their experimental results and conclusions.
Corresponding sources will be cited, though, when possible.

2.1

Preceding events

I have joined the rearch group of Dr. Attila Bóta, originally a part of the Department of Physical Chemistry, Budapest University of Technology and Economics in 2005. The families of
materials investigated by this group (activated carbons, phospholipid vesicles, self-assembling
nanosystems, etc.) [48, 58–62] were well-suited for SAXS measurements, and the appropriate
instrumentation—a refurbished and extended compact Kratky-type camera—was also available
[16, 63–65]. However, the expected standard of SAXS in publications quickly surpassed our
in-house possibilities. Pushing the limits of the instruments temporarily eased the situation, but
not much [66].
30
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Parallelly, the research group has regularly (1-2 weeks in each 6 months since 1999) obtained
beamtime at the synchrotron instrument B1 (JUSIFA) detailed above, until its decommissioning
at the end of 2012. Since 2006 the research group has also had regular measurement opportunities
at beamline 7T-MPW-SAXS at BESSYII (Berlin, Germany), and this possibility continues to
the present day [49, 67]. In 2011 we were awarded measurement time at the beamline ID02 of the
European Synchrotron Radiation Facility, which is considered the top among SAXS instruments
worldwide [47, 48]
This solution was not sustainable, however. Firstly, because it was not suitable for routine
measurements, secondly, because of the long feedback time (at least 6 months) between proposal
submission and carrying out the experiments. There was also a high risk regarding the success
of the measurements because of the possibility of inappropriate samples, which could have been
avoided which preliminary measurements using an in-house SAXS instrument.
Finally, the number of available synchrotron SAXS facilities suddenly decreased: beamline
B1 was closed as DORISIII, the storage ring was decommissioned at end 2012, problems arose
with the wiggler source of the 7T-MPW-SAXS beamline of BESSYII, and ID02 was shut down
for extension. Luckily at the same time funding became available for the group in the form of
a joint effort between the Research Centre for Natural Sciences (of which the group has been
part since 2008) and Gedeon Richter Plc, a prominent pharmaceutical company in Hungary
and Europe, thus a new in-house apparatus could be constructed, in which process I assumed a
leading role.
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Chapter 3

SAXS Instrument Building
In this chapter details will be given on the development of a new instrument for SAXS, realized
in the Research Centre of Natural Sciences, Hungarian Academy of Sciences [68].
Fig. 3.1 shows a panorama image of Creative Research Equipment for DiffractiOn, as we
christened the apparatus, at its longest (cca. 6 m) setup.

Figure 3.1: Panorama of CREDO
Details of the new instrument, its main components and the decisions which were made are
given in the followings.

3.1

Instrument Design Considerations

Probably the most important aim in building the instrument was to bring SAXS measurement
possibility in-house, i.e. the new apparatus should be able to alleviate (at least partly) the need
for synchrotron access. To this end CREDO needed to be able to handle the weakest scattering
samples, which were coincidentally the most important, scientifically more relevant ones, coming
from the field of biology and medicine: protein solutions, model membrane systems, biopolymers,
etc. The aggressive maximization of the signal-to-noise ratio of the apparatus was therefore a
high priority. To reach this end, two strategies were used: maximizing the X-ray flux and lowering
the instrumental background.
Low background has been achieved by using a highly sensitive two-dimensional detector
and by avoiding designs which are prone to produce “parasitic scattering”: artifacts on the
recorded scattering pattern, which do not originate from the sample. One of these effects is
X-ray fluorescence, caused by the photoelectric effect.
34
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Parasitic scattering can also originate from the collimation. The process of optimizing the
collimating system to maximize flux and minimize parasitic scattering is described in detail in
section 3.3.
CREDO has primarily been designed as a research instrument, and new science is always
found at the frontiers of knowledge and possibilities. We wanted therefore to retain as much
flexibility and variability as possible, to be able to maximize the capabilities of the apparatus.
The number of constraints imposed by the design have been consciously minimized, in order
to facilitate future upgrades and enhancements. But because part of the funding came from a
pharmaceutical company, great stress had to be put on reproducibility and validation. It was
therefore concluded that the hardware will be kept as flexible and open as possible, taking care
for the validation and accuracy in the software. While the software has been also made versatile,
extensive logging is performed, allowing for the post-hoc assessment of data and measurement
conditions.
Although SAXS is a little-known-of method in Hungary, CREDO is intended not only for
in-house usage. While the research group strives to be more problem-oriented than instrumentcentered, several researchers both from the country and from abroad, working on different scientific areas came and continue to come up with various questions and problems to be studied and
solved using this method and this instrument. We have founded therefore the Hungarian SmallAngle Scattering Network jointly with the SANS instruments of the Budapest Neutron Centre
(BNC), and operate together a beamtime proposal system based on our previous experience at
synchrotrons.
In order to facilitate the usage of CREDO for guest researchers and in-house colleagues, the
instrument control software features an intuitive graphical user interface, which is easy to learn
and use. Common tasks are automated, which is a further aid to users and operators as well.

3.2

Main Components

Fig. 3.2 presents a schematic drawing of CREDO. In this section—which is a counterpart to

Figure 3.2: Scheme of the CREDO instrument
section 1.4—the main components of CREDO are detailed and reasoning is given for the choices
and decisions made.

3.2.1

X-Ray Source

X-rays are generated by a GeniX3D Cu ULD integrated X-ray beam delivery system (Xenocs
SA, Sassenage, France). It consists of a Cu anode sealed microfocus X-ray tube (30 µm thermal
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Figure 3.3: The GeniX3D beam delivery system used in CREDO

focus diameter, 30 W nominal power consumption) and a FOX3D parabolic multilayer optics.
The X-ray intensity generated by the X-ray tube (more than 108 photons/sec full beam intensity)
is on par with a conventional rotating anode X-ray source or a very low-end synchrotron bending
magnet. The coupled multilayer optics parallelizes the beam (divergence < 0.4 mrad in both
horizontal and vertical directions) and also monochromates it (relative wavelength spread is 3%,
which is tolerable for a laboratory SAXS instrument). The generated X-ray beam still needs
further collimation, though, in order to achieve the quality needed for SAXS experiments.
A special mounting part was made for the X-ray head, by which it can be easily aligned with
respect to the optical bench, in order to ensure the parallellity of the beam with the camera axis.
While both the high voltage and the current can be varied manually, there are two standard
modes the X-ray source can operate in: full power (50 kV, 0.6 mA) and standby (30 kV, 0.3 mA).
The latter is especially useful in cases where the direct, un-attenuated X-ray beam has to be
measured.

3.2.2

Detector

Scattered X-rays are recorded with a Pilatus-300k CMOS hybrid pixel detector (Dectris Ltd,
Baden, Switzerland) [50, 55, 57, 69, 70]. This has an active area of 83.8 × 106.5 mm2 composed
of 487 × 619 pixels. The size of a pixel is 172 µm. It has a very high, 20 bit dynamic range,
and because each pixel acts as an independent counter, global saturation of the detector is ruled
out, and it can tolerate much higher radiation flux compared to ordinary multiwire proportional
chamber detector (MWPC)s. This detector has been developed for synchrotron applications
with high X-ray intensities, which explains that the maximum tolerated counting rate is more
than 2 × 106 counts/second for each pixel. The point-spread function (the effective pixel size)
is exactly one pixel, i.e. no cross-talk occurs between neighboring pixels. This is due to the
adjustable energy threshold of the detector. Setting it larger than half of the used photon energy
ensures that incoming scattered photons contribute to at most one pixel, even if the angle of
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Figure 3.4: The Pilatus-300k CMOS hybrid pixel position sensitive detector used in CREDO

incidence is very low. Furthermore, the detector is practically noise-free, which is remarkable
since unlike other solid state detectors, it does not need special cooling and operates at room
temperature. The quantum efficiency (probability of detecting an incoming photon) is quite
high: 96% for Cu Kα radiation. It also supports fast repetitive exposures with 2.3 ms readout
time, but this feature is not utilized in SAXS measurements. Another important property is
the adjustable energy threshold: a minimum limit can be given, below which photons are not
detected. This is especially useful when dealing with fluorescent (e.g. iron-containing) samples.
In contrast with beamline B1 and other synchrotron stations, our X-ray source can be considered stable: neither the position, nor the intensity of the beam changes too much or too sudden1 .
Monitor counters can therefore be omitted, which simplifies the set-up and decrease the costs of
the instrument substantially. For the sake of accuracy, however, a reference sample is frequently
measured among the other samples to assess the constancy of the incoming X-ray flux.

3.2.3

Collimation, Beam Shaping

The collimating system is one of the most crucial part of a SAXS apparatus, because it defines
the characteristics of the X-ray beam impinging on the sample. It also acts as the ultimate
limitation to the divergence of the primary beam, thus defining the lowest attainable scattering
angle.
The collimation of CREDO follows the three-pinhole point-collimated scheme [71, 72]. By
changing the apertures and the distances between them, the X-ray beam can be optimized for
each specific measurement problem, i.e. the compromise can be found between resolution in q
(low divergence) and intensity (high flux at the sample position).
We use pinhole disks from Pt-Ir alloy, of 4 mm diameter and 0.2 mm thickness, with circular
1

The relative flux variation of the GeniX is less than 0.3% over a 12 hour period

3.2. MAIN COMPONENTS

38

Figure 3.5: One of the three pinhole stages used in CREDO. Each stage can accommodate 5 pinholes, of which the desired one can be selected and fine-tuned by vertical movement. Horizontal
and vertical alignment is viable by means of stepper motors

holes machined at their centers (Christine Gröpl Elektronenmikroskopie GmbH, Tulln, Austria).
A wide selection of these is available, from 150 µm up to 1.25 mm diameter. Each of the three
pinhole stages (see Fig. 3.5) is motorized in both transversal directions and can accommodate
five apertures simultaneously. Between the stages various number of ISO-KF (DN25) pipes can
be inserted. These act as reliable spacers, radiation protection walls and also vacuum enclosures,
since the full apparatus is evacuated from the first pinhole to the Kapton® window just before
the detector.

3.2.4

Sample Stage

A motorized sample stage is crucial for flexibility and automation. The apparatus detailed here
has a spacious vacuum chamber of 21 × 21 × 29 cm3 inner dimensions, which can accommodate
various sample environments. The chamber has three circular ports of approx. 15 cm diameter.
Specialized covers for these enable the in- and output of electrical signals or different materials,
such as a water circuit for temperature control, evacuation and venting. The sample stage inside
can be moved by two stepper motors; the stroke lengths are 35 mm horizontally and 75 mm
vertically. The accuracy of the positioning is under 0.01 mm, which enables position-resolved
SAXS experiments and/or the automatic measurement of several samples in a sequence.
Although most SAXS experiments can be performed with the sample in vacuum (or in a
vacuum-proof container, such as a thin-walled glass capillary), the possibility of measurements
under atmospheric pressure (such as in situ shear studies [62]) has been anticipated. The vacuum
chamber can be dismounted from its place, leaving the motorized sample stage outside the
vacuum. In this setup however, two additional Kapton® windows have to be introduced: one
at the end of the collimating system and another after the sample, at the start of the flight path.
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Figure 3.6: The sample stage (left) and the mounting platform (center) inside the detachable
vacuum chamber. The standard “ladder”-type sample holder for solid and powder samples from
beamline B1 is also shown (right)

The standard mounting piece for samples (the “ladder”) is the same as has been used at
beamline B1 in Hamburg (courtesy of dr. Ulla Vainio and dr. Günter Goerigk). This way all the
specialized sample holders the research group originally made for the synchrotron instrument
became usable.
As stated in the introduction, SAXS measurements typically do not need much sample preparation: experiments can be done on the native form of matter. Liquid samples are typically filled
into thin-walled (cca. 0.01 mm) borosilicate glass capillaries (cca. 1-1.5 mm outer diameter). A
temperature controlled aluminum block is available to accommodate at most twenty of these in
the vacuum chamber. Solid specimens are mounted on the above mentioned “ladders” using thin
molybdenum or bronze platelets. Powders are typically filled between two layers of self-adhesive
tape.

3.2.5

Flight Path

The angular range is principally defined by the distance between the sample and the detector.
For the sake of flexibility, the flight path has been designed to be easily modifiable. Different
number of tubes of 15 cm diameter can be inserted between the sample chamber and the beamstop stage. These have been manufactured from common poly(vinyl-chloride) (PVC) plumbing
pipes. The reason behind this unusual choice of material is that PVC has a short absorption
length for Cu Kα X-rays, it is relatively cheap and easy to process. It also does not produce
fluorescence in the energy range detected by the Pilatus-300k, which is a further advantage
and reduction in background scattering. A serious drawback is the outgassing property of this
polymer, which precludes using high vacuum in the camera. The achievable pressure (typically
near 6 · 10−2 mbar) is more than enough to eliminate air absorption and scattering in the flight
path.

3.2.6

Beam-Stop

After the flight tubes a beam-stop stage is installed. It is displayed disassembled in Fig. 3.7.
Cylindrical beamstops can be fixed on a vertical bronze wire of 1 mm diameter. The wire can
be moved horizontally (5.5 mm) and vertically (60 mm) with the same precision and accuracy as
the sample and the pinholes. Currently a 4 mm and a 2.5 mm diameter beamstop is available,
but other sizes can be manufactured as well on demand.
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Figure 3.7: Beamstop stage disassembled

The vacuum space of the camera ends with a 76 µm thick Kapton® window just after the
beamstop. It is instructive to emphasize the reason why the beamstop has been put before the
window. Traditionally, beamstops are used to “catch” the very intense direct beam to avoid
damaging the detector. However, the Pilatus-300k used in CREDO is a synchrotron-category
detector designed for high count rates, thus in principle it could tolerate the direct beam. In
contrast with gas-filled detectors (e.g. MWPCs with delay-line readout [51, 52, 56]) where the
whole detector surface is blocked when detecting a single photon impact, the pixels of this
detector act as individual counters (PIN-diodes), thus if one pixel is saturated, it does not
affect its neighbors. In other words, detection of the scattered intensity would still be possible
simultaneously with the direct beam, without any hindrance. The real reason is to avoid the
direct beam hitting the Kapton® window: firstly to avoid it acting as a scatterer, secondly to
minimize radiation damage, which would result in weakening or sudden breakage or implosion,
the consequences of which are better not thought of.
Another means to minimize the risk of window implosion is to put strengthening “backbones”
or “ribs” behind it. The most was made from a weak point of the Pilatus detector, namely that
its active surface is composed of three modules, with nearly 3 mm (17 pixel) insensitive gaps
separating them. The backbones for the window have been aligned to overlap with these, thus
the loss of information is minimized (the idea is due to Vainio et al. [43]).
Lastly, the beam-stop stage accommodates a Pirani vacuum gauge (its mounting flange is
visible on the right in Fig. 3.7) for monitoring the vacuum pressure inside the camera.

3.2.7

Structural and Mechanical Parts

The flexibility of the apparatus is mostly due to its modular construction. All of its parts are
mounted on a 6 m long optical rail (composed of two 3 m long X95 rails, Qioptiq GmbH, Göttingen, Germany), along which they can be positioned continuously. This also helps alignment:
aligning of the X-ray mirror can be done with just the detector on the rail, and further parts can
be added one-by-one.
Selection of the raw materials was also done with great care. Toxic or harmful substances
were avoided. Beryllium, for instance, was commonly used in former times as window material,
as the lowest atomic number element which can be machined. Its dust is severely toxic however,
and as this would increase the health hazards of a window implosion, beryllium is substituted
with Kapton® whenever possible. In CREDO all windows are made from polymers: either
Kapton® or Mylar® foils.
Raw materials also needed to be considered in terms fluorescent properties. The photon
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energy of the used Cu Kα radiation is around 8048 eV, which can excite the K shells of elements
with lower atomic numbers (except Ni). Since the detector has an adjustable lower threshold
energy level, fluorescent photons with energies below this level can be eliminated. Without fluorescence, the optimum threshold level—which maximizes the counting efficiency and minimizes
the cross-talk between neighboring pixels—is ≈ 50% of the photon energy [69], in this case
≈ 4 keV. The database of X-ray fluorescence lines [73] shows that the elements to be avoided are
Co, Fe, Mn, Cr, V, Ti, and Sc. In place of iron and steel therefore aluminum, copper, brass,
bronze and various polymers were used wherever possible.

3.3

Optimizing the Collimation

As mentioned above, the collimating system of CREDO follows the three-pinhole scheme, illustrated in Fig. 3.8. X-rays enter through the first pinhole (left side of the figure, radius r1 ).

Figure 3.8: Three-pinhole collimation geometry
Together with the second pinhole it defines the maximum divergence (depicted with the crossing
rays between the two apertures in Fig. 3.8) and cross section of the beam. The third pinhole is
the anti-scatter or guard aperture, its purpose being to cut away the parasitic scattering (deflection of X-rays on the edges) originating from the first two apertures. Its radius (r3 ) has to be

3.3. OPTIMIZING THE COLLIMATION
the same or slightly larger than the direct beam at its position. In mathematical terms:


l2
l2
r3 = r1 + r2 1 +
l1
l1
= r1 λ0 + r2 (1 + λ0 )
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(3.1)

One important quantity pertaining to the choice of collimation is the sample size. For instance, when measuring liquid samples in quartz capillaries, the X-ray beam must by no means
be broader than the width of the capillary. On the contrary, it should preferably be small enough
for the illuminated part of the capillary to be regarded a plan-parallel cell. The other size limit
of the beam is imposed by qmin , the smallest desired q value, which is given by the radius of
the beam at the detector. Of course, we need a beam-stop to mask the direct beam and the
remaining parasitic scattering, so its radius is a more technical parameter.
In contrast to r3 , two different quantities can be defined for these limiting parameters. The
first one is the radius of the direct beam at the sample and the beam-stop position (rs0 and
0 , respectively) and the second is the radius of the remaining parasitic scattering transmitted
rbs
through r3 (rs and rbs , respectively). The latter is found geometrically by the crossing rays
0 . The question is however, which is the
between r2 and r3 . Naturally, rs > rs0 and rbs > rbs
relevant choice for these limits?
Because—as seen above—the scattering cross section of X-rays on matter is very small, photons from parasitic scattering are not expected to make measurable contribution when scattered
on the sample. The beam size at the sample is therefore quantified with rs0 . On the other hand,
we have to cover parasitic scattering on the detector (or else it would deteriorate the signal),
therefore the correct beam stop size is rbs . From similar considerations as of Eq. (3.1)


l2 + ls
l2 + ls
0
rs ≥ r1
+ r2 1 +
l1
l1
= r1 λ1 + r2 (1 + λ1 )
(3.2)


l3 − lbs
l3 − lbs
+ r3 1 +
rbs ≥ r2
l2
l2
= r2 λ2 + r3 (1 + λ2 )
= r1 λ0 (1 + λ2 ) + r2 [(1 + λ0 )(1 + λ2 ) + λ2 ]

(3.3)

is found, where ls , lbs and l3 are the distances the third pinhole and the sample, the detector
surface and the front of the beamstop and the third pinhole and the detector surface, respectively.
Furthermore, in the last step Eq. (3.1) has been employed. In experimental practice, the distance
between the third pinhole and the sample (ls ), as well as between the detector and the beam stop
(lbs ) are fixed and kept as small as possible2 . In most cases the sample-to-detector distance—or
equivalently l3 —is variable either continuously or in discrete steps.
With the above two constraints the choice in appropriate geometrical parameters is still quite
broad. An optimum among the possible collimation configurations must ensure the lowest q, but
more importantly—because qmin is already defined by the beam stop size—the highest X-ray
intensity at the sample position.
In order to obtain an analytical form for the pinhole sizes and distances in the optimum
geometry, an algebraic form for the intensity to be maximized is needed.
If the X-ray source is homogeneous over the cross-section of the first aperture, the intensity
is proportional its cross-section, r12 π. Each point of the first aperture is seen by the second one
2

It is evident that the X-ray flux at the sample (intensity for unit cross-section) is the highest if the sample is
put as near the 3rd pinhole as possible. Analogously, the beam stop can be bigger if it is nearer to the detector.
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solid angle, thus the intensity transmitted through the 3rd pinhole is:
I≡

π r12 r22
.
4 l12

(3.4)

This is admittedly a very simple approach, nevertheless it describes the real situation quite
well. Fig. 3.9 shows X-ray intensity values measured throughout 2015 on CREDO at different

Figure 3.9: Predicted and measured intensity at the sample position
setups, compared to the ones predicted from geometry using Eq. (3.4). The mismatches can be
attributed to X-ray source instabilities between different power cycles, mirror realignments and
measurement uncertainties.
In the following the algebraic forms of the pinhole sizes and distances corresponding to the
maximum intensity are derived. Results have been published in [74].

3.3.1

Fixed Distances

In most SAXS instruments, especially at synchrotron beamlines the X-ray source is fixed. Adjusting distances l1 and l2 would therefore mean translating the remainder of the camera, i.e.
the sample chamber, the flight path, the beam stop stage and the detector, which is usually not
feasible due to the size of these components. The positions of the collimating elements along
the camera axis are thus fixed, only the apertures and the sample-to-detector distance are free
for variation. This is not a problem with orthogonal slit pairs of continuously variable width
and height, since by varying the aperture the same optimization can be done as by varying the
distances along the camera axis. In these cases, from Eqs. (3.2) and (3.3) two constraints can be
given to r2 in terms of r1 :
r2 ≤
r2 ≤

rs0 − r1 λ1
≡ r2,max,s
for the sample size, and
1 + λ1
rbs − r1 λ0 (1 + λ2 )
≡ r2,max,bs
for the beamstop size.
(1 + λ0 ) (1 + λ2 ) + λ2

(3.5)
(3.6)

There are two (r1 , r2 ) pairs, satisfying the criteria of the sample and beam stop size, respectively:
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r1,s =
r2,s =
r1,bs =
r2,bs =

rs0
2λ1
rs0
2λ1 + 2
rbs
2λ0 (1 + λ1 )
rbs
2(1 + λ0 )(1 + λ2 ) + λ2
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(3.7)
(3.8)
(3.9)
(3.10)

A naturally arising question is when the optimal (r1 , r2 ) pair found from one criterion satisfies
the other? It turns out that three possible situations exist, as shown in Fig. 3.10.
In the following these three situations will be discussed: the sample-limited and beam-stoplimited geometry, and an intermediate case when neither of the two constraints dominates over
the other.
Sample-Limited Geometry
In the sample-limited case the solution of Eq. (3.2) also satisfies Eq. (3.3). Substituting Eqs. (3.7)
and (3.8) into Eq. (3.6) yields


2λ1 (1 + λ1 ) − ρ(λ0 + λ1 + 2λ0 λ1 )
d ≤ l2
+ lbs − ls ≡ ds ,
(3.11)
ρ(λ0 + 2λ1 + 2λ0 λ1 )
where d ≡ l3 − ls is the sample-to-detector distance and ρ ≡ rs0 /rbs . This is an upper bound on
the sample-to-detector distance, below which the sample size limit dominates.
Beam Stop-Limited Geometry
In the other case when the beam stop diameter is the limiting parameter, the following equation
is found:




λ22 4ρλ0 + 2ρλ20 +λ2 6ρλ0 + 4ρλ20 − λ0 − 2λ1 − 2λ0 λ1 +[2ρλ0 (1 + λ0 ) − λ0 − λ1 − 2λ0 λ1 ] ≥ 0.
(3.12)
Using Vieta’s formulae, the second order polynomial in λ2 on the left has two roots of different
sign if the constant term is less than zero:
2ρλ0 (1 + λ0 ) − λ0 − λ1 − 2λ0 λ1 < 0,

(3.13)

which, solved for ρ turns out to be
ρ<

λ0 + λ1 + 2λ0 λ1
.
2λ0 (1 + λ0 )

(3.14)

Since λ0 < λ1 by definition, the above inequality can be made stricter by substituting λ1 with λ0 .
This way the very simple ρ < 1 criterion follows, which is obviously true, because rbs must always
be larger than rs0 . Only the “+” branch in the solution bears a physical meaning. Expressing the
result in terms of d, the sample-to-detector distance:
p
λ0 + 2λ1 + 2λ0 λ1 − 2ρλ0 (3 + 2λ0 ) + 4ρλ0 (λ0 (ρ + 1) − 2λ1 ) + (λ0 + 2λ1 + 2λ0 λ1 )2
+lbs −ls ,
d+,bs = l2
4ρλ0 (2 + λ0 )
(3.15)
thus a lower limit is obtained on the sample-to-detector distance, above which the beam stop
criterion dominates.
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Figure 3.10: Graphical representations of the beam size criteria in the r1 -r2 configuration space.
Top: the criterion for the sample diameter is stricter than that of the beam stop. Center: the
beam stop size criterion is stricter. Bottom: neither of the criteria satisfy the other. The corresponding sample-to-detector distances are 520, 800 and 1000 mm, respectively. The remaining
parameters: l1 = 500 mm, l2 = 200 mm, ls = 130 mm, lbs = 54 mm, rs0 = 0.4 mm, rbs = 2 mm.
Cu Kα radiation was assumed (λ = 0.15418 nm). The grayscale background is the value of the
intensity factor defined in Eq. (3.4), in µm4 mm−2 units. The blue line and the shaded blue area
below it signify the fulfillment of Eq. (3.5), while the red line and area correspond to Eq. (3.6).
Filled red and blue circles denote the points in those areas with maximum I, while the smaller
white one is the overall optimum.
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Figure 3.11: Maximum intensity at the sample position as a function of the sample-to-detector
distance. The defining parameters were: l1 = 500 mm, l2 = 100 mm, ls = 130 mm, lbs = 54 mm,
rs0 = 0.4 mm, rbs = 2 mm. The dotted vertical lines separate the sample-limited, transitory and
beam-stop-limited ranges, in this order

The Intermediate Case
It can be proven algebraically that d+,bs > ds is always true, equality precluded. There exists
therefore a finite interval, [ds , d+,bs ], in which the optimum apertures for either criterion do not
satisfy the other one (see bottom image in Fig. 3.10). The optimum apertures in this case can
be found as the intersection of the two lines defined by Eqns. (3.5) and (3.6), namely
r1,unrel =
r2,unrel =

rs0 [(1 + λ0 ) (1 + λ2 ) + λ2 ] − rbs (1 + λ1 )
(λ1 − λ0 )(1 + λ2 ) + λ1 λ2
rbs λ1 − rs0 λ0 (1 + λ2 )
(λ1 − λ0 )(1 + λ2 ) + λ1 λ2

(3.16)
(3.17)

Discussion of the Three Cases
The main difference between the above three cases lies in the utilization of the limits. In the
first one the whole available cross section of the sample is irradiated, thus the scattering signal
is stronger and the results more representative, because the irradiated sample volume is larger.
The limit for the beam stop is not exhausted, though, which means that a smaller one would
also be appropriate for covering the beam, leading to a better than expected qmin . If the beam
stop size cannot be decreased, the sample-to-detector distance might be increased, in order to
get at smaller qs by using the same collimation.
This is visible in Fig. 3.11, which shows the maximum intensity—the value of I in the case
of the optimum collimation geometry—as a function of the sample-to-detector distance. As said
above, the sample-limited range is characterized by a constant line, which starts to decrease just
as the beam stop criterion begins not to be satisfied by the sample-limited approach.
The beam-stop-limited case, which follows directly after the intermediate range is even worse
in terms of intensity. Here the beam size at the sample does not reach the upper limit, thus
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Figure 3.12: Geometrical representation of the sample and beam stop size criteria in the l1 l2 space. The first and second apertures were 500 and 200 µm, respectively. ls = 130 mm,
lbs = 54 mm, rs0 = 0.4 mm, rbs = 2 mm, d = 520 mm. The shaded areas mark the fulfillment of
the respective criteria. The grayscale background is the intensity factor. The blue line and the
shaded blue area below it signify the fulfillment of Eq. (3.5), while the red line and area correspond
to Eq. (3.6). Filled red and blue circles denote the points in those areas with maximum I, while
the smaller white one is the overall optimum.

the scattering signal—and the representativity of the measurement—will be lower than optimal.
Here, if possible, different pinhole-to-pinhole distances should be used, for which the sample-todetector distance would fall once again into the sample-limited range.

3.3.2

Fixed Apertures

Another class of SAS instruments operates with pinholes of fixed size. Since these cannot be
obtained in arbitrary sizes, it is worth considering the optimization of the collimation geometry
with respect to l1 and l2 . The criteria for the sample and the beam stop (Eqs. (3.2) and (3.3))
can be reformulated as
l1 ≥
l1 ≥

(r1 + r2 )(l2 + ls )
rs0 − r2
(r1 + r2 )(l2 + l30 )


l0
rbs − r2 1 + 2 l32

for the sample, and

(3.18)

for the beamstop,

(3.19)

where the auxiliary quantity l30 ≡ l3 − lbs has been introduced. Both inequalities give lower
bounds for l1 as a function of l2 . A graphic representation of the two inequalities is shown in
Fig. 3.12.
In contrast to the case of fixed pinhole distances, here I only depends on l1 , thus the maximization of I is straightforward: the minimization of l1 . Since l2 is a free parameter, and it
enters in both (3.18) and (3.19), a solution for l1 can be found which satisfies the two lower
bounds simultaneously. The corresponding l2 is easier to find, namely as the positive root3 of
3
Analyzing the coefficients it turns out that this equation has two real roots of opposite sign. The constant
term is always negative, and the coefficient of the quadratic term in l2 is always positive, because the beam size
at the beamstop cannot be smaller than at the sample, due to the non-zero divergence of the beam and because
the former accounts for parasitic scattering, while the latter does not.
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the following second order polynomial:
l22 (rbs − rs0 ) − l2 (l30 r2 − ls rbs + ls r2 + l30 rs0 ) − 2ls l30 r2 = 0.

(3.20)

The value for l1 can be found by substituting the positive root of the above equation into
(3.18) or (3.19).

3.3.3

Global Optimization

Sometimes, e.g. when constructing a new SAXS instrument with movable slits, all four of l1 , l2 ,
r1 and r2 are free for continuous variation. Of course, some limitations also occur here along the
usual sample and beamstop size, such as highest and lowest allowed aperture sizes, maximum
camera length given by the available laboratory space, etc. Finding an analytical solution for
the optimum geometry by taking these constraints in account would be a tedious work. To this
end, a Monte Carlo approach is used here.
ls , lbs and d being fixed, the aim is to find the geometry with highest flux in terms of l1 , l2 ,
r1 and r2 , while satisfying the criteria of rs0 , rbs and additionally r1 < r1,high , r2 < r2,high as well
as l1 + l2 < l12 . The optimization routine, which is similar to the well-known Metropolis scheme
[75], starts with a random state, fulfilling all the above criteria. Next, a small modification is
done in one of the four defining parameters. If any of the criteria is violated by this, the change
is rejected. If all the criteria are satisfied, the difference in I is calculated, and if it is positive,
∆I
the change is accepted. If negative, it is accepted with the probability of e T , where T is the
equivalent of the Boltzmann energy scale in the original routine.
Several runs of this loop are executed, each staring where the previous one left off. At the
end of each loop, the acceptance ratio is evaluated, and T is tuned to ensure it remains near a
given value, e.g. 0.4. During the simulation, the optimum setup is always kept, and is given as
a result at the end.

3.3.4

Discrete Variations in the Apertures and the Separations

Because in CREDO neither the apertures nor their distances are variable continuously, a different
approach had to be implemented: discrete variability in all of these is allowed. Pinholes are
available in 150, 200, 300, 400, 500, 600, 750, 1000 and 1250 µm diameter, and between the
stages various spacers of length 65, 100, 200, 500 and 800 mm can be inserted (standard ISO-KF
DN 25 flange).
The optimum collimation is found by brute-force filtering all possible configurations against
the user-defined criteria: an interval for the beam radius at the sample (rs0 ) and another one
for the beam stop radius (rbs ). Those configurations which satisfy these limits are then sorted
according to either qmin or I, giving the optimal setup. In order to find the global optimum,
other discretely variable parameters (such as ls ) can also be included in the brute-force search.

3.3.5

Results

In the CREDO facility, most typically aqueous samples are studied in 1 mm thick borosilicate
capillaries, thus the desired beam diameter at the sample position is 0.8-0.9 mm. The beamstop size is typically 2.6 and 4 mm, and for a typical q range of [0.2, 5] nm−1 we use 520 mm
sample-to-detector distance.
Before the above detailed results were implemented (in the SASCollOpt.py script), the collimation was intuitively constructed from 500, 400 and 600 µm diameter pinholes, placed 816
and 312 mm apart. In terms of the theoretical intensity factor, this means I ≈ 2949 µm4 mm−2 ,
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corresponding to cca. 5070000 photons/sec. Utilizing the above-derived results, I have successfully increased the intensity to 7572000 photons/sec (I ≈ 7549 µm4 mm−2 ), by using 600, 400
and 750 µm pinhole diameters and 612 and 212 mm spacings. Although the increase in measured intensity is less than expected from I, it is still substantial. Most importantly, however,
the parasitic scattering was found to be nonexistent with the new set-up, in contrast with the
previously used geometry.
Monte Carlo simulations revealed—consistently with the studies of Bolduan and Bear [76]
and Pedersen [72]—that a maximization of r1 is always desirable, even at the cost of longer l1 .
This prompted us to employ the largest possible entrance aperture. With this setup (1250, 500
and 750 µm with 1520 and 212 mm spacing) I became 8300 µm4 mm−2 , while the measured
intensity increased to nearly 9·106 photons/sec. The non-proportional increase in the intensity
(with respect to I) is due to the breakdown of the approximation in Eq. (3.4), because the raw
beam size at the exit of the X-ray mirror is 1.1 × 1.5 mm2 .
Nowadays I use SASCollOpt.py for routine work at CREDO for determining optimum collimation geometries with high flux and no parasitic scattering. This is facilitated by a graphical
user interface (GUI), which makes the usage of the program easy and convenient in the daily
work.

3.4

Data Collection, Reduction, Storage and Processing

Software development and establishing the measurement routine is a big challenge for new SAXS
facilities. In this task, too I have received the first experiences at the B1 beamline, when contributing a radial averaging algorithm and various other improvements to the on-site data reduction macro package [43]. This section outlines the software I have developed for controlling
CREDO and managing the experimental data obtained therewith. For finer details, the reader
is kindly referred to Appendix A.
A typical SAXS experiment consists of the next steps:
1. Sample handling: choosing the sample environment and filling the sample into an appropriate sample holder
2. Alignment and calibration of the apparatus: collimation, sample-to-detector distance
3. Sample alignment: determining corresponding motor positions, measurement of thickness
and transmission
4. Measurement sequence: making exposures on calibrants and samples
5. Post-processing of exposures: corrections, calibrations, transformations. This step is also
termed data reduction
6. Processing of the measured data:
Data handling: summarizing, averaging, merging, quality assessment, etc.
Preliminary characterization: routine plots (e.g. Guinier, Porod, Kratky) and fits
Data interpretation: least-squares fitting, making publication-ready plots etc.
In CREDO the tasks of obtaining and handling data have been separated into two pieces of software: the instrument control software takes care of steps 2-5, while a data processing framework
handles the remaining.
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Instrument Control Software

Both versions of the instrument control software: the legacy SAXSCtrl and the rewritten cct have
been implemented in the Python programming language [77]. Their primary responsibilies are
communicating with and controlling all components of the apparatus, executing measurements
and collecting results. They perform additionally the task of calibration and correction on the
freshly acquired scattering patterns.
The main philosophy of the software is to provide an intuitive user interface over a powerful
and versatile core, serving the needs of both casual and power users. A GUI has been constructed
using the Gtk widget set. The emphasis is laid on providing high-level procedures (such as taking
exposures, moving a sample into the beam, doing scan measurements) while allowing for access
of lower-level functions if necessary (moving and calibrating single motors, opening/closing the
beam shutter etc.). Fig. 3.13 shows a typical screenshot of the new instrument control software.

Figure 3.13: Typical desktop of cct
Under the hood, the program cct consists of several concurrently running threads. Each
device (detector, X-ray source, motor controller, vacuum gauge, heater/cooler circulator) has a
single dedicated thread which maintains continuous communication with it, stores and updates
state parameters and issues commands to the device. These threads in turn notify the main
thread—which runs the GUI—on state changes or completion of commands, while the main
thread can issue commands driving these. This hierarchical design takes away the burden of
doing low-level communication from the main process, thus ensuring that the user interface is
always responsive to the actions of the user.
The command interface represents a higher level in cct. The built-in interpreter can execute
a custom script language mostly resembling BASIC and Python. Both low-level (move single
motor, open shutter, make an exposure) and high-level (move a sample into the beam, make a
scan measurement, do several exposures) commands have been defined (cf. Appendix A.1). Some
of the commands can also be invoked by a GUI dialog, this being the highest level of abstraction.
The state variables and other parameters are stored in several on-disk file databases, detailed
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further in A.2

3.4.2

Scan measurements

Various alignment tasks pertaining to SAS instruments involve finding correct motor positions for
various tasks. This is usually accomplished by scan measurements: recording scalar parameters,
mostly count rates of dedicated point detectors at a set of—usually equidistant—motor positions.
For example, aligning the collimating elements usually involves measuring the intensity of the
transmitted beam with respect to the position of the aperture in one of the transverse directions.
At most synchrotron SAXS instruments a removable photo- or a PIN-diode is implemented just
after the sample, or built directly into the beam stop. Along the beam path before the sample,
several other counters can be inserted in order to better assess the changes in beam intensity
when a given collimating component is altered.
In CREDO the only detector is the Pilatus-300k, which is positioned at the end of the camera.
To be able to do scan measurements, the concept of “virtual point detectors” is introduced. At
each motor position in a scan sequence, an exposure is done using the whole detector, then a
portion of the image is selected (via a mask matrix), and mathematical operations (such as sum,
maximum, minimum, center of gravity, RMS size, etc.) are carried out on it. The resulting
scalar values are plotted against the motor positions to yield similar scan curves as found in
synchrotrons.
The intensity of the direct beam can also be monitored, by moving the beam stop completely
out of the beam (and using the X-ray generator in low power mode to preserve the Kapton®
window and the detector).

3.4.3

Sample Preparation and Alignment

SAXS generally does not need invasive sample preparation, in comparison with imaging techniques. Aqueous materials, for example, can be measured as is, only a vacuum-proof container is
needed. Other samples, which can withstand vacuum can be mounted on the sample holder as
is, or between two thin foils if they are not self-carrying (e.g. powdered). The optimal thickness
of a sample can be determined from the Lambert–Beer exponential beam attenuation law:
I(d) = I0 e−µd ,

(3.21)

where d is the thickness of the sample, I0 is the intensity before, I(d) after the sample and µ is
the linear absorption coefficient, which depends on the constitution and density of the sample,
as well as on the photon energy. Too thin a sample produces no scattering, while too thick
samples absorb all the direct and scattered photons, or give rise to multiple scattering. The
scattered intensity is proportional to d · e−µd , thus the optimum thickness is 1/µ, which is cca.
1 mm for water or aqueous solutions at Cu Kα photon energy, thus in CREDO liquids are
usually measured in borosilicate or quartz capillaries of 1-1.5 mm diameter and cca. 0.01 mm
wall thickness. The exponential factor in Eq. (3.21) is termed “transmission”. It can be very
simply measured according the following formula:
T =

Is −ID ts /tD
Ms −MD ts /tD
I0 −ID t0 /tD
M0 −MD t0 /tD

,

(3.22)

where I is the signal of a counter which measures the beam intensity after the sample, M is the
signal of the monitor counter (the beam intensity before the sample), t is the exposure time and
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the subscripts s, 0 and D correspond to the “sample in beam”, “empty beam” and “X-rays off”
situations, respectively.
In CREDO we do not use a monitor counter, because the beam intensity is stable enough
(peak to peak variation < 2%, RMS variation < 0.4% over nearly 52 hours), and the same
exposure time is used for all three intensities. Thus the transmission is calculated according to
T =

Is − ID
.
I0 − ID

(3.23)

After the samples are ready, they are put onto the motorized sample stage, typically several
specimens simultaneously. In order to find the motor positions corresponding to a given sample
(and the exact diameter of capillaries), scan measurements once again are found useful. Sample
positions, thicknesses and transmissions are automatically updated in the sample database.

3.4.4

Data Collection and Reduction

The primary result of a SAXS measurement is a matrix of the counts in the detector (I). In order
to reach machine-independent data, several corrections and calibrations have to be executed, as
detailed above. This is a straightforward routine, which is in fact implemented in the instrument
control software, to be executed as soon as a new scattering image is saved. The following
˜ given in differential scattering
equation is used to obtain the matrix of absolute intensities (I,
cross section units) of a homogeneous sample:
!
t
E
I − D tD
E − D ttD
1
Ĩ =
−
C(θ)f .
(3.24)
Tm
mE
d
There are two kinds of background signals which have to be subtracted from the measured
sample scattering (I). Dark current, represented by D originates from sources other than the Xray source, e.g. the inherent noise of the detector, environmental or cosmic background radiation,
etc. It is assumed to have a steady rate in time, and it has to be subtracted from the sample
scattering after scaling with the measurement times (t and tD ). The other background, is caused
by stray X-ray photons from the source, transmitted through the sample. It can be measured by
exposing without the sample in the beam (E). As dark current affects every detector image, the
empty beam signal needs also to be corrected by D. The remaining matrix is proportional to
the X-ray flux, which is measured typically with beam intensity monitor counters. The correct
scaling here is therefore by the accumulated counts in those counters during the exposures, m
for the sample and mE for the empty beam measurement, respectively. For X-ray sources with
stable flux, monitor counters can be omitted, and the exposure time can be used for scaling.
Before subtracting the empty beam background, the sample signal has to be corrected by the
transmission: T = e−µd , where d is the sample thickness and µ is its linear absorption coefficient.
C(θ) carries the geometrical corrections for each pixel and f is a normalization factor converting
the corrected intensities to absolute (differential scattering cross section) units, determined from
a reference measurement.
The C(θ) correction factor accounts for three geometrical distortion effects:
(sa)

Cij = Cij

(pp)

· Cij

(aa)

· Cij

(3.25)

The reason for the first term in the above equation is that each pixel of the detector subtends
a different solid angle. The form of this solid angle correction matrix is
(sa)

Cij

=

L2
cos3 (2θij )

(3.26)
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where L is the sample-to-detector distance and θij is the half scattering angle corresponding to
pixel ij of the detector image.
The second correction handles the angle-dependent self-absorption of the sample, known as
the Paalman-Pings correction [78]. For flat samples (which is a good approximation even in the
case of capillaries) it has an analytical form:
(pp)

Cij

=

e−µd µd (1 − 1/ cos(2θij ))
µd
− cos(2θ

e

ij )

(3.27)

− e−µd

where µ is the linear absorption coefficient. This formula does not correct for the sample transmission by itself, as its θ → 0 limit is 1.
The third term corrects for the angle dependence of the absorption of the scattered radiation
throughout the flight path. Presently, only the residual air in the vacuum tube is taken into
account, but other absorbing elements can be taken into account by repeating this term4 .
(aa)

Cij

µair L

(3.28)

= e cos(2θij )

The uncertainties of Ĩ are obtained from a proper error propagation on the above formula,
noting that counting statistics
is usually Poissonian, i.e. the estimator of the uncertainty of a
√
pixel with N counts is N . For large N (N > 100 in practice), the Poisson distribution is well
approximated by a Gaussian, thus the normal squared error propagation may be used. For low
counting rates this is obviously not applicable: the uncertainties will be overestimated.
As a consequence of Poisson statistics, in order to halve the relative error, the number of
counts—which is proportional to the measurement time—should be quadrupled. Decimating the
relative error means a hundred times longer measurement time. Thus the total duration of the
experiment is determined by the needed precision in the result.
Furthermore, the experiment might be carried out either in one part or the allotted time can
be divided into many independent exposures. Making the measurement in many shorter parts
has only a very slight drawback: lost time between exposures due to motor movements, detector
initialization etc. The advantages are however numerous. Firstly, it enables the assessment of the
results during the experiment. Scattering images obtained up to a given time can be summarized,
the scattering curves visualized, curve fitting can be commenced, and thus it can be decided if
sufficient statistical quality has been reached or not, if the experiment can be ended or not yet.
Secondly, by averaging all the individual images, the statistical uncertainty of the results can be
determined from the fluctuations. In the CREDO instrument, several exposures are made from
each sample, with frequent sample change. Each exposure is corrected according to Eq. (3.24),
and the scattering patterns, as well as their errors estimated with squared error propagation,
are stored on the disk. The data processing framework, detailed in section 3.4.6, averages all
these images, assuming them to be independent measurements of the same physical quantity,
according to the well-known formula:
N
P

ξ¯ =

i=1
N
P
i=1

¯ =
σ(ξ)

ξi
σi2

1
s

N
P

i=1
4

Notice that the sign of the exponent is positive
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Figure 3.14: Artifacts in the scattering patterns from cosmic radiation: line (left), chip flare and
a line (center), double chip flare (right)

where ξi are the independent measurements and σi are the corresponding uncertainties. This
approach resolves somewhat the above detailed overestimation of the errors at low count rates.
In highly sensitive detectors, such as the Pilatus, cosmic and ambient radiation can be a
nuisance. Time to time, these cause artifacts in the scattering patterns. Fig. 3.14. shows a few
characteristic ones. It is difficult to correct for these artifacts en masse: the safest way is to
discard the affected image. If the exposure times are short (typically 300 seconds in CREDO),
not much beamtime is wasted.
Shorter exposures are also useful for assessing the stability of the instrument. Since CREDO
does not have a beam flux monitor before the sample, the calibrant for the intensity scale (a
piece of glassy carbon) is routinely re-measured during the experiment. Subsequent exposures
of the samples are calibrated against the last such exposure.
Finally, the sample can also change during the measurement, either by intention or by mistake. Radiation damage, capillary sealing problems, sedimentation or water evaporation and
condensation at higher temperatures fall into the latter category. These changes—if slow—can
go unnoticed, severely affecting the quality of results.
Statistical Assessment of Experiment Stability
Correlation matrices are powerful means to assess sample and instrument stability. If the above
described strategy of several short exposures is followed, pairwise comparison of scattering curves
(or patterns) can be carried out using the following formula:

2
P [Ii (qk )−Ij (qk )]


 k σi (qk )2 +σj (qk )2
P
if
i 6= j
1
∆ij =
(3.31)
k σ (q )2 +σ (q )2

i k
j k

 h∆ i ≡ ∆
¯i
if
i=j
il
l6=i

where Ii (qk ) and σi (qk ) are the experimentally determined intensity and its statistical error of
the ith exposure at the kth q point. The diagonal elements of the symmetric matrix ∆ are the
averages of the respective rows (or columns) for the sake of visualization. Fig. 3.15 shows three
typical correlation matrices obtained during actual measurements on CREDO. The image on the
left is typical for instrumental and sample stability, having only minor structure. The center
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Figure 3.15: Assessing instrumental/sample stability with correlation matrices. Colour scales
are linear. Left: stable sample. Center: exposure affected by cosmic radiation. Right: sample
undergoing a sudden change
one shows that one exposure—affected by a detector chip flare caused by cosmic/environmental
¯i is statistiradiation—differs strongly from all the others. In other words, the corresponding ∆
cally different from the others. In fact, a statistical test is incorporated into the data processing
¯i differs from the average of all ∆
¯i s by
routines of CREDO, marking all the exposures where ∆
more than λ-times their standard deviation. The range 2 < λ < 2.5 has been found to ensure
sufficient sensitivity to this method. Finally, the image on the right in Fig. 3.15 shows a case
of sample instability: a sudden change in the scattering (in this case the realignment of powder
grains of silver behenate (AgBeh) due to shaking induced by motor movements). Slower changes
¯i . An increasing tendency means that exposures
can be monitored by plotting the sequence ∆
farther away in time differ more than those near each other. Doing for instance a simple line fit
can quantify the long-time stability.
Franke, Jeffries, and Svergun [79] developed Correlation Map, another approach for this
problem. By this method similar correlation matrices are constructed, although the rows and
columns index the q bin and not the exposure. While their method is statistically more correct—
inasmuch as it does not involves an empirical factor—it is computationally more demanding and
it is not straightforward to find the affected exposure. Also, it is not applicable for scattering
patterns.

3.4.5

Data Storage

File Sequence Numbering
Experiments at high-end synchrotron SAXS instruments are highly automated, allowing researchers to take several exposures possibly from different samples without user interaction. The
file names therefore, under which detector images and the corresponding metadata are saved to
disk follow a simple scheme with a fixed part and an index number, the file sequence number
(FSN). Management of this counter is site-dependent, but generally it is reset either at the start
of a year (or a synchrotron/reactor user operation period), or for each group of experimenters.
Since its commissioning, the former system has been used in CREDO. However, as the detector is
used for many different purposes, several counters or “exposure classes” are kept simultaneously.
These are reflected in the file names, the general scheme of which detailed in Appendix A.4 gives
more detail on this topic.
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Image versus Metadata
The scattering pattern by itself is not enough to get quantitative results. Other parameters pertaining to the geometry, the incident radiation, etc. are needed for doing the required corrections
and calibrations and getting the scattering curve. These are also important for the assessment
of the quality of the data and the reproducibility and reliability of the results. The “record as
much as possible” principle is followed in CREDO, i.e. measuring and logging everything which
can be measured and logged.
File Formats
Developing an instrument control software also involves decisions on storage formats. Several
arguments influence the on-disk representation of the experimental results:
Storage efficiency: the stored data should occupy as little space as possible. This is especially
important in the case of the scattering patterns
Portability: the file format (especially that of the final results) should allow easy reading on
different computer architectures, and typically be self-describing to a large extent. The de
facto standard file format of scattering curves is tabulated ASCII (.txt or .dat): these
files can be read without much difficulty by spreadsheet programs (Microsoft® Excel™ or
equivalent). Scattering patterns can be stored in an appropriate container format (HDF5
or NetCDF).
Coding efficiency: the read-write routines of the files should be relatively easy to implement,
or they should use validated library functions, in order to minimize data loss due to programming errors (i.e. bugs).
Conformity to standards: using an established, broadly accepted data format makes it possible to further process the results in third-party software. Recently, efforts have been made
to develop a unified file format for scattering experiments. NeXuS strives to be a common
format for storing the primary and reduced data from neutron, X-ray and muon scattering
experiments [80, 81]. The Data Formats Working Group of the canSAS Consortium is
meanwhile working on a common format for reduced SAS data: XML-based for scattering
curves and NeXuS-based for patterns [82].
In CREDO coding efficiency and portability has dominated since the beginning. From the
possible formats the raw two-dimensional image of the detector can be saved into by camserver,
the low-level detector driver program, crystallographic binary format (CBF) has been chosen
because it is a more established standard [83]. Additional metadata are saved in a Python pickle
file, as well as in the legacy, user-readable parameter file format of SAXSCtrl, an extension of
the log files written during data reduction at the instrument B1 in Hamburg [43]. Mask files
are Matlab® matrix files, once again a legacy from the data reduction routines in Hamburg.
Reduced (i.e. fully corrected and calibrated) scattering patterns and their uncertainties are saved
in the native binary format of NumPy [84], along with an updated parameter file. Lastly, scattering
curves are saved in tabulated ASCII files. In order to minimize the loss of precision, all numerical
values are saved in exponential form with 18 decimal digits.
Additionally, each unprocessed scattering pattern is saved to a NeXuS file. This is currently
in experimental stage, but later on it is intended to replace the CBF-NPZ workflow completely.
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The Data Processing Framework

While measurement is a sequential and singleton process (exposures are made one by one in
sequence, one at a time), but because further handling of reduced scattering data is of non-linear
nature, it should be possible to evaluate and process measurement results independently from the
currently running measurement. At CREDO the two processes—taking and analyzing data—
have been completely decoupled. This comes with two advantages: as soon as reduced scattering
data becomes available (typically under a few seconds after the actual exposure finished) on disk,
the data processing framework can start working on it. Secondly, the data processing framework
is a non-singleton process: many instances can run simultaneously, working on the data from
different experiments.
The framework is actually Jupyter, a browser-based notebook interface to Python [85]. It
runs as a server program on the CREDO instrument control computer, and accessible using a
graphical web browser from the computer or over the network (see Fig. 3.16). Each experiment
has one or more associated notebook page. These pages are composed of consecutive code cells,
into which Python scripts can be written. The cells can be executed consecutively or one by
one in any order, and the results: text, graphs, tables etc. are shown after the cell. Images and
data files can also be written to disk. Finally, the notebook can be downloaded in static PDF or
HTML format.

Figure 3.16: The data processing framework in a web-browser
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To aid data processing for the non-programmer, I have developed credolib, a Python package
of high-level procedures. A typical notebook has the following parts:
1. Initialization of the framework: importing libraries and changing the path
2. Loading parameter files
3. Collecting and averaging exposures measured under the same conditions on the same sample. The correlation matrix code (cf. section 3.4.4) is also part of this step.
4. Assessment of the quality of measurements: transmission, exposure time, sample stability
¯i ), instrumental background etc.
(trends in ∆
5. Plotting averaged scattering curves
6. Subtracting background (buffer or window scattering)
7. Merging scattering curves recorded at different sample-to-detector distance
8. Further processing: fitting, creating publication-ready graphs
The biggest advantage of this approach is the self-documenting and repeatable workflow:
the program code present, the exact operations can be repeated in exactly the same way. This
is also invaluable for currently running measurements: data evaluation and interpretation can
begin after the few exposures are ready. The same notebook page can be executed over and over
again as new data becomes available, and the new results can be used in further planning the
experiment (i.e. “how long do I need to measure”).
One serious drawback of the data processing framework is that it needs knowledge of writing
program codes in the Python language, which the average scientist can not be expected to be able
to do. I have tried to mitigate this problem in credolib by introducing simple, well documented,
reusable procedures producing high quality output (figures and tables) automatically, as well as
establishing code template blocks for frequently used functions.

3.4.7

Other Steps in Data Reduction and Processing

Finding the Beam Center
In order to map image elements to the physically more relevant q domain, the exact center of
the scattering pattern, i.e. where the transmitted X-ray beam would hit the detector, needs to
be determined. There are several ways to do this.
The most simple approach is to use a semitransparent beamstop, which transmits a very
small fraction of the primary beam, just enough to cause an image of the beam on the detector
surface, with count rates comparable to that of scattering. The beam position can be determined
by weighting the intensity distribution over this area. Although this is a direct and highly reliable
method, the main problem with it is that wide-angle scattering from the beamstop material can
be manifested on the detector, most frequently in the form of Debye-Scherrer rings.
Another approach is to utilize the known symmetry of scattering patterns recorded from
special samples. Isotropic scatterers which exhibit strong peaks in their scattering curves (or
rings in the scattering patterns) can be used here. Using such an image, the beam position is
found by an optimization algorithm which maximizes the peak height on the scattering curve
calculated using the beam position (see Section 3.4.7). Another option is to maximize a goodnessof-fit parameter of a power-law range near the beginning of the scattering curve.
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Azimuthal Averaging
Scattering curves (dΣ/dΩ versus q) are obtained from the scattering patterns via azimuthal
averaging. The code which is responsible for this transformation is a re-implementation of my
original C-language Matlab® (The MathWorks, Inc. Natick, Massachusetts, United States)
routine, which was being used at beamline B1 since 2009 until its decommissioning [43]. The
language of choice was Cython, a code generation tool being able to create C extensions for
Python [86].
The averaging algorithm starts by defining a set of adjacent q-bins by their lower and upper
limits. For each image element in the scattering pattern it determines the corresponding value
of q and the index of the bin into which it falls. The intensity, the square of its uncertainty
and the exact value of q are collected separately for each bin. Finally the collected variables are
normalized by the number of image elements composing each bin to obtain the correct q, intensity
and uncertainty arrays. The estimation of uncertainties of intensity and q is done according to
[87].
Invalid areas of the scattering pattern—such as those covered by the beamstop or affected by
dead or “hot” detector elements—can be exempted from the above treatment by using a mask
matrix: an array of true or false values corresponding to each pixel. A user-friendly tool is
implemented in the control software for constructing mask matrices.
Background subtraction
Several distorting effects can affect the scattering patterns. The removal of instrumental background (“empty beam”) is straightforward and routinely done in the data reduction procedure,
as shown in Eq. (3.24). Scattering from the sample holder (capillary, foils etc.) or—in case of
aqueous samples—the solvent can be done on a per sample basis in the data processing framework. In most cases, if the sample and the solvent is measured in the same or equivalent vessel,
scattering curves can be subtracted without any further scaling. In more concentrated solutions
either the volume fraction of the solute should be taken into account, or a scaling factor for the
background should be devised by empirical methods.
In principle, this method of subtracting the intensities is not fully correct, because it does
not account for the solvent-solute interference term in the intensity. Practically, however, this
term is negligibly small, especially in the case of dilute solutions.
Merging scattering curves
The modular design of CREDO allows for covering a broad size range by doing experiments
at several different sample-to-detector distances. Each setup has a corresponding accessible qinterval. If there is an overlap between these, scattering curves measured at different setups can
be merged to obtain a single curve covering the full available momentum transfer range without
gaps.
Another typical case where this merging approach is useful is the case of aqueous solutions
of weakly scattering nano-dimensional objects, e.g. proteins or nanoparticles. Dilute solutions of
these are preferred for SAXS measurements in order to avoid concentration effects (correlation
peaks) at low q. However, if the concentration is too low, the scattering signal from the solute
at higher values of the momentum transfer is lost in the background scattering of the solvent. A
common trick is therefore to measure at least two different dilutions of the same specimen, and
get the low-q part from the more dilute, the high-q part from the more concentrated sample.
For the sake of a successful merge, a multiplication factor is frequently employed to make
the curves cover each other in the overlapping q range. If the sample is stable enough between
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measurements and the same (or at least equivalent) position is irradiated by the X-ray beam,
absolute intensity calibration ensures this scaling factor to be nearly one.

Chapter 4

SAXS Results
This chapter illustrates the possibilities of SAXS on experimental results obtained. Except where
noted, my contribution to the given topic is constrained to the planning and execution of the
SAXS measurements and the interpretation of the results. The underlying scientific problems
and the samples have been supplied by other researchers, whose contribution is acknowledged
everywhere.
All SAXS measurements were made using exclusively CREDO, except those in Section 4.3,
which I have obtained before the construction of CREDO at two synchrotron stations (B1 at
DESY and 7T-MPW-SAXS at BESSY).

4.1

Calibration samples

Every small-angle scattering instrument has to be calibrated in the scattering variable (q) and
scattering cross-section (dΣ/dΩ). Although first-principles methods can be employed for both,
these are too cumbersome and time-consuming for the experimental routine. Thus typically
these methods are only used to calibrate appropriate samples, which are then used later on as
calibrants.
In order to be eligible as a calibrant, materials have to meet several expectations. Firstly,
their structure must be well-known, with a highly reproducible synthesis method. Secondly, they
should be stable over a long period of time (several years shelf life) and must withstand several
different environmental conditions, most importantly temperature and—in the current case of
scattering experiment—radiation damage. They must also exhibit significant features in their
scattering patterns (e.g. sharp peaks), which are highly sensitive even to small changes in the
respective quantity.
In this section the calibration samples of CREDO and their typical usage and method of
calibration are described.

4.1.1

Calibration of the scattering variable

The basic measured quantity representing the horizontal axis of the scattering curves is the
distance from the primary beam of the given detector element, expressed in pixel size units. In
the typical transmission geometry, using a two-dimensional position sensitive detector orthogonal
to the X-ray beam (cf. Fig. 1.7), the q value corresponding to the image element with indices
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where xcenter and ycenter are the x and y pixel coordinates of the position where the direct
beam would hit the detector, hx and hy are the edge length of the rectangular pixel in the x
and y directions, Lsample−detector is the sample-to-detector distance and λ is the wavelength. If
hx = hy , i.e. the detector pixels are square, a similar equation as the one above can be applied
to the azimuthally averaged scattering curve:
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where p ≡ (x − xcenter )2 + (y − ycenter )2 is the distance from the beam center, measured in
h = hx = hy units. In order therefore to determine the momentum transfer value for each pixel,
parameters xcenter , ycenter , h, Lsample−detector and λ have to be determined.
For determining the beam center, we use in CREDO either AgBeh, or a mesoporous silica
sample (SBA-15). Both samples exhibit peaks in their scattering curves (concentric rings in the
scattering patterns) and are strong scatterers (the peaks are easily resolvable even after 1 min
measurement time with a typical setup). The algorithm used in the instrument control software
of CREDO finds the beam position by maximizing the height of a given peak in the scattering
curve, as detailed in Section 3.4.7.
Because the pixel edge lengths and the X-ray wavelength are known from the technical descriptions of the detector and the X-ray source, respectively, only the sample-to-detector distance
remains as an unknown parameter. If one knows the peak positions of the calibration samples,
then Lsample−detector can be determined by fitting Eq. (4.2) to the (qi,calibrated , pi ) pairs, as done
routinely in CREDO.
A first principles method can be employed to determine the calibrated peak positions directly,
without knowing Lsample−detector , if the sample-to-detector distance can be increased by precisely
known values. If the original, unknown sample-to-detector distance Lsample−detector has been
increased by δL, let p(δL) denote the distance of the center of a given peak in pixel edge length
units. From the scattering geometry, the tangent of the corresponding scattering angle it is found
to be
p(δL)h
tan 2θ =
.
(4.3)
Lsample−detector + δL
This equation can be reformulated as:
p(δL)h = Lsample−detector tan 2θ + δL tan 2θ,

(4.4)

a first-order equation in δL. Thus the slope of a line fitted to p(δL)h (the radius of the diffraction
ring on the detector, in mm units) vs. δL gives tan 2θ, from which the q value of the peak can be
calculated using Eq. (1.2). Moreover, the intersection with the vertical axis allows to determine
Lsample−detector .
I have calibrated the peaks of the calibration samples using the above procedure, by shifting
the detector along the optical bench by (30.1 ± 0.2) mm units several times consecutively.
The SBA-15 sample (sample ID: 20140811-RS-2 SiO2 , P123) we use in CREDO was prepared
by Roman Schmack (Technische Universität Berlin, Fakultät II, Institut für Chemie). This templated mesoporous silica has cylindrical pores, which are aligned in a two-dimensional hexagonal
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lattice in their cross-sectional plane. The sharp Bragg-peaks originating from this structure
make this sample ideal for sample-to-detector distance calibration. Originally, this sample was
intended to replace the widely used AgBeh at the SAXS beamline in Berlin, because at very
small photon energies not even the first diffraction peak of the latter (near 1 nm−1 ) was visible
in the resolvable q-range. The same situation arose in CREDO, as well, which prompted the
adoption of SBA-15 as a calibrant.
Fig. 4.1 shows the scattering curves recorded at different sample-to-detector distances (left
graph), and the ring radii with respect to δL (right graph). The latter graph is definitely linear,
and the results of the parameters of the fit are shown in Tab. 4.1.

Figure 4.1: Calibration of SBA-15. Left: SAXS curves measured at different sample-to-detector
distances. Found peak positions are marked with circles. Right: diffraction ring radius vs.
relative sample-to-detector distance
Reflection
(01) and (10)
(11)
(02) and (20)

2θ (◦ )
0.9617 ± 0.0002
1.6658 ± 0.0004
1.9225 ± 0.0003

q (nm−1 )
0.6839 ± 0.0002
1.1846 ± 0.0003
1.3672 ± 0.0002

lattice parameter (nm)
10.608 ± 0.003
10.608 ± 0.002
10.614 ± 0.002

Lsample−detector (mm)
396.9 ± 0.2
397.3 ± 0.1
397.0 ± 0.1

Mean lattice parameter: (10.611 ± 0.003) nm.
Mean sample-to-detector distance: (397.1 ± 0.2) mm
Table 4.1: SBA-15 calibration: fitted parameters
For AgBeh, the position of the first peak has been determined in a similar fashion, resulting
in (1.0759 ± 0.0007) nm−1 , corresponding to a lamellar spacing of (5.840 ± 0.0004) nm. Other
studies report this to be 5.8380(3) nm [88] and 5.843 nm (no estimation to the uncertainty given)
[89]. Once calibrated, both samples are highly stable, thus make ideal calibrants for the q-scale
in SAS measurements.

4.1.2

Absolute intensity calibration

The primary method of calibrating detector counts into differential scattering cross section units
is to record both the incident and the transmitted X-ray flux during the measurement by highly
stable and well-calibrated detectors, and the scaling factor for the intensity calibration is obtained
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from these two values, as is commonly done at high-end synchrotron instruments. Secondary absolute calibration methods employ a sample, the scattering curve of which is known in differential
cross section units. This method is employed at most laboratory SAXS instruments, as well as at
some synchrotron-based ones. The sample can be either distilled water, which has a flat scattering curve with a well-known intensity, ρ2 kT χT ≈ 1.632 · 10−2 cm−1 at 20 ◦ C, where ρ is the SLD,
k is Boltzmann’s constant, T is the absolute temperature and the isothermal compressibility χT
is 4.58 · 10−10 Pa−1 [90]. This can be considered as a first-principles calibration, because it does
not involves measurements at other, already calibrated SAXS instrument. Another common
choices are highly stable samples with flat portions of the scattering patterns, most commonly
porous amorphous materials, Lupolen® or glassy carbon, which have been calibrated by a first
principle method on a different SAXS instrument. In CREDO a piece of glassy carbon calibrated
to absolute units by Dr. Jan Ilavsky (X-ray Science Division, Advanced Photon Source, Argonne
National Laboratory, US) is used. This specimen (Type 2, sample G11) has been calibrated as
an absolute SAS intensity standard using the APS USAXS instrument at the 15ID beamline of
the Advanced Photon Source. Work is underway to re-calibrate this sample to water scattering,
achieving completely independent, in-house calibration.
The scattering curves of AgBeh and glassy carbon are shown in Fig. 4.2 in the whole attainable q-range of the CREDO instrument. The curves were combined from measurements at
three different sample-to-detector distances (cf. section 3.4.7), covering more than 3 orders of
magnitude in the scattering variable, and 8 in the absolute intensity of AgBeh.

Figure 4.2: Scattering of the calibration samples

4.2

Silica Nanoparticles

Accurate and precise calibration is one key requriement of measurement equipment, the other
one is validation, i.e. assessment of the correctness of calibration and the capabilities of the
apparatus. This typically involves making experiments on materials with well-known structure
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and compare the results to a priori information or similar measurements made on other, already
validated instruments.
SiO2 nanospheres are the most common representative of the still expanding class of nanoparticles. Apart from being useful in their own right, these materials are also used as precursors
of many other nanosystems. Their peculiar colloidal behavior also places them in the limelight.
Silica nanoparticles can be produced with a relatively well-defined spherical shape in various,
controllable size ranges, as stable colloidal suspensions. Consequently, these are frequently used
as standard reference samples for several measurement methods like dynamic light scattering,
field-flow fractionation and size-exclusion chromatography. Using SAXS, the size and shape of
these nanoparticles can be characterized in an accurate and precise way.
The size-determination of nanoparticle suspensions, especially when the particles are spherical, is traditionally addressed with SAXS. As outlined in section 1.3.2, the SAS of an ensemble of
isotropic1 , particles, where there is no correlation between their positions adds up incoherently,
because the cross-term in Eq. (1.8) vanishes. If particles of the same shape but different size
constitute this ensemble, its scattering is governed by Eq. (1.11), which can also be written in
the form
ˆ∞
I(q) = ∆ρ20 V 2 (R)Pnum (R)Φ(q, R)dR,
(4.5)
0

where Φ(q, R) ≡ |F (q, R)/V (R)|2 is the normalized (lim Φ(q, R) = 1) squared form factor of
q→0

the particle with linear size R. Here we see once again that the contributions of individual
particles are weighted by their squared volume. Having a measured intensity curve and an
assumption for the shape of the particles at hand, the number-weighted size distribution of these
particles, Pnum (R) can be determined by a least-squares fitting of the calculated scattering to
the experimental one. The volume- (or mass-) and intensity-weighted size distributions can also
be obtained in a similar fashion:
ˆ∞
∆ρ20 V (R)Pvol (R)Φ(q, R)dR

I(q) =

and

(4.6)

0

ˆ∞
∆ρ20 Pint (R)Φ(q, R)dR.

I(q) =

(4.7)

0

A more crude—but simultaneously more robust—approach for the determination of an average size is the Guinier approximation (cf. section 1.3.3). If the suspension of the nanoparticles
is monodisperse enough, the Guinier scattering is observable in the q-range corresponding to
the mean diameter (typically qR < 3 [29]). By fitting the Guinier formula to this range of the
data-set, we obtain a radius of gyration, from which a mean particle diameter can be obtained
if the shape of the particles is known (spherical).
Another approach to the problem of size determination of nanoparticles is a “model-free” one,
in the sense that no assumption is made for the shape of the probability distribution of particle
radii, except for a maximum (and possibly a minimum) size. This way one gets a histogram of
the size distribution [87].
SAXS is excellent for characterizing the size distribution of nanoparticle suspensions for
several reasons:
1

Isotropy can be inherent, when the SLD does not depend on the direction of r, or statistical, when an
anisotropic object assumes all possible orientations uniformly during the measurement.
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Traceable: In contrast with e.g. dynamic light scattering (DLS), which gives a hydrodynamic
radius, SAXS yields physically exact particle sizes, which can be traced back to the definitions of the units of measurement. When determining the particle diameters from TEM
images, only a two-dimensional projection of the particles is obtained, and the sizes have
to be determined either by hand or by image processing algorithms. In both cases, there
is a slight ambiguity in finding the contour of the particles.
Statistically representative: The resulting scattering curve—and therefore the size distribution determined from it—is a contribution of all the nanoparticles in the illuminated sample
volume, typically of the order of 1 mm3 . This amount of a dilute suspension (1 g/dm3 ) of
SiO2 nanoparticles of ≈ 80 nm mean diameter contains approximately 1.6 × 109 nanoparticles. Just for comparison, size distributions from a TEM measurements are usually determined from a few hundred, but never more than a few thousands of particles, even with
advanced image processing algorithms.
Accurate: When dealing with narrow size distributions, the intensity resembles the previously
seen squared scattering factor of homogeneous nanospheres. It has usually several welldefined minima (cf. Fig. 1.1), whose positions are very size-sensitive.
As an example, some measurements are presented here, which were part of an inter-laboratory
comparison study. The Institute of Reference Materials and Measurements of the Joint Research
Centre of the European Commission, Geel, Belgium (IRMM ERC) maintains and sells several
kinds of reference materials. ERM-FD100 is a certified standard material for nanoparticle size
measurements. It is an aqueous suspension of colloidal silica, with the intensity-weighted mean
diameter obtainable by the Guinier approach is 21.8 nm with 0.7 nm expanded uncertainty
(coverage factor k = 2, corresponding to a level of confidence of about 95%, see e.g. [91]).
The project consisted of two measurement rounds. The first one was for qualification: the
intensity-weighted mean diameter of the suspension supplied by IRMM ERC had to be measured
accurately. After acceptance of the experimental report, CREDO became a certified instrument
for nanoparticle size determination.
In the second round all participating laboratories received two types of colloidal silica suspensions: 1 ampoule of a quality control material (QCM) of cca. 20 nm expected mean diameter
(thus probably ERM-FD100) and 3 batches of the candidate reference material (CRM) with an
expected mean diameter around 81 nm. The aim was to certify the size of the CRM several
experiments at different instruments, but on the same samples.
SAXS measurements had to be carried out following a strict measurement protocol. All four
samples had to be measured twice, using the same set-up, and the equivalent sphere diameter
from the Guinier radius had to be given. Additionally, using other methods for obtaining sizes
was also encouraged. In total, I have determined the following quantities, along with their
expanded uncertainties:
• intensity-weighted equivalent sphere diameter from a Guinier fit,
• intensity-weighted equivalent sphere diameter from a fit of the sphere form factor,
• intensity-, volume- and number-weighted mean diameters from fitting the calculated scattering of a Gaussian ensemble of spheres.
Additionally, the intensity- and volume-weighted mean diameters have been determined from
histograms produced by a model-free MC approach.
Fig. 4.3 demonstrates two characteristic scattering curves of the QCM (left) and CRM (right)
samples, obtained at CREDO. The curves, especially that of CRM exhibit the main features of
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Figure 4.3: SAXS curves recorded from the QCM (left) and CRM (right) SiO2 nanoparticle
suspensions of different mean diameters. Insets: Number-weighted Gaussian size distributions.
The second mode of the bimodal size distribution is enhanced by 100× magnification.

the sphere form factor (cf. Fig. 1.1). The starting Guinier part turns into an oscillating, decreasing
curve, which ends as a constant, due to the thermal diffuse scattering of water [90]. Instead of
measuring water separately and subtracting it from the sample signals, an additive constant was
used in the fitted model functions.
The right side of Fig. 4.3 shows the results of fitting Eqns. (4.5), (4.6) and (4.7), using
Gaussian functions for P{num,vol,int} (R)2 . In the inset the fitted size distributions are shown,
the centers being (82.3 ± 1.7), (81.6 ± 1.7) and (80.9 ± 1.7) nm for the intensity-, volume- and
number-weighted distributions. The expanded uncertainties (k = 2) were determined by an
uncertainty budget analysis, taking into account the contributions of the X-ray wavelength, the
sample-to-detector distance, the pixel size, the beam center coordinate and the standard error
of the fitted values determined by the least-squares algorithm.
The above used models can only be applied if the scattering pattern is free from concentration
effects (particle aggregation, inter-particle interaction/correlation). The original QCM sample
was not dilute enough for this, thus two and four times diluted versions were prepared and
measured under the same conditions, and the results plotted along the original curve of QCM,
as visible in Fig. 4.4. The absolute intensity of the diluted samples is roughly half and quarter
of the original intensity, due to the different number of scattering particles in the irradiated
2 2
volume. Concentration effects are seen as deviations from the expected e−q Rg /3 behaviour at
smaller angles in the undiluted sample. As noted in section 1.3.3, the Guinier plot on the right in
Fig. 4.4 shows this clearly. It is seen that correlation effects remain, although just at the border
of detectability, even after fourfold dilution.
The model-free3 approach described in Pauw [87] has also been applied, and the results are
shown in Fig. 4.5 By virtue of its model-free property, this treatment can validate the use of
various forms of size distribution functions. For both sample classes, the resulting distribution
is nearly Gaussian, though the histogram for CRM has a thick tail at lower sizes. This corre2

Actually, instead of the analytical sphere form factors their smeared counterparts were used. The pixels of
a two-dimensional scattering pattern were populated with the corresponding values of the analytical function
P (q, R), and the same radial averaging routine that has been applied for the measurement data has been carried
out.
3
Fitting a size-distribution histogram is model-free, inasmuch as no specific form of the P (R) size distribution
function is assumed.
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Figure 4.4: Concentration-dependence of the SAXS curves of ≈ 21 nm diameter SiO2
nanospheres: standard log-log representation (left) and linearized, Guinier plot (right)

sponds to another size class, near 40 nm average diameter, thus a bimodal distribution is more
appropriate. In the Gaussian fit detailed above, this was already taken into account by using
the sum of two Gaussians for P (R). However, since the scattering contribution of the particles
is proportional to R6 , the parameters of the smaller class of nanoparticles could not be resolved
reliably.
As these results were accepted by the IRMM ERC, they are expected to form a part of the
certificate of a new European reference material, ERM-FD101b.

4.3
4.3.1

Anisotropy of Wood-Derived Activated Carbons
Introduction

Apart from monoform, size-limited nanoparticles dispersed homogeneously in a matrix, there are
hierarchical structures, such as carbonaceous materials. In spite that these consist practically
only of carbon atoms, they exhibit different structural features on a large length scale from
atomic dimensions up to a few micrometers/millimeters. It is no wonder therefore that these
fascinating materials still have some unrevealed structural features.
Carbon is also a versatile material. It has several allotrope forms, like graphite, diamond,
fullerenes, nanotubes, graphene. Consequently, its range of application is even broader: energy
production and storage, electrodes, structural materials, just to name a few.
The history of diffraction and scattering is strongly tied to carbon. Paul Peter Ewald has
made distinction between the crystalline structure of diamond and graphite, based on the experiments of Max von Laue in 1914. The lattice spacing in graphite has been determined by
William Henry Bragg and William Lawrence Bragg [92]. The first work on amorphous carbon
has been published in 1917 by Peter Debye and Paul Scherrer [6]. Carbon, too was the material
on which SAS has been first reported [8, 93].
One of the most frequently used adsorbents is activated carbon (AC), employed in the fields
environment protection, agriculture, waste recovery, analytical chemistry, catalysis, medicine
and fuel storage, among others. Adsorption capacity of ACs is controlled by their hierarchical pore structure, which is basically determined by the precursor material and influenced by
the preparation procedure. ACs are usually made from organic materials such as wood, indus-
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Figure 4.5: Volume-weighted size-distribution histograms of a QCM (left) and a CRM (right)
sample

trial/agricultural waste, peat, etc. As the first step, precursor materials are pyrolyzed, through
which most non-carbon organic atoms (H, O, S, N etc.) are eliminated by gasification [94]. The
result is a carbonaceous material with varying ash content (remaining compounds with noncarbon elements, mostly sodium and potassium). The resulting carbon matrix typically consists
of turbostratically packed graphite single layers and a varying quantity of amorphous carbon, as
shown schematically in Fig. 4.6 [95]. The voids between the crystallites are classified in the International Union of Pure and Applied Chemistry (IUPAC) nomenclature into three categories
based on their diameters: micropores below 2 nm, mesopores between 2 nm and 50 nm and
macropores above 50 nm [96].
The next step in the preparation of ACs is activation, wherein porosity is increased by
removing parts of the carbon skeleton. In the most frequently used, so called physical activation
process carbon is reacted with high-temperature steam and carbon dioxide, ensuing in the partial
gasification of the carbon skeleton, thereby causing pore formation. Furthermore, due to the high
temperature, crystallization of amorphous carbon continues, resulting in more ordered carbon
crystallites.
Anisotropy has been until recently a neglected feature of ACs, although exploiting this interesting feature promises new possibilities in e.g. gas separation or energy storage [97–100].
Obviously, anisotropy of the activated end-product is directly related to the structure of the
precursor, mostly preserved during carbonization [101–104].
In the work presented here—which I have done a few years before the construction of
CREDO—I have used SAXS in order to describe the hierarchical nanostructure of ACs produced from three different kinds of wood, as well as to follow the changes in anisotropy induced
by activation [105, 106].
Wood is probably the oldest stock material for carbon production in use. Extensive literature
is available on the nanostructure of wood [107]. The supporting tissue of trees (sclerenchyma) has
two, slightly contradictory roles to serve: it has to be stiff enough for mechanical stabilization,
but also needs to permit the transport of nutrients between root and foliage [108]. It is composed
mostly of dead cells, which are elongated in the direction of the stem axis. The structure of their
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Figure 4.6: The nanostructure of AC according to Hirsch [95]

rather thick and highly differentiated cell walls is reported to be in close connection with the
mechanical stability of the living tree [109, 110]. The components of the cell wall are cellulose
microfibrils of thickness in 2.5-3.5 nm and length in the range of a few millimetres, embedded
in a hemicellulose-lignin matrix and wound up in a helical fashion along the cell axis [111–113].
The cell wall is divided into several layers according to the microfibril angle (MFA), the spiral
angle of the helical winding [114]. A scheme of this is shown in Fig. 4.7 [110, 115]. The thickest
layer is denoted S2 , and the MFA of this layer is considered as a primary parameter controlling
the mechanical strength of living tree and wood material [115, 116].
While some studies report a random alignment of the microfibrils in the S2 layer [117],
generally it is agreed that they aggregate into macrofibrils of thickness 10-30 nm, which is
dependent on the origin and history of the wood specimen [118–120].

4.3.2

Sample Preparation and Preliminary Characterization

The work of sample preparation and preliminary characterization described in this section was
done several years before I have joined this project, by my supervisor, Dr. Attila Bóta and his
colleague, the late István Bíró [121]. The raw material has been obtained from three tree species:
European beech (Fagus sylvatica), Pedunculate oak (Quercus robur ) and Norway spruce (Picea
abies). Air-dried and weather-aged slats made from the trunks of mature trees were cut into
regular cubes of approximately 10 mm edge length, and subsequently were dried at 110 ◦ C and
pyrolized in a steel reactor at 700 ◦ C for 2 h. During this, all edge lengths of the carbon cubes
were reduced to cca. 6 mm, in contrast to the literature, where more pronounced anisotropy
was found at this stage by Byrne and Nagle [101], probably because we used weathered raw
wood. Activation has been carried out at 900 ◦ C in a rotating quartz reactor under the flow
of steam/nitrogen mixture [121]. The time of activation has been varied between 15 and 90
minutes, resulting in a weight loss (burn-off) between 10 and 55 %. The relative variation in
burn-off among different batches of the same wood species and activation time was between 1 %,
while the specific surface (determined by iodine number, see below) within 3 % [122]. Activation
did not introduce further changes in the size of the carbon cubes [99].
Following the weight loss of the carbon cubes enables to assess the rate of activation. On

4. CHAPTER. SAXS RESULTS

71

Figure 4.7: Schematic drawing of the wood cell wall, adapted from Booker and Sell [115]. ML:
middle layer. P: primary cell wall. S: secondary cell wall

Figure 4.8: Left: weight loss during activation. Right: the evolution of specific surface area
according to iodine (closed symbols) and N2 (open symbols) adsorption measurements
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Figure 4.9: Scanning electron-micrographs of carbonized specimens from beech (left), oak (center) and spruce (right). Images courtesy of Ms. Katalin Papp (from the former ElectronMicroscope Laboratory of the Research Centre for Chemistry, Hungarian Academy of Sciences)

the left-hand-side of Fig. 4.8 the burnt-off mass is shown as a function of activation time. The
linearity of the curves corresponds to a pseudo zero-order character, wherein the reaction rate
is independent from the reaction coordinate. As the speed of the reaction between the gaseous
agent and the solid stock is proportional to the available surface area, it is surmised that the
lost stock material is compensated by an increase in the available surface area, very much in line
with pore formation.
Before I started working on this topic, adsorption and preliminary SAXS measurement have
been executed to reveal the relation between the carbon skeleton and the pores. On the right in
Fig. 4.8 the evolution of the specific surface is presented, as obtained from nitrogen and iodine
adsorption measurements. An increase in the specific surface is found by both methods, which
levels off at higher burn-off. The deviation from a linear behavior shows that at the beginning
of activation mostly small pores are formed, with significant contribution to the specific surface.
Later, larger pores are created either by pore fusion or by the removal of larger parts of the
carbon skeleton, resulting in a lesser increase in the specific surface. All curves follow similar
trends, as visualized by the continuous guide lines in Fig. 4.8.
Scanning electron-micrographs recorded on some representative samples are shown in Fig. 4.9.
The images visualize the cross-sectional morphology of the carbonized (not yet activated) specimens in the plane perpendicular to the stem axis. The network of the cell walls of native wood is
clearly visible even after carbonization. Cell shapes are characteristic for the species. Hardwood,
i.e. the wood of angiosperms such as beech and oak is usually composed of several classes of highly
differentiated, round-shaped cells. Softwood on the other hand (the wood of gymnosperms, such
as spruce) has a more simple structure, being composed of nearly uniform cells of rectangular
cross-section [113].
Preliminary SAXS measurements were also executed, which revealed that anisotropy decreases during activation [123].
When I have joined this project, several questions were as yet unsolved. Firstly, apart from
the first SAXS test measurements, anisotropy has not been taken into account. In order to do
so, more detailed SAXS results were needed, which would have also enabled the description and
characterization of the extent of anisotropy: both in time and on various length-scales of the
hierarchical nanostructure of ACs. Devising a computational model for describing the effects of
the activation process on the structure was also desirable.
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Figure 4.10: Cutting directions of the carbonized wood specimens

4.3.3

Small-Angle X-ray Scattering of Activated Carbons

For SAXS measurements nearly 1 mm thick platelets were cut from the carbonized and activated
wooden cubes. Cuts were made in two directions: in the axial and tangential planes, as shown
in Fig. 4.10. The third, “radial” direction was not considered, as it is usually very similar to the
tangential [111].
Scattering experiments on these platelets were done at the 7T-MPW-SAXS beamline of
the storage ring BESSY-II (Helmholtz-Zentrum Berlin, Germany) [49] at a photon energy of
8311 eV, using a 0.5×0.4 mm2 X-ray beam cross-section. The detector was a MolMet MWPC
of 1024×1024 raster format, the edge length of the pixels being 0.207 mm. Exposures were
made at two different sample-to-detector distances: 3745 and 1376 mm. Additional measurements extending to larger values of q were carried out at beamline B1 of the DORIS III storage
ring (HASYLAB/DESY, Hamburg, Germany) [41–43], with a Pilatus 1M detector (Dectris Ltd,
Baden, Switzerland) placed at 885 mm distance from the samples and using 18022 eV photon
energy.
For anisotropic scatterers the approximations leading to (1.5) is no longer valid, thus the
intensity will depend on the direction of q, not just on its magnitude. This results in the loss of
circular symmetry, as seen from the scattering patterns in Fig. 4.11.
Images obtained from axial cuts clearly show the difference between softwood and hardwood
cell morphology. Inasmuch as out-of-plane dimensions of the scattering objects do not contribute
significantly to the scattering pattern, the scattering is due to the projections of the carbonized
remnants of the cell walls onto the cut plane. Carbonized but not activated spruce wood (top
right image in the left pane of Fig. 4.11) exhibits two favored directions, corresponding to the
rectangular cell cross sections. In the two hardwoods the corresponding scattering patterns are
more round, without strongly favored directions. During activation anisotropy vanishes gradually,
resulting in more or less circularly symmetric scattering patterns (bottom line of the figure). The
reason for the rotation of the scattering pattern about the out-of-page axis is that the specimens
could not be aligned in the SAXS instrument because the morphology was not discernible by
naked eye. The remaining streaks near the origin in the case of spruce are the consequence of
anisotropic micro-cracks.
In case of tangential cuts similar tendencies can be observed. Proper alignment of the samples
in the X-ray beam was feasible in this case, because the stem direction was easily discernible in all
cases. Among the non-activated specimens, oak and spruce exhibit similar anisotropic structures.
The horizontal elongation and vertical contraction of the respective scattering patterns is caused
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Figure 4.11: Scattering patterns of wood-derived ACs in the axial (left) and tangential (right)
cutting planes, measured at the 7T-MPW-SAXS beamline at 3745 mm sample-to-detector distance. The percentage of burnt-off mass is shown at the top left corner of each pattern
by scattering objects which are thin in the horizontal and long in the vertical direction, i.e.
aligned parallel to the stem axis. Beech is completely different: no considerable anisotropy can
be observed even before activation. Activation once again decreases the anisotropy, and after 90
minutes of activation (cca. 50 % burn-off) only the streaks due to the micro-cracks remain.
The scattering patterns of native and carbonized wood are similar [104, 111, 112]. Similar
horizontal streaks as seen above were reported in the scattering patterns of Norwegian spruce
between 1 < q < 4 nm−1 , due to approximately vertically aligned (micro)fibrils [124]. At smaller
angles the scattering was found to be dominated by voids [125]. These features are expected to
change due to carbonization and activation, though.

4.3.4

Computer Simulation

I have constructed a set of simple structural models for verifying the above assumptions. Fig. 4.12
shows some representatives of these. The specimens have been constructed according to a hierarchical building scheme. First, long rod-like filaments were made by chaining spherical building
blocks after each other in a way that each sphere touches its neighbors, avoiding overlaps. Furthermore, the direction from which each new sphere is arrives at the end of the chain has been
sampled from a uniform distribution in a cone of given half aperture (the follow angle), its axis
given by the centers of the two most recently added spheres, as depicted in Fig. 4.13.
These fibrils have subsequently been tilted from the vertical (z) axis by a random polar angle.
The mean of this angle will be referred to in the following as the nanofibril angle (NFA), to make
a distinction from the microfibril angle, the similar quantity used in the literature on wood cell
structure. Values between 0 and 30◦ have been used which is the common range of MFA in
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Figure 4.12: Structural models of wood-derived ACs. NFA: 15◦ Straight (top left), unven (top
right), activated uneven (bottom)

Figure 4.13: Construction of the linear constituents of the scattering models. ξ marks the follow
angle
wood. After tilting, a rotation ensued around z by a random azimuth (uniform distribution on
[0, 2π[). Finally, the tilted and rotated fibrils were packed together in the xy plane until contact.
The scattering patterns of these models have been calculated according to Eq. (1.7).
In order to rule out artifacts from finite sample size, the above outlined construction procedure
has been repeated several times, and the scattering patterns of each instance have been averaged.
As seen above, the procedure for obtaining the model structures involves several random numbers.
The expectations and variances of the respective (Gaussian) distributions are shown in Tab. 4.2.
According to the structure and shape of the composing fibrils, the models can be classified in two
Quantity
Sphere diameter
Following angle
Tilt angle

Straight
Mean
1.7 nm
0◦
0◦ , 15◦ , 30◦

fibrils
Variance
0.25 nm
5◦
5◦

Uneven
Mean
1.7 nm
0◦
0◦ , 15◦ , 30◦

fibrils
Variance
0.75 nm
45◦
5◦

Table 4.2: Construction parameters of the scattering models
categories: straight and uneven. The difference of the two models are clearly visible in Fig. 4.12.
While uneven fibrils are expected to provide more realistic structural features, the straight ones
help to clarify the results obtained from the models.
Assuming a theoretical transmission mode SAXS setup (similar to that described in section
1.4) have been calculated using Eq. (1.7). The setup consisted of a flat detector of 256×256 pixels
on a 10 × 10 cm2 active area was placed 5.75 m apart from the sample and perpendicularly to
an infinitely thin and infinitely monochromatic beam of Cu Kα radiation (λ=0.154 nm) hitting
exactly the center of the detector.
The models were situated in tangential direction: the z axis (vertical in Fig. 4.12) was
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orthogonal to the X-rays. The scattering patterns shown in Fig. 4.14 display the averaged
scattering patterns for all instances of each model.

Figure 4.14: Calculated scattering of models with straight (left) and uneven (right) fibrils. The
scattering patterns correspond to the tangential direction. The colour scale is logarithmic
The first rows of Fig. 4.14 represent the scattering of the base models with increasing NFA. At
0◦ the patterns show two sets of streaks. In the horizontal direction the scattering is dominated
by the thin cross section of the fibrils. In the vertical direction the contribution of the fibril
length—as expected—vanishes at very medium q values (confined near the center of the image):
the quasi-periodic streak is caused by the form factor of the spheres (cf. Fig. 1.1). Indeed, in case
of the uneven fibrils only a few discrete spots are visible from this feature, due to the broader
size distribution of the spherical units.
Increasing the NFA, the horizontal streaks split up into pairs, the angle of which being nearly
the NFA. This is the same effect which causes the azimuthal broadening of the Debye-Scherrer
rings of cellulose observed in the literature [116, 126].
In the framework of the model described above, the effect of activation can also be taken into
account. As seen in the previous sections, treatment with high temperature steam causes the
gasification of carbonaceous units, leaving voids (pores) behind. If a given amount of spheres
are removed from the scattering model specimen, pore formation due to fibril breakup can be
observed. The figures mentioned before also show the scattering patterns of activated samples
in subsequent rows in Fig. 4.14 (the burn-off ratio corresponds to the number of removed units).
The trends which can be observed here are similar as found in the case of tangential cuts:
as more spheres are removed, isotropic scattering signal appears at larger angles, because the
scattering units—composed of just a few spheres—are more isotropic and the influence on the
fibrils decreases simultaneously.
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Quantification of the Anisotropy

As seen in the discussion of the scattering patterns of wood-derived ACs, anisotropy exists on
multiple structural levels. Quantitative characterization is informative: by deriving numerical
measures for the extent of orientation of the fibrils in the sample and following these during the
activation process can act as a means of process control in the industrial production of anisotropic
ACs. Azimuthal scattering profiles—the scattered intensity as a function of the azimuth angle—
are more tractable than the full scattering patterns. These can be calculated as
ˆq2
dq I (q · (ux cos χ + uy sin χ)) ,

I(χ) =

(4.8)

q1

where ux and uy are the horizontal and vertical unit vectors in the projection of the reciprocal
space onto the detector plane and χ is the azimuth angle. The area of integration defined by q1
and q2 corresponds to a ring on the detector surface. Technically, azimuthal scattering curves
can be obtained from the scattering patterns using a discrete version of Eq. (4.8). Utilizing the
inversion symmetry of the scattering patterns (I(χ) = I(χ + π)), the precision and accuracy of
the azimuthal scattering patterns can be increased.
Azimuthal scattering curves determined over the q-range of [0.24, 0.48] nm−1 , corresponding
to the end of the horizontal streaks in plain carbonized spruce and oak are shown on the left in
Fig. 4.15.
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Figure 4.15: Left: Azimuthal scattering curves for carbonized and activated wood samples.
Axial curves were shifted along the abscissa to eliminate the effects of the undefined macroscopic
orientation of the specimens. Right: Azimuthal scattering curves of the model specimens. No
vertical scaling has been done
Spruce and oak exhibit in the tangential section one peak pair near 90 and 270◦ , corresponding
to the horizontal streaks in the patterns on the right side of Fig. 4.11, which decrease in height
during the course of the activation process. The remaining anisotropy at the highest burn-off is
the manifestation of the scattering from micro-cracks as mentioned above.
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Beech is somewhat different. Although no appreciable anisotropy was observable on the
scattering patterns, here another peak pair is visible near 0 and 180◦ (vertical direction in the
right pane of Fig. 4.11). These peaks, scarcely visible even at no burn-off, vanish completely at
higher activation.
Azimuthal curves from axial cuts reflect the observations detailed above, namely that hardwoods like beech and oak have differentiated cells of oval cross-sections, while softwoods, such as
spruce, have rectangular, well-aligned, nearly monoform cells. Corresponding to this, azimuthal
scattering curves from spruce exhibit two peak pairs, while beech and oak only one. Although
the scanning electron-micrography (SEM) image of carbonized spruce in Fig. 4.9 suggests rectangular cell shapes, the angular displacement of the peaks of spruce-derived ACs is not exactly
90◦ . Parallelogram-shaped cross section can easily be caused by a cutting plane not strictly
perpendicular to the stem axis. Similarly to tangential cuts, the peak intensities diminish as the
activation proceeds, and only the very weak anisotropy due to the micro-cracks remains.
Azimuthal scattering profiles from the model specimens can also be obtained using Eq. (1.7).
Azimuthal curves were calculated at 10 equidistant values of q in the interval [1, 1.2] nm−1 .
These were averaged, then smoothed with a 14◦ wide Hanning window in order to suppress finite
sample size effects. The resulting curves are shown on the right in Fig. 4.15.
These curves exhibit more features than the measured ones, although most of them are
artifacts from the finite ensemble size. Separation of the originally horizontal streaks is visible
with increasing NFA. Similarly, it is also possible to follow the diminishing of anisotropy when
spheres are removed.
The extent of anisotropy can be characterized by the degree of alignment. This quantity,
introduced by Fratzl et al. [127] is obtained as the ratio of the total peak area in the azimuthal
scattering curve above the constant baseline and the integral of the whole curve. This ratio is
zero for fully isotropic scatterers and one in the case of fully anisotropic ones (no baseline). The
calculated values for wood and model specimens are shown in Fig. 4.16. The degree of alignment
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Figure 4.16: Anisotropy parameters (degree of alignment) for carbonized and activated wood
(left) and for model (right) specimens
remains small in beech all the time, while it is found to decrease as activation proceeds for both
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tangential and axial cuts of oak and spruce. The two cutting directions differ profoundly, though.
In the tangential slices the anisotropy is almost completely lost during the first 15 minutes of
activation (corresponding to 10 % burn-off). Because this is the phase of micropore formation,
it is surmised that micropores contribute strongly to anisotropy by breaking up the carbonized
fibrils. The slower decrease of alignment in the other cutting plane can be caused by a more
persistent anisotropy of the cell cross sections in the precursor material.
Model specimens behave differently in this case, as the decrease in alignment is not so drastic.
The reason behind this might be that the random removal of spheres does not describe sufficiently
the mechanism of pore formation, because the activating agent cannot be expected to penetrate
the whole sample uniformly in the case of wood-derived ACs.

4.3.6

Analysis of the Pore System

Radial scattering curves are produced from the scattering patterns by azimuthal averaging.
While in the case of isotropic scatterers the whole [0, 2π[ range is used, anisotropic features can
be elucidated by constraining the integration onto a narrow angular range. Such sector averaging
has been done on scattering patterns from tangential cuts along the horizontal and the vertical
streak. The aperture angle of the sectors was 5 ◦ , and their exact directions were determined
from the positions of the maxima in the azimuthal scattering curves in Fig. 4.15. A full circular
averaging has also been done for all samples. As detailed in section 4.3.3, measurements were
made at three different geometries, thus the two sectors and the full averages determined at each
geometry for each sample were merged. The such obtained curves are displayed in Fig. 4.17.
Although the scattering curves look featureless at the first glance, much information can be
obtained from them. Firstly, these curves give the extent of anisotropy in size: at the beginning
the sector averages differ up to 2 nm−1 , this decreases gradually. Conversely, isotropy starts to
occur at smaller sizes, and as activation proceeds, the structure at larger length scales as well
becomes isotropic.
The most prominent features of the curves are power law regions and slight curvatures.
Fractal systems are known to produce power-law scattering [34–36]. If I(q) ∝ q α , then the
general formula for the exponent is α = Ds − 2(Dm + Dp ) + 6, where Ds , Dm and Dp are the
Hausdorff dimensions of the surface, mass or pore fractals.
For surface fractals Dm = Dp = 3, thus the formula simplifies to α = Ds −6, while in the case
of bulk fractals the exponent is actually the negated fractal dimension: α = −Dm (Dp = Ds = 2)
or α = −Dp (Dm = Ds = 2) for mass and pore fractals, respectively. Because of the Babinet
principle, SAXS experiments by themselves cannot distinguish between the two latter.
The final part (after 2 nm−1 ) of most of the curves contain a Guinier-knee with a power-law
region before it, thus the scattering curves can be fitted using a generalized empirical GuinierPorod model:
(
α

I(q) = Aq +

Ge−
Bq β

2
q 2 Rg
3

if
q < q?
otherwise,

(4.9)

where the branched term has been invented by Hammouda [128]. It consists of a Guinier part and
a power-law part. It seemingly has five independent parameters, but in fact two (typically B and
q ? ) can be eliminated by requiring continuity at q ? both in the function and in its first derivative.
This simple model gave surprisingly good fits in the range of 0.086 nm−1 < q < 5.76 nm−1 (r2 ,
the coefficient of determination being better than 0.995) to all sector averages, except the highest
activations and the second highest activation of beech. These—with the exception of the highest
activated oak sample—could be fitted with a reversed fitting function, where in the Guinier-Porod
part the power-law came first. The determined parameters are summarized in 4.3.
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Figure 4.17: Sector (—: horizontal, – – –: vertical) and full-circle averaged (···) scattering curves
of the tangential sections
For each sample specimen, a definite increase with activation can be observed in Rg . One
possible cause for this is the growth of partially crystallized structural units [129], because due
to the relatively low temperature of pyrolysis (700 ◦ C) the carbonization of the samples is not
perfect, and can continue during activation at a higher temperature (900 ◦ C). Another, more
plausible explanation is that the Guinier ranges correspond to the micro- and mesopores, which
increase in size during activation.
In ACs derived from beech and spruce a dramatic jump in the radius of gyration can be
observed, corresponding to mesopores by the IUPAC terminology. This corresponds to an appearance of another Guinier knee in the curves of Fig. 4.17 near and below 1 nm−1 , while the
other one disappears, either because mesopores are created by micropore fusion or because due
to their much larger scattering power (∝ r6 ), the signal of mesopores simply overwhelms that of
micropores. In the highest activated oak sample both Guinier bends can be observed, but model
fitting was not successful due to their low contrast.
The evolution of fractality is also interesting. Beech behaves as a bulk fractal at all activations,
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-3.35
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±
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±
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0.03
0.01
0.01
0.01

a
b

Low-q fractal
Radius of
dimension (type)
gyration (nm)
Beech, horizontal sector
2.88 ± 0.01 (mass/pore) 0.457 ± 0.002
2.71 ± 0.01 (mass/pore) 0.508 ± 0.001
2.49 ± 0.01 (mass/pore) 2.413 ± 0.011a
2.38 ± 0.02 (mass/pore) 2.704 ± 0.023a
Oak, horizontal sector
2.10 ± 0.01 (surface)
0.313 ± 0.001
2.72 ± 0.01 (surface)
0.537 ± 0.001
2.68 ± 0.01 (mass/pore) 0.570 ± 0.001
2.41 ± 0.03 (mass/pore)
N/Ab
Spruce, horizontal sector
2.11 ± 0.01 (surface)
0.274 ± 0.002
2.87 ± 0.01 (surface)
0.519 ± 0.001
2.80 ± 0.01 (mass/pore) 0.535 ± 0.001
2.64 ± 0.01 (surface)
3.085 ± 0.021a
Beech, vertical sector
2.92 ± 0.01 (mass/pore) 0.460 ± 0.002
2.41 ± 0.01 (mass/pore) 0.505 ± 0.001
2.40 ± 0.01 (mass/pore) 2.377 ± 0.011a
2.28 ± 0.02 (mass/pore) 2.712 ± 0.025a
Oak, vertical sector
2.41 ± 0.03 (surface)
0.325 ± 0.001
2.87 ± 0.01 (mass/pore) 0.533 ± 0.001
2.55 ± 0.01 (mass/pore) 0.572 ± 0.001
2.23 ± 0.01 (mass/pore)
N/Ab
Spruce, vertical sector
2.65 ± 0.03 (surface)
0.307 ± 0.002
2.88 ± 0.01 (mass/pore) 0.549 ± 0.001
2.75 ± 0.01 (mass/pore) 0.557 ± 0.001
2.92 ± 0.01 (surface)
3.185 ± 0.021a
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Relative weight
of Guinier scattering
191 ± 4
306 ± 8
1870 ± 80a
1840 ± 80a
8400 ± 200
4100 ± 100
189 ± 4
N/Ab
5300 ± 90
1260 ± 20
393 ± 6
30000 ± 20000a
216 ± 5
127 ± 3
1410 ± 40a
1400 ± 100a
29000 ± 3000
1630 ± 50
132 ± 3
N/Ab
43000 ± 4000
840 ± 20
377 ± 7
18000 ± 4000a

The “reversed” Guinier-Porod model was fitted.
Guinier-Porod model could not be fitted significantly.

Table 4.3: Radii of gyration and power-law exponents for carbonized and activated wood samples
(tangential cuts). Fitting of the power-law and a Guinier-Porod function was done simultaneously
in the range q ∈ [0.086, 5.76] nm−1 . The coefficient of determination (R2 ) was better than 0.995
for each fit.

which hints at an already porous structure, explaining the inherently low anisotropy. Fractal
dimensions decrease further with increasing burn-off, also caused by pore formation.
Oak-derived samples start as surface fractals, then turning into bulk fractals, as other studies
also indicated [130]. However, in this case the surface fractal dimension increases with activation,
probably because the continuation of crystallization. After conversion into bulk fractal, the
fractal dimension decreases, as found in the case of beech-derived ACs.
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Spruce behaves similarly to oak, only at the highest burn-off it once again turns into a surface
fractal. Micro-cracks developing in the structure can be held responsible for this feature.
Unfortunately, the incorporation of fractal features in the above detailed model structures
is not feasible. A possible, albeit computationally highly intensive improvement would be to
replace the spheres by clusters of smaller spherical units, thereby increasing the size range of the
model. This would also help the analysis of micro- and mesopore formation by controlled sphere
removal.
On the example of ACs, I attempted to present the advantages of SAXS in the study of
materials with hierarchical structure between µm and atomic dimensions. Most importantly,
this method is able to reveal and characterize anisotropic formations, which determine many
interesting features of functional materials, like mass transport through pores and channels,
conductivity through oriented and ordered domains and the peculiar mechanical behavior of
oriented fibers in composite materials.

4.4

Time-Evolution of the Structure of a Self-Assembling GoldCystein Nanocomplex

In situ SAXS measurements of colloid systems provide important details about evolution of
structural features and changes therein. With a powerful and flexible apparatus such as CREDO,
one can match the sample environment and various parameters of the scattering experiment. We
have already obtained experience in measuring the structural changes induced by shear stress [61,
62]. Recently, we have focused to the time-dependent progression of nanostructures. I present
here as an example the self-assembly of a gold nanocomplex, the characteristic times of which
can fall between a few minutes and several hours.
One of the strengths of CREDO is the possibility of automatic measurements. The motorized sample stage makes position-resolved SAXS measurements feasible, while the computercontrolled temperature stage allows for detecting thermotropic phase changes or following
temperature-induced reactions. Here I present an example of in situ studies at CREDO.
Supramolecular assemblies of gold frequently exhibit photoluminescence. If the emitted light
is in the visible range, such as in the case of gold quantum cluster (GQC)s, the material can be
used in diverse fields of applied science, for instance in analytics, sensorics and photoluminescence
imaging [131–134]. Biological macromolecules, such as peptides and proteins are frequently used
in the synthesis of GQCs, both as reducing agents for Au atoms and stabilizing structures for the
final product. Previously, we have investigated the role of different amino acids in the synthesis
of red-emitting GQCs, and found that tyrosine and cysteine (Cys) are of high importance [135].
The study reported here is the elaboration of the effects of L-cysteine in the self-assembly of
GQCs [136].
The synthesis procedure of the gold-cysteine nanoclusters reported here is as follows [136].
Reaction of HAuCl4 with excess Cys results in (AuCys)αn , a non-luminescent, yellow precipitate,
which dissolves at pH values over 12. Over time, this compound transforms into (AuCys)βn , which
forms a highly stable, opalescent suspension in aqueous medium and emits orange light when
excited by ultraviolet radiation. The characteristic time scale of the evolution of photoluminescence depends strongly on the incubation temperature, but varies typically from a few minutes
to several hours.
After the preparation of an aqueous solution of (AuCys)αn , the sample was filled into a cca.
1 mm thick capillary, which was subsequently sealed and placed into the temperature controlled
sample environment of the apparatus, pre-cooled to 5 ◦ C. At this temperature the structure
of the sample was found to be stable for at least 30 minutes. After taking a few exposures
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in this cold state, the temperature was raised rapidly to the target incubation temperature (5,
20, 50 or 75 ◦ C). The left graph in Fig. 4.18 shows two characteristic scattering curves for the
(AuCys)αn and (AuCys)βn states. The most prominent feature of the curves is the emergence of

Figure 4.18: Left: Scattering of (AuCys)αn (blue squares) and (AuCys)βn (green circles) at 20 ◦ C
incubation temperature. Right: WAXS of (AuCys)βn in aqueous medium (continuous line without
markers) and in powder (line with markers), also obtained by CREDO.
a peak in the range of 4 to 5.5 nm−1 , corresponding to a periodic repetition of some structural
unit. Further WAXS measurement on the same system revealed two higher harmonics of this
peak at equidistant qs in aqueous solution (Fig. 4.18, right graph), hinting at some kind of a
one-dimensional (lamellar) packing.
Using Bragg’s law the repeating distance turns out to be 1.3 nm in the aqueous state.
Another important property of the SAXS curves in Fig. 4.18 is the increase of the scattered
intensity at the low q range during the transition from α to β AuCys. A bend in the scattering
pattern can also be observed to be moving from the right (near 1 nm−1 ) to the left (0.4-0.5 nm−1 ).
The details of the time-evolution of the nanostructure of this AuCys complex is better visualized in Fig. 4.19. These images also show clearly the enhancement of the peak near 5 nm−1
and the shifting of the bend, to the left. It turns out that this beginning range of the curves can
be fitted well using a generalized Guinier-Porod function:
(
2
q 2 Rg
3−s e− s
Gq
ifq < q ? ,
I(q) = C +
(4.10)
Aq α
otherwise.
where the parameters q ? and A are determined from the others (G, Rg , s and α) by exploiting
constraints of smoothness in the function and its first derivative [128]. The first branch of
the above equation is a generalized Guinier function with s being a dimensionality parameter.
The s = 3 case reduces to the common Guinier approximation for three-dimensional objects
(cf. Eq. (1.12)). If s = 2, the function describes the scattering of an infinitely long rod, Rg in
this case being that of the cross section (two-dimensional), while s = 1 corresponds to infinitely
expanded flat lamellae, the thickness of which is being in control of Rg [27]. In the scattering
curves measured on the AuCys complexes, the power-law exponent before the bend turns out to
be q −2 . Indeed, fitting the above equation with fixed s = 1 and α = −4 enables very good fits
to almost all of the curves, hinting at the presence of objects constrained in one and extended
in the other two dimensions. If assuming that the SLD of these lamellae
is homogeneous in the
√
surface-normal direction, their mean thickness is found to be T = 12Rg .
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Figure 4.19: Time-evolution of the supramolecular structure of gold-cysteine nanoclusters. The
colour of the curve signifies the time evolution (from red to yellow). Black dashed lines mark the
first scattering curve after raising the temperature (t = 0) and the last scattering curve of the
sequence.
Fig. 4.20 shows the time-dependence of various parameters, obtained by fitting the above
formula on all scattering curves. The peak position saturates around 4.9 nm−1 for all incubating
temperatures, corresponding to a 1.3 nm periodic repetition distance. The absolute peak height,
the thickness of the lamellae and the Guinier intensity factor G also increase over time, except
in the case of 75 ◦ C, where the peak intensity starts to stagnate then decrease after 4 hours of
incubation. It can be concluded that this temperature is too high and causes the decomposition
of the product, as photoluminescence intensity also begins to decrease with prolonged incubation
at this temperature [136].
Interestingly—with the exception of 5 ◦ C incubation temperature—the shapes of the curves
of the peak height, lamellar thickness and Guinier factor match very closely. The reason for this
might be that the enhancement of the peak (perfection of the long-range order) and the increase
in lamellar thickness are related: it is assumed that the lamellae predicted by the generalized
Guinier fit are sandwiches of thin layers, the repeating distance of which is manifested as the
peak in the scattering pattern.
The typical lamellar thickness seems to increase more quickly with higher incubation temperature, reaching 3.5 nm in 20 hours at 5 ◦ C, 7.5 nm in 20 hours at 20 ◦ C, while at higher
temperatures this is much faster, going to 6.5 in 1.5 hours at 50 ◦ C and nearly 40 nm in just 2
hours at 75 ◦ C.
The ratio of T and the periodic distance can give an estimate of the average number of layers
composing a lamella, shown for the different incubation temperatures in Fig. 4.21. As expected,
the number of layers composing a lamella increases steadily. For lower incubation temperatures
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Figure 4.20: Fitted parameters at different incubation√ temperatures: peak position (blue
squares), peak intensity (green circles), layer thickness ( 12Rg , red triangles) and Guinier intensity factor (G, light blue diamonds)
the available beamtime was not enough to detect if it saturates, but at 75 ◦ C a saturation can
be observed near 14 hours, at 11 layers/lamella.
In order to confirm the results of the previous SAXS experiments, freeze-fracture transmission
electron micrographs were made on the gold-cysteine nanosystem (measurements were done by
Teréz Kiss). A small volume of the sample (approximately 1 µL) was rapidly (cooling rate about
-104 ◦ C/s) quenched to the temperature of liquid N2 and broken with a special knife in the
vacuum chamber of the freeze-fracture device. Platinum was sputtered onto the fresh surface
under 45 ◦ C, then a uniform layer of carbon was deposited to assure the stability of the film.
After removing from the device, the original sample was washed away, and the replica was placed
on a grid used for investigations in a transmission electron-microscope. In a representative image,
shown in Fig. 4.22, laterally extended sheets (circled with white) can be observed, which can
be interpreted as the characteristic domains of the (AuCys)βn system. The small dots with high
contrast are presumably small platinum particles, formed during the shadowing process.
The time-dependent self-assembly process which has been followed by SAXS is in line with the
results of photoluminescence intensity measurements made at various stages of the (AuCys)αn →
(AuCys)βn transition. Photoluminescence intensity increased with a similar time constant as
the peak height (calculated correlation coefficient: 0.9208), therefore the layer structure which
manifests in the Bragg peak is the plausible cause of the orange-emittance.
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Figure 4.21: Estimated number of layers in a lamella of (AuCys)βn at different incubation temperatures
Formation of supramolecular lattices is a well-known feature of gold compounds [137–139].
Furthermore, the aurophilic network is frequently the source of photoluminescence [140, 141].
Molecular mechanics simulations (for details, see the work of Söptei et al. [136]) pointed out a peculiar layered nanostructure, wherein the above mentioned lamellae are composed of rectangular
lattices of gold atoms, stacked above each other and connected by out-of-plane Cys ligands. The
calculated size of Cys molecules compares well with the determined 1.3 nm periodic repeating
distance. The whole structure is stabilized by hydrogen bonds between the Cys molecules.
Finally, I would like to emphasize that the range of environmental parameters which can
be followed by in situ measurements can be broadened; for example, small nanoreactors can be
investigated whereby the impact of several parameters (concentration, temperature, presence or
absence of certain components) can be observed, underlining further perspectives of CREDO.

4.5

BioSAXS

BioSAXS is a general term for SAXS on biological or biologically relevant samples. Although
the adjective has a very broad sense, BioSAXS is used for mainly SAXS experiments on aqueous
solutions of proteins (solution scattering).
Application of SAXS to biological macromolecules is not new. The first study of proteins
in solution has been performed surprisingly early, before the 1950s [142]. In this work the
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Figure 4.22: Freeze-fracture transmission electron micrograph, showing the surface morphology
of the aqueous (AuCys)βn . Flat, lamellar domains (the largest one is marked with a circle) are
clearly observable.
shapes of lysozyme, β-lactoglobulin, ovalbumin, bovine hemoglobin and b. serum albumin, i.e.
proteins which were easily obtainable back then, were approximated by ellipsoids of revolution,
of which the axial ratio and the radius of gyration were determined. Recent BioSAXS studies
are also mainly concerned with the size and shape determination of proteins but because of the
advent of powerful synchrotron light sources and corresponding instrumentation, better results
can be obtained from the same samples, and other, formerly not tractable proteins and peptides
became measurable as well. The success of BioSAXS is also due to the spread of computers and
the development of freely available, tested and validated algorithms [143].
It is common to describe the structure of proteins at several levels:
primary structure: the amino acid sequence of the polypeptide, conventionally starting at the
N-terminal
secondary structure: the local arrangement of the components, e.g. helix, sheet, etc. Controlled by intramolecular hydrogen bonds
tertiary structure: the exact 3D atomic positions within the protein, or in other words the
relative spatial arrangement of the secondary structure elements within the protein.
quaternary structure: the arrangement of multiple proteins in a complex or multidomain
structure
The most common method for the determination of tertiary structure is macromolecular
single-crystal X-ray diffraction (MX), inasmuch as the majority of the known structures in the
protein data bank have been obtained by this method [144–147]. This approach has two drawbacks, though: not all proteins can be crystallized (e.g. membrane proteins, the native structure
of which depend on the presence of lipids), and it is usually difficult to verify that the structure
of the crystallized protein is the same as under physiological/biorelevant conditions.
Although owing to the reciprocity between real and inverse space the resolution of SAXS
is lower than that of MX, SAS measurements are still extremely valuable because, similarly to
nuclear magnetic resonance spectroscopy (NMR), these can be carried out on aqueous solutions
of proteins, which represent a much closer model environment to biologically relevant conditions.
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Accordingly, these methods are also efficient in validating of already obtained crystal structures
in solution phase.
Strictly speaking, scattering experiments can only be used for disproving already present
models, not for verification, inasmuch as the phase problem inherent in these methods, as detailed
in 1.3.5.
In comparison to most scatterers, the scattering contrast in protein solutions (∆ρ =
|ρprotein − ρH2 O |) is low (see Tab. 4.4 for some representative values), making these molecules
very weak scatterers.Because of the low scattering contrasts, for these measurements synchrotron
Protein
Lysozyme
β-lactoglobulin
Serum albumin
Hemoglobin
Ovalbumin
Water
SiO2 nanoparticles

Organism
Gallus gallus
Bos taurus
Bos taurus
Bos taurus
Gallus gallus
–
–

PDB entry
6LYZ
3NPO
4F5S
2QSS
1UHG
–
–

Average electron density (e− /nm3 )
438.3
423.0
428.4
423.0
427.4
333.3
660-800

Table 4.4: Representative electron densities. For proteins, values were calculated from the respective crystal structure. For the other two compounds, average compositions and material
densities have been used.
storage rings are more suitable sources. There are already some beamlines present specifically
for BioSAXS, the most prominent being those operated by the Hamburg Outstation of the European Molecular Biology Laboratory (EMBL) [148–150], the SIBYLS beamline of the Advanced
Lightsource (ALS) [151], the BM29 (formerly ID14-3) beamline of the ESRF [152, 153] and the
BL4-2 instrument of the Stanford Synchrotron Radiation Laboratory (SSRL) [154, 155]. All of
these instruments are capable of high-throughput experiments, i.e. they are able to handle automatically several samples with no or minimal user interaction, and usually there is an automated
data reduction/analysis pipeline implemented [156].
The goal of solution SAXS experiments is to determine the size and shape of the solute
particles. Typically, scattering of the solution and the matching solvent is measured under
the same conditions and, neglecting any solvent-solute correlation effects, solvent scattering is
subtracted from the full scattering curve of the solution.
Solvent scattering in the small-angle range is usually a constant line, due to the X-ray thermal
diffuse scattering. For pure water, the formula is
dΣ
= ρ2 kB T χT ,
dΩ

(4.11)

where ρ is the (absolute) SLD, kB is Boltzmann’s constant, T is the temperature and χT is the
isothermal compressibility [90].
Extreme care has to be taken to measure and subtract the correct background, otherwise the
derived quantities will be inaccurate. In protein solution scattering it is advised that the solvent
of the last dialysis step in the preparation procedure is used, rather than a freshly prepared
buffer solution [157, 158].
Particle size is usually given in terms of two characteristics: the radius of gyration Rg (cf.
section 1.3.3) and the maximum intra-particle distance Dmax (section 1.3.4). The former one is
usually determined from the low-q range of the scattering curve, using Guinier’s approximation.
The latter parameter is a “byproduct” of the calculation of the PDDF. Rg can also be obtained
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from the PDDF (cf. Eq. (1.19)), which some authors argue to be more accurate, inasmuch all
information in the scattering curve is used.
The most obvious method for shape determination is fitting the experimental scattering
curve by the calculated intensity of a fixed shape. Earlier studies, such as the above cited work of
Ritland, Kaesberg, and Beeman [142] and that of Pilz et al. [159] used a trial-and-error approach:
calculating and tabulating scattering curves of known shapes and comparing scattering results
to these. With the improvement of computing methods and capacities, appropriate fitting of
shape parameters became available [160].
In the present work I used the BODIES program for shape fitting [161], which is part of the
ATSAS software suite developed for BioSAXS data interpretation at the Hamburg Outstation of
EMBL [143, 162, 163]. It can be employed for three different tasks: 1. fit the calculated scattering
of a geometrical body to the measured data; 2. calculate the scattering of a geometrical body;
3. produce a dummy atom model (DAM) (see below) of a geometrical body for visualization.
Another means for ab initio shape reconstruction is dummy atom modeling, the concept of
which is detailed in the following. First, a given portion of the space, large enough for the particle
to fit in, is filled with a closely packed “crystal” of uniform spheres (dummy atoms). A Boolean
(one bit, true/false) variable corresponds to each such unit, telling if it belongs to the particle or
not. The scattered intensity of this structure is calculated e.g. by Eq. (1.8) and compared to the
experimental scattering curve. The difference between the calculated and measured intensities
can be minimized by either a genetic algorithm as implemented in the program DALAI_GA [164,
165] or by simulated annealing, as in the programs DAMMIN and DAMMIF, which are part of the
ATSAS suite [166, 167]. A typical workflow with the ATSAS suite is as follows:
1. Start with the background-corrected scattering curve.
2. Determine the radius of gyration and I0 , the q = 0-extrapolated intensity (program
AUTORG).
3. Calculate the PDDF using the program GNOM.
4. Assess the validity of the Guinier fitting and the PDDF.
5. Create several (typically 20-30) DAMs from the scatering curve using DAMMIF.
6. Screen the DAMs using DAMSEL:
(a) Compare the DAMs pairwise, determine the normalized spatial discrepancy (NSD)
by superimposing them using SUPCOMB.
(b) Construct a cross correlation table from the NSDs
(c) Average the NSDs for each model
(d) Keep only those models, whose per-model average NSD does not exceed the mean of
the per-model average NSDs by twice their standard deviation.
7. Make an average of the kept models and use it as the starting configuration for DAMMIN,
which gives the final DAM for the sample.
The DAMs are saved in PDB files, and can conveniently be visualized by several programs,
e.g. PyMOL or VMD [168, 169].
In the following, measurement results are presented on proteins, where, among others, the
above detailed algorithm is used.
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Lysozyme

Lysozyme, a 14.3 kDa protein consisting of 129 amino acid units was discovered by Alexander
Fleming nearly hundred years ago as a “substance present in the tissues and secretions of the
[human] body, which is capable of rapidly dissolving certain bacteria” [170, 171]. Because it is
easily obtainable and readily purified, this protein has been the subject of many studies, and its
structure is considered so well-known, that it is used for validating new instruments or methods
[172–175]. The first entry pertaining to this macromolecule in the protein data bank dates back
to 1977 (PDB IDs 1LYZ to 6LYZ) [176]. Interestingly, lysozyme was also a subject of the first
reported SAXS results on proteins, where a radius of gyration of 16 Å was determined, but the
authors could not decide between prolate or oblate rotational ellipsoid shape [142].
The results presented here were obtained from aqueous solutions of lysozyme in different
molarities. Samples were courtesy of the MTA-ELTE Protein Modelling Research Group and
Laboratory of Structural Chemistry and Biology (Dr. Andrea Bodor and Erika Dudás).

Figure 4.23: Concentration-dependent scattering of lysozyme
The scattering curves in Fig. 4.23 have been obtained from different concentrations of hen
egg-white lysozyme in a salt-free H2 O-D2 O mixture (9:1 volume ratio) in concentrations of 0.2,
0.33, 1 and 2 mmol/dm3 , corresponding to cca. 0.014, 0.023, 0.070 and 0.14 mg/ml.
The scattering curves show clear concentration effects insofar as a peak is observed due to
the reduction of the intensity at the small q-range, due to repulsive electrostatic inter-particle
interaction. This is undesirable, because the Guinier range is distorted, precluding the accurate
determination of the radius of gyration and the reconstruction of the shape. Reducing the
protein concentration partially resolves this problem, although the effect is still visible at the
lowest concentration. Of course, dilution comes with the cost of weaker scattering signal. Indeed,
to obtain the scattering curves shown in Fig. 4.23, scattered photons had to be accumulated for
4 hours in case of the 0.02 and 0.033 M lysozyme solutions, while 2 hours were more than enough
for each of the other two samples. Other factors, such as occasional calibration measurements,
motor movements, solvent blank measurements increase the required time even more, making
the dilution route impractical.
Another way to resolve the inter-particle interaction is to increase the ionic strength of the
solvent (e.g. by adding salt) to shield the electrostatic repulsion between the protein molecules.
This also reduces the contrast by increasing the electron density of the solvent, thus weaken-
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ing the scattering signal. Fig. 4.24 presents scattering curves recorded from 0.4 mM lysozyme
solutions in the same H2 O-D2 O mixture, with different amounts of added NaCl (0, 25, 77 and
150 mM4 ).As seen from the figure (especially from the Guinier representations in the top right

Figure 4.24: Scattering of lysozyme in the presence of NaCl. Top left: full scattering curves. Top
right: Guinier plot. Bottom left: Kratky plot. Bottom right: PDDF in case of 150 mM NaCl
concentration
graph), scattering curves with the two highest salt concentrations seem to be free from interparticle interaction effects. The Guinier radius is determined to be (1.40 ± 0.05) nm using the
AUTORG program [163]. A different route for this quantity is through the PDDF, calculated by an
inverse Fourier transform of the scattering curve, e.g. by GNOM [39]. This yields (1.450±0.007) nm
for the radius of gyration. A hydrodynamic radius of (2.011 ± 0.008) nm has been obtained by
diffusion measurements using NMR (DOSY) on exactly the same sample as used for SAXS (measurements done by Dr. Andrea Bodor and Erika Dudás). The latter value is significantly larger,
because it takes into account the hydration shell of the macromolecule as well. The ratio of the
two sizes is ≈ 0.72, which is very near to 0.77, the literature value for a solid sphere [177].
The PDDF of the sample with 150 mM NaCl is also shown in Fig. 4.24. It compares well to
the PDDF of an oblate rotational ellipsoid (see Fig. 1.4), thus we have a first guess for the shape
of the protein. In fact, fitting a tri-axial ellipsoid by BODIES, the half axes are found to be 1.422,
2.015 and 2.012 nm.
These scattering curves and the PDDFs derived therefrom can be used for shape determination with DAMMIN and DAMMIF [166, 167]. The resulting shape is shown in Fig. 4.25.
The left side of the figure shows just the DAM, which is nearly an oblate ellipsoid of revolution.
4

Normal physiological saline is the aqueous solution of 154 mM NaCl
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Figure 4.25: Ab initio shape reconstruction of lysozyme. Left: DAM obtained from the SAXS
results. Right: crystal structure (PDB ID 2VB1, structure from Wang et al. [178]) aligned inside
the DAM.
On the right the model resulting from SAXS and the crystal structure from Wang et al. [178]
have been aligned by the SUPCOMB program [179]. The matching is remarkable, even the hole in
the right side is surrounded by the helices.
Finally, it is worth mentioning the merits of the Kratky-plot. Scattering of chain molecules
is characterized by q −1 and q −2 power-laws, according to the study of Kratky and Porod on
this topic [180]. Plotting q 2 I(q) versus q therefore should exhibit a flat plateau for unfolded
proteins, turning up at high q values. Folded proteins have a nearly parabola-like peak in this
representation, and both the q → 0 and q → ∞ limits are zero. Thus plotting the scattering curve
in this representation, the foldedness of a protein can be determined at first glance. Lysozyme
is a well-folded protein, according to Fig. 4.24.

4.5.2

Solution Structure of Human Calmodulin

The protein calmodulin (CaM) is found in all eukaryote cells, acting in various, highly important
roles in cellular regulation, e.g. muscle contraction, fertilization, nerve signaling and cell division
[181, 182]. It is a highly conserved protein, inasmuch as its amino-acid sequence is nearly the
same in all known species expressing it. The name is a contraction of cal cium modul ated protein,
because its shape changes by binding Ca2+ ions, making it a key actor in the calcium-induced
signaling pathways. It is relatively abundant in cells, comprising nearly 1 % of the intracellular
proteins.
The crystal structures of calcium-free (‘apo’) and calcium-bound CaM shown in Fig. 4.26
(results of Kuboniwa et al. [183], PDB ID 1CFD and Babu, Bugg, and Cook [184], PDB ID
3CLN) show the main property of this molecule: a Ca2+ -induced shape change. In the apo
conformation the two end-domains of this dumbbell-shaped protein are linked by a flexible loop
[185]. The intracellular concentration of calcium is 1000-10000 times lower than in blood, thus
a surge in the Ca2+ level can be used to initiate various processes. CaM is responsible for
sensing the rising level of calcium. It can bind four Ca2+ ions (two at each end), thereby
opening up two so-called EF-hand motifs, essentially making accessible two hydrophobic pockets
for grabbing non-polar targets [186]. During this, the originally flexible linker assumes an αhelix conformation, increasing the distance between the two ends of the molecule. The resulting
conformation is then ready to grab target molecules.
I have measured two samples of human calmodulin (hCaM) (samples courtesy of Dr. Tünde
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Figure 4.26: Structure of calmodulin. Left: calmodulin in the apo state (PDB ID 1CFD) [183].
Right: Ca2+ -bound calmodulin (PDB ID 3CLN) [184]. The coloured envelope is the Van der
Waals surface, determined from atomic positions. Colours correspond to the secondary structure:
helix (red), sheet (yellow), loop (green).
Juhász). The first one, denoted hCaM_base is the as-purified version, containing Ca2+ . The
second one has additional ethylene glycol tetraacetic acid (EGTA) in the solution, which is known
to have more affinity to calcium ions than the protein. It is expected therefore that the hCaM
in this sample will be free from Ca2+ .
SAXS was measured from these samples as described above. Scattering curves and the
PDDFs calculated therefrom are shown in Fig. 4.27.
The scattering curves of the two samples are very similar, due to the similarity of the two
scattering objects. Both start with a Guinier knee below 0.8 nm−1 , as witnessed by the linear
regions in the Guinier representation. However, before the Porod range (∝ q −4 , starting at
2 nm−1 ) an intermediate ∝ q −2 power-law is observable. This is a typical feature of Gaussian
random chains, a common model for unfolded proteins. The Kratky plot (Fig. 4.27, bottom
left graph) exhibits a plateau between 1 and 1.5 nm−1 . Totally unfolded proteins quickly go
into a plateau, then the Kratky plot diverges with increasing q. In contrast to the well-folded
lysozyme, the Kratky-plot of hCaM turns up into a constant plateau, but ends by tending to
zero as a folded protein should. Thus, using information only from the scattering measurements,
hCaM is found to be a multi-domain protein, containing a disordered/unfolded part. This is
somewhat in contradiction with the crystal structure of Ca2+ -bound hCaM (cf. Fig. 4.26 right),
where the linker part has an α-helix secondary structure. Indeed, recent literature tends to
question the helical secondary structure of the linker part.
The PDDFs shown in the bottom right part of Fig. 4.27 are also informative. Comparing with
the catalog of common shapes in Fig. 1.4, a first guess of the shape of Ca2+ -bound hCaM is a
dumbbell, which is strengthened by the a priori knowledge of the crystal structure (Fig. 4.26). It
is also seen that in the apo conformation the shape can no longer be characterized as a dumbbell,
due to the closing in of the two end domains. This observation is further supported by the two
size parameters determined: the radius of gyration is (2.18 ± 0.01) nm for the Ca2+ -bound and
(2.08 ± 0.01) for the apo hCaM, while the maximum intra-particular distance Dmax was 6.96
and 6.49 nm, respectively.
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Figure 4.27: Scattering curves of hCaM with (squares) and without Ca2+ ions (circles). Top left:
the full, background-corrected scattering curves. Top right: Guinier representation. Bottom left:
Kratky plot. Bottom right: PDDFs determined from the scattering curves
I have also done ab initio shape determination using the procedure involving DAMMIN as
described above, yielding the DAMs shown in Fig. 4.28.These models confirm the above detailed
results on the shape of hCaM in two conformations: the two end-domains in the Ca2+ -less/apo
conformation are bent towards each other, while they are clearly separated in the Ca2+ -bound
state, as if waiting for the target to grab. It should be noted that the matching between SAXSand MX-derived models is not as perfect as in the case of lysozyme (cf. Fig. 4.25), supposedly
because the secondary structure of this protein is not the same in the native state and when
crystallized. For a better understanding of these differences, a more thorough investigation is
needed.
Synchrotron instruments are admittedly more suitable for studies on weakly scattering systems like proteins, because the higher flux allows for shorter exposure times (just a few seconds/minutes, compared to the 8 h total exposure times of the hCaM samples). Nevertheless,
these studies on lysozyme and calmodulin have clearly demonstrated that our apparatus can provide new, scientifically highly relevant information even in the case of dilute, weakly scattering
protein systems, which represent one of the most challenging research fields.
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Figure 4.28: DAMs of hCaM. Left: apo conformation. Right: Ca2+ -bound state. Structures
determined from SAXS measurements were aligned with the corresponding crystal structures
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Part III

Conclusions
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Chapter 5

Concluding Remarks
SAXS is arguably a versatile measurement tool, capable of providing valuable experimental information in vastly different scientific areas. In my research work presented here, I have employed
this method successfully to solve several questions regarding the nanostructure of matter, using
CREDO, a self-designed and built apparatus, based on previous hands-on experience with several
synchrotron beamlines. The resulting instrument proved capable of yielding near synchrotronquality results, even on samples that are typically not tractable without high-intensity radiation
sources [68, 187]. This is mainly due to the highly optimized three-pinhole collimation system,
which allows to use the highest possible X-ray intensity to irradiate the sample, and the results
are practically free from instrumental background [74].
Another factor in the efficiency of the apparatus is cct, its instrument control and data reduction software, which allows reliable, highly automated operation with minimal user interaction.
The browser-based data processing framework is able to handle large amount of data in a flexible
and self-documenting way.
CREDO is—to my best knowledge—a unique facility in the region, inasmuch at the time of
writing this dissertation no other SAXS camera exists in Hungary, which would be capable of
reaching or surpassing its possibilities in terms of the quality of results and the range of tractable
sample classes.
An independent calibration of the q-scale of the instrument has been achieved, and the same
is under way for the absolute intensity values. The laboratory is also obtained international
certification from the Institute of Reference Materials and Measurements of the Joint Research
Centre of the European Commission, Geel, Belgium.
Using the newly constructed instrument and the accompanying software infrastructure I have:
• accurately and precisely determined the size distribution of nanoparticle solutions using
several methods: 1. Guinier approximation 2. Fitting of the sphere form factor 3. Fitting
of uni- and bimodal Gaussian size distribution functions 4. A model-independent histogram.
• analyzed the anisotropic nanostructure of activated carbons derived from three different
wood specimens and followed the changes induced therein by the process of activation. I
have found that although structural features of the precursor material can still be recognized after carbonization, these quickly vanish as activation proceeds, ending with highly
isotropic samples. I have quantified the extent of anisotropy using the degree of alignment,
determined from azimuthal scattering curves. Using pore sizes and fractal dimensions determined from radial scattering curves, I have characterized the hierarchical nanostructure
of these interesting materials and the changes occurring in them throughout the activation
process. Finally, I have devised simple computer model structures and calculated their
98
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small-angle scattering patterns and curves as an aid in the interpretation of the experimental results.
• demonstrated the versatility of CREDO and the perspectives of SAXS in nanoresearch
by in situ measurements following the self-assembly of an orange-emitting gold-cysteine
nanocomplex using time-resolved small-angle X-ray scattering. I have determined that
over time, lamellae are created of 8-10 nm thickness, which are composed of several thin
layers. Subsequent studies revealed that these layers are in fact two-dimensional gold
lattices, held together by hydrogen bonds between out-of-plane cysteine residues.
• shown that CREDO is capable of yielding synchrotron-quality data by determining the
low-resolution solution structure of two proteins. Lysozyme, a well-folded, highly ordered
protein could be approximated by an oblate rotational ellipsoid, and the dummy atom
models determined from the scattering curve also proved this shape. The shape of human
calmodulin turned out to be that of a dumbbell, and the changes induced by Ca2+ -binding
could also be observed. Furthermore, it was also found that the linker part between the
two end-domains of this protein is flexible not only in the apo conformation, but also after
the Ca2+ -induced structural changes.

Chapter 6

Thesis Statements
1. I have designed and constructed CREDO, a versatile laboratory instrument for smallangle X-ray scattering, capable of providing scattering data with nearly the same quality
as obtainable at synchrotron beamlines. A continuous range of the scattering variable
(q = 4π sin θ/λ) from 0.014 to 29.9 nm−1 is accessible, corresponding to > 400 to 0.2 nm
periodic distances. I have also developed a flexible and reliable control software and the
accompanying browser-based data processing framework, which covers the tasks of data
evaluation, plotting and interpretation, which is rarely found even at large-scale instruments. I have validated the apparatus by accurately deriving the size distribution of SiO2
nanoparticles, thereby obtaining certification from the Institute of Reference Materials and
Measurements of the Joint Research Centre of the European Commission. I have demonstrated the high signal-to-noise ratio and low instrumental background of the instrument
by determining the size and shape of two proteins (hen egg-white lysozyme and human
calmodulin) from solution SAXS measurements on CREDO, a highly challenging task for
traditional laboratory instruments, due to the low scattering power of these samples. I
have reported the novel design of this instrument and its other characteristics in [S1]. The
homepage of the facility can be found at http://credo.ttk.mta.hu. [S1, S2]
2. I have developed a new optimization method for the 3-pinhole collimation scheme, based
on algebraically derived results. Defining constraints on the sample and beam-stop size,
the set-up yielding the highest radiation intensity at the sample position with negligible
instrumental background can be determined with this method. I have also implemented
the results using the Python programming language. The resulting proof-of-concept script,
SASCollOpt.py features a graphical user interface which facilitates its routine usage in the
alignment of CREDO, as well as other instruments following the same collimation scheme.
[S3]
3. I have executed in situ measurements in order to follow the self-assembly of a gold-cysteine
nanocomplex using time-resolved small-angle X-ray scattering, and developed automatic
model fitting procedures to treat the high amount of experimental data. I have predicted
and quantified the evolution of lamellar structures, the existence of which were also proven
by transmission electron microscopy. I have found that these lamellae of several nanometer
thickness consist of a periodically repeating ensemble of thin layers. I have also characterized the periodic repeat distance and the average number of layers composing the lamellae,
as well as the dependence of the speed of self-assembly on the incubation temperature by
analyzing the changes in the fitted quantities over the time of incubation. [S4]
4. I studied the changes in the anisotropy of activated carbons introduced by the choice of
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precursor material and the activation process, based on small-angle X-ray scattering experiments carried out at two different synchrotron beamlines. I have quantified the extent
of anisotropy in time (during the activation process), and over the hierarchical structure of
the carbon skeleton using azimuthal scattering curves. I have also described pore formation
and characterized the typical pore sizes by fitting semi-empirical mathematical models to
experimental data. I have also constructed a simple computer model to aid the better understanding of the changes in anisotropy and pore formation observed during the activation
procedure. [S5, S6]
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Appendix A

Internals of the CREDO Software
A.1

Commands Defined in cct

Command name
beamstop
circulator
devcommand
echo
end
expose
exposemulti
getvar
goif
goonflag
gosub
gosubif
gosubonflag
goto
help
listvar
moverel
moveto
print
return
sample
saveconfig
scan
scanrel
set
settemp
setvar
shutter
sleep
stopexposure
temperature

Description
Query or adjust the beamstop
Start or stop the circulator
Execute a low-level command on a device
Echo the arguments back
End a script and return a value
Start an exposure in pilatus
Start an exposure of multiple images in pilatus
Get the value of a device variable
Conditional one-way jump to a label
Conditional one-way jump to a label if a flag is set
Unconditional returnable jump to a label
Conditional returnable jump to a label
Conditional returnable jump to a label if a flag is set
Unconditional one-way jump to a label
Get help on the command
List the names of all variables of a device
Move motor relatively
Move motor
A print command similar to that in Python
Return to the previous gosub command
Query or change the sample currently in the beam
Write the config file to disk
Do a scan measurement
Do a scan measurement relative to the current position of the motor
Set value of script variable
Set the target temperature (in ◦ C units)
Set the value of a device variable
Open or close the shutter
Sleep for a given time
Stop the current exposure in pilatus
Get the temperature (in ◦ C units)
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Command name
transmission
trim
vacuum
wait_vacuum
what
where
xray_power
xray_reset_faults
xray_warmup
xrays

A.2
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Description
Measure the transmission of a sample
Trim the Pilatus detector
Get the vacuum pressure (in mbars)
Wait until the vacuum pressure becomes lower than a given limit
List the contents of the current namespace
Get current motor position(s)
Set the power of the X-ray source
Reset faults in GeniX
Start the warming-up procedure of the X-ray source
Enable or disable X-ray generation

Databases in cct

State variables and other parameters are stored in on-disk databases. These are implemented as
standard files in the Python “pickle” format, and consist of the following:
Configuration database: a single tree pertaining to the non-volatile status of the instrument,
such as connection parameters, geometry, device configurations etc.
Sample database: in order to make useful measurements, each sample has to be defined in this
database. The most important parameters include a unique sample name, the corresponding motor positions, thickness, transmission, description and the date of preparation.
Project database: each experiment must belong to a project. Four categories are used:
Inhouse: experiments of the research group disposing over CREDO
HUNSAS: external measurements, beamtimes are awarded through the Hungarian SmallAngle Scattering Network (HUNSAS) proposal system
Industrial: experiments made through contracts with industrial partners.
MachineStudies: commissioning and development of the apparatus, testing and trying
out new procedures or parts etc.
The projects are numbered in each category, the indexing restarting each year.
User database: to protect from mistakes of inexperienced users, privileges in the control program are separated. Starting the program is possible only by successfully authenticating
with a known username and the corresponding password. Each user has a maximum level
defined, below which he/she can assume or drop the current privilege. The levels are (in
increasing order):
Layman: basic privilege
Beamstop: can move beamstop motors
Pinhole: can move pinhole motors
Manage Projects: can create and modify projects
Calibrate motors: can calibrate (set the zero point of) motors
Configure motors: can configure other motor parameters (such as coil current, positioning speed, end switch override etc.)
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Manage users: can add, remove or modify users, including maximum privilege levels.
Superuser: most privileges
“Layman” and “Superuser” are only synonyms of “least” and “most” privileges, anticipating
the insertion of other levels in the future.

A.3

Aligning the Collimator

A typical alignment sequence for the collimator is the following:
1. Determine the optimum collimation according to section 3.3.
2. Change the sample-to-detector distance, the beam stop and the pinhole distances: this
requires manual, on-site work. From now on, everything can be done from the instrument
control computer, even over the internet.
3. Put the X-ray source in low-power mode (9 W) and pull out the beamstop, the sample and
all the pinholes.
4. To align the first pinhole vertically, do a scan measurement using the corresponding vertical
motor, and find the position where the intensity is the highest.
5. Do the same in the horizontal direction.
6. Repeat the alignment in both directions until the changes in the positions are negligible.
7. Repeat the above procedure with the second and third pinhole.
8. Align the third pinhole in a similar fashion.
9. Move the beam stop back to its place. For fine-tuning its position put a sample with strong
small-angle scattering (e.g. silver behenate) in the beam. Alignment can either be done by
hand, visually, or by scan measurements, where the intensity is to be minimized. This step
can be done with the X-ray generator in full power (30 W) mode.
10. Pull out the sample once again and check for parasitic scattering near the beam stop
by empty beam measurement (exposure without sample). Small movements of the third
pinhole should be able to get rid of it.
11. Measure a sample with strong scattering over the whole available angular range (typically a
piece of glassy carbon) in order to determine a mask matrix, which will exempt the invalid
areas of the detector (covered by the beamstop and other parts) from the data reduction
procedure later.
12. Measure a calibrant for the q-scale, e.g. AgBeh, LaB6 or SBA-15 (see later), and calibrate
the abscissae into physical units.
The above procedure involves several scan measurements. An additional benefit of the virtual
point detector approach is that in fact two-dimensional images are getting recorded, which is
very helpful in beam diagnostics. To my knowledge this is not available elsewhere, not even at
synchrotron beamlines.
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Table
Class
crd
scn
tra
tst

Table
Extension
.cbf
.param
.pickle
.npz
.txt
.nx5
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A.2: File name classes used by CREDO
Description
live measurements
exposures for scan measurements
exposures for transmission measurements
test exposures

A.3: Description of the file name extensions used by CREDO
Description
CBF images written by the Pilatus-300k software (camserver).
metadata written by the legacy instrument control software
(SAXSCtrl).
metadata written by the new instrument control software (cct)
compressed NumPy binary file containing the corrected and calibrated scattering images and errors
Text files containing the one-dimensional scattering curves in ASCII
representation
Scattering patterns in the standard NeXuS format: currently under
development. This is intended to replace later on the .npz and .cbf
files.

Filename Rules

Detector image and metadata file names have the form cls_ddddd.ext where cls designate an
exposure class (Tab. A.2), ddddd is a five-digit sequence number which is incremented by 1 for
each new exposure, and ext is the filename extension, signifying the file type (Tab. A.3). For all
exposure classes, a separate file sequence counter is maintained. These counters are reset at the
beginning of each year.
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