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Summary

This work is divided in 6 chapters. Chapter 1 gives a broad overview of
the hydration process in two di�erent cementitious materials; construction
cement and dental cement. This is followed by a summary of the use of neu-
tron scattering, and particularly quasi-elastic neutron scattering, to study
proton motion.

Chapter 2 deals with the necessary theoretical background of quasi-elastic
neutron scattering (QENS).

Chapter 3 explains the elastic �xed window (EFW) and QENS methods in
more detail. Also it describes the backscattering technique and accounts for
the information that can be retrieved from the experiment. Furthermore
the steps needed to treat the data prior to analysis are explained and the
methods used in analyzing the data are described.

Chapter 4 investigates two types of construction cement, one is ordinary
Portland cement (OPC), the other is an OPC that has been supplemented
with ashes from sugar cane bagasse provided by the co-generation indus-
try. The addition of pozzolanic materials, such as ash, to the cement has
a positive e�ect on the ability to limit �uid transmission by binding water
in calcium silicate hydrates (C-S-H)[1]. By comparing the motion of the
con�ned water in the two samples, it can be determined how the inclusion
of pozzolanic ashes changes the proton motion and thus how proton mo-
bility and cement strength are related. The samples studied were prepared
by Michelle Santos Rodrigues at the School of Agricultural Engineering /
FEAGRI, UNICAMP, São Paulo, Brazil as part of her Ph.D. project. The
experiment was conducted in early December 2011 at the high resolution
backscattering spectrometer IRIS at the ISIS facility, Rutherford Appleton
Laboratory in the UK.

Chapter 5 discusses the hydration process of two dental restorative glass
ionomer cements (GIC), Aqua Iono�l Plus and Iono�l Molar AC. The for-
mer is a GIC where polyacid is incorporated in the powder component and
the liquid component is water, while the latter has the polyacid as part
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of the liquid component. Both have been provided by the dental materi-
als company Voco [2]. The hydration processes are seen by neutrons in
two di�erent time windows, one covering motions in the picosecond (ps)
range and the other in the nanosecond (ns) range. It is known that Aqua
Iono�l Plus has a longer setting time than Iono�l Molar AC, which allows
for longer application time during the restorative work. The durability and
structural strength of Aqua Iono�l Plus is, however, less than that of Iono�l
Molar AC. This investigation involved studying the evolution of the hydro-
gen mobility in the two dental cement types, during the �rst 24 hours of
the setting process, and again after 4 − 5 days of maturation. Comparing
this evolution in the two cements allows the determination of how the hy-
drogen mobility is linked to the setting time and the �nal strength of the
two cements. These experiments were conducted in March 2012 at the high
resolution backscattering spectrometer IRIS at the ISIS facility, Rutherford
Appleton Laboratory in the UK and in November 2012 at the high reso-
lution backscattering spectrometer IN10 at the Institute Laue-Langevin in
Grenoble, France.

Chapter 6 summarizes the results of the construction cement and dental
cement experiments.
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Chapter 1

Cement, Hydration and

Neutrons

A cement is in essence a binder. A material that sets, hardens and binds
things together. Cement can be many di�erent materials used in a wide
variety of ways. In this master's thesis I will deal with two very di�erent
cements - construction cement and dental cement. While each has its own
distinct problems that need to be understood, the method used to under-
stand them is the same, namely neutron scattering. In this chapter I will
explain the problems concerning each of the two cements, brie�y elucidate
the concept of neutron scattering and explain the strengths of this technique
when applied to the study of cement.

1.1 Green Concrete

The increasing demand for energy sources such as coal, natural gas and
oil has lead to an increased focus on alternative energy sources. One such
source, which has been utilized for years, stems from the sugarcane agro-
industry. The extraction of sugar from sugarcane leaves behind a waste
product called sugar cane bagasse as well as the removed sugarcane leaves
and cane tops. While the extracted sugar is e�ectively used as a source
for bio-ethanol, it is in competition with food production [3]. The bagasse,
leaves and cane tops are �brous materials with much biotechnological po-
tential, for example as a less e�ective source of bio-ethanol or for paper
production [4]. However approximately 50% is stockpiled, while the rest
is used as biofuel [3]. The bagasse used for biofuel is dried and burned to
provide heat and electricity in a process known as co-generation [5]. In this
manner, all the heat and energy needs of the sugar mills are provided from
bagasse waste, while excess electricity is sold on the market. The downside
is that a new waste material is created, called bagasse ash.
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This ash is usually deposited in land�lls where it awaits re-utilization as
raw material in other industrial sectors, such as the concrete industry. In
recent years, the research related to agricultural wastes which aims to eval-
uate their potential for recycling and eliminate the land�lls, has increased
dramatically [6]. The bagasse ashes are recognized as having pozzolanic
properties [7]. This means that while the ashes have little or no cementi-
tious properties, they will chemically, in the presence of water, react with
calcium hydroxide to form materials with cementitious properties. They can
then be used as alternative supplementary cementitious materials for con-
crete production. Since the cement industry produces about 5% of global
man-made CO2 emissions [8], the use of supplementary cementitious mate-
rials in concrete production will have a positive e�ect on the reduction of
global CO2 emission.

Figure 1.1: A large capillary pore embedded in the C-S-H structure and
surrounded by smaller gel pores. As the cement matures, water will move
from the capillary pores to the gel pores. Besides this e�ect, some of the
water binds to the cement matrix as H2O and OH groups. Figure is adapted
from [9].

Concrete is a composite material consisting of aggregate, cement and wa-
ter. The cement serves as a binder for the aggregate, and when water is
mixed with the cement it becomes cement paste, which can be poured and
shaped. The cement paste then slowly solidi�es through a process known
as hydration [10], forming calcium silicate hydrate (C-S-H):

Ca3SiO5 + H2O→ (CaO) · (SiO)2 · (H2O) + Ca(OH)2 (1.1)



1.2 Dental Cement 3

During this hydration process, the water becomes trapped within the de-
veloping pore structure and gradually moves from the large capillary pores
into the smaller gel pores. Figure 1.1 illustrates the cement pore structure.
Capillary pores are pores with an average radius greater than 50 Å, while
gel pores are pores with an average radius less than 50 Å [11]. Besides this
e�ect, some of the water binds to the cement matrix as H2O and OH groups
[10].

The strength of a cement is dependent on its ability to hinder water move-
ment through the pore structure, as this movement results in erosion and
formation of cracks, thus weakening the structure [12]. Therefore, under-
standing the mobility of the water located in the capillary and gel pores, as
well as the bound water, is crucial to understanding the concrete's strength.

1.2 Dental Cement

The extent of caries continues to be a major global health problem. The
last decade has shown a clear increase in the global prevalence of dental
caries [13][14], despite improved preventive therapies and an increased un-
derstanding of the disease.

The earliest sign of caries infection is the appearance of a chalky white spot
on the surface of a tooth. If left untreated it will progress into the forma-
tion of cavities and ultimately cause tooth loss. Although there has been
extensive development in materials [15] and available technology, treatment
options have not followed in the same pace. The extensive development
has however, made diverse treatment options available for the sequelae of
caries. The lost dental structure as a result of untreated caries can be re-
placed by dental �llings, crowns, bridges, or implants, either separately or
as a combination. There has also been a signi�cant focus on preventive
therapies, as practice has shifted towards treating the disease rather than
its consequences. This has resulted in many advances such as the use of
�uorides and non-restorative treatments [16].

The idea of �lling decayed teeth with metal alloys, and the subsequent intro-
duction of dental amalgams containing mercury, dates back to the beginning
of the 19th century. Their use and the consequences of the high mercury
content have been debated for 150 years [17]. Around the year 1900, a high
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content silver alloy was introduced and this formed the basis for the con-
ventional dental amalgam still used today [18]. The adverse e�ects on the
environment and possibly the human health as a result of mercury expo-
sure, combined with the availability of alternative materials, has lead to a
recent ban of dental amalgam in some countries and increased control of its
use in others.

In the perspective of preventive dentistry, glass ionomer cements (GIC) are
an interesting alternative to dental amalgam. They contain and release
�uoride, which helps to prevent caries lesions, have a thermal expansion
coe�cient similar to the tooth structure and bond chemically to dentin and
enamel during the setting process [19].
Despite the advantages of GIC over other restorative materials, their weaker
mechanical strength has been a hindrance to their application [20]. For this
reason, this study deals with GIC to understand how its mechanical strength
can be improved. An important step is to understand the hydration process
during the setting and maturation periods. Glass ionomer cements are
chemically set via an acid-base reaction. Upon mixing the glass and polyacid
components, the glass is dissolved into a gel which hardens within minutes
and continues to evolve for days. Water plays a crucial part in the formation
and maturation of the dental cement, initially as the reaction medium and
later, through the hydration of calcium and aluminum polysalts, as the link
which gives strength to the gel structure [19]. The speed with which the
hydration takes place, as well as the total fraction of bound hydrogen, are
directly related to the strength of the GIC [19].

1.3 Water Mobility Seen by Neutrons

Neutron scattering is ideally suited to study water in con�nement. The two
main reasons for this are the ability of neutrons to penetrate most materials
easily [21] and the high incoherent scattering cross section of hydrogen com-
pared to other elements [22]. Therefore, the hydrogen in water and hence
also water itself is highly visible to neutrons. Figure 1.2 shows an example
of the application of these two properties [23]. Here water transport through
cement was studied using neutron radiography. The neutrons penetrate the
cement and the water front is clearly seen moving through the cement over
time.
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Figure 1.2: The ability of neutrons to easily penetrate most samples allows
for the bulk of a cement pillar to be examined. The samples shown here
are 25 mm diameter and 50 mm high. The high incoherent scattering cross
section of hydrogen causes the water (dark area) to be highly visible within
the cement, allowing for its transport through the cement to be studied [23].

Quasi-elastic neutron scattering (QENS) is a special type of neutron scat-
tering. It provides information on the type and geometry of the studied
motion. In a QENS experiment, the measured intensity is proportional to
the scattering function, S(Q,ω), which can be decomposed into three parts:
an elastic (E) part, a quasi-elastic (QE) part, and an inelastic (IN) part
[24]. The width of the E signal is determined by the instrument resolution
that also determines the time scale in which the motions can be resolved.

Figure 1.3 shows that the E part of S(Q,ω) will contain the signal from
structurally bound hydrogen or hydrogen moving too slowly to be seen in
the investigated time scale. The wings, i.e. the broad part of the signal,
contain the contributions from fast-moving hydrogen. For example bulk-like
water that di�uses freely through the sample. In between these two lies the
QE part. This contains information on the mobile hydrogen whose motion
is somewhat restricted, which prevents it from moving freely through the
sample, e.g. water con�ned in the gel pores of cement. The QE part of
the signal can be modeled by one or more Lorentzian functions. The width
of these functions can be related to the time-scale of the attributed mo-



6 Cement, Hydration and Neutrons

Figure 1.3: The scattering function S(Q,ω) consists of di�erent parts.
The E part (green) will contain the signal from structurally bound hydro-
gen, and, in the particular case of H2O, a hydrogen moving too slowly to
be resolved in the investigated time-scale. The QE part of the signal is de-
scribed by two Lorentzians, one for each observed water population. The
narrow Lorentzian (blue) describes the signal from hydrogen in slow moving
water that is somewhat restricted in the sample. The broad Lorentzian (red)
describes the signal from the hydrogen in the fast moving free water. [25]

tion; slow movement requires a narrow Lorentzian and fast motions require
a broad Lorentzian, to describe the data. A detailed description of this
analysis is given in Chapter 2.

The scattering function, S(Q,ω), is measured as a function of energy trans-
fer, ω, between neutron and sample, and momentum transfer, Q. The width
of the QE signal may change as a function of Q, as seen in the example in
Figure 1.4 taken from [26]. In this experiment, the di�usive motions of water
were studied as a function of temperature. The �gure shows the measured
S(Q,ω) at 5◦C for three di�erent values of Q. The Q-dependence of the QE
width contains information about the type of motion as shown in Figure
1.5. Rotational motion gives rise to a QE contribution that is constant over
Q, while translational di�usion can be seen by a linear dependence in Q2.
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Figure 1.4: Evolution of the Lorentzian width of the QE signal from wa-
ter at −5◦ C changes as a function of Q [26]. Copyright (1985) by The
American Physical Society.

Figure 1.5: (left) The Q2-dependence of the Lorentzian widths contains
information on the type of motion. Rotational di�usion is constant over
Q2 while translational di�usion is linear. The di�usion of bulk water can
be modeled by the Singwi-Sjölander model. (right) The shape of the EISF
as a function of Q contains information on the geometries of the con�ned
motion. In this example taken from [27], the dynamics of Benzene and
Cyclohexene adsorbed in HZSM-5 zeolite were studied: (d) is the theoretical
EISF for isotropic rotational di�usion, while (a), (b) and (c) are for jumps
among 2, 3 and 6 equivalent sites on a circle.

Another important piece of information can be gained from the fraction of
the elastic component contained within the whole signal. This fraction is
called the elastic incoherent structure factor EISF, and was �rst formulated
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by Lechner [28]. It is de�ned as:

EISF(Q) =
Iel(Q)

Iel(Q) + Iqe(Q)
, (1.2)

where Iel and Iqe are the integrals of elastic and quasi-elastic scattered
intensities [24]. The Q-dependence of the EISF contains information on the
geometry of the con�ned motion. Examples of this are shown in Figure 1.5.

To summarize, the scattering function, S(Q,ω), can be divided into distinct
components, each associated with di�erent proton motions. The subsequent
analysis allows QENS to be used to study the mobility of the water in con-
�nement, and more speci�cally here, water located in the cement pores. The
nature of the mobility can be determined by analyzing the Q-dependence
of the width of the QE signal, while the geometry of the motion can be
determined by analyzing the EISF. Understanding of the di�erent types of
proton motions in di�erent cements can then be linked to known structural-
strength di�erences.



Chapter 2

Theoretical Aspects of

Quasi-Elastic Neutron

Scattering

When a neutron scattering experiment is conducted, in the most simplistic
of terms, a beam of neutrons is applied to a sample to see what happens.
When we know the state of the neutrons prior to hitting the sample and
measure the state of the neutrons after hitting the sample, we can, by
noticing the changes in neutron states, understand what happens in the
sample. Of course, in reality this process is far more complicated, and
to interpret what the changes in the neutron states mean, some theory is
needed.

I will begin with some general comments about the properties of neutrons
and the particle-wave duality of their description. This will be followed by
a discussion of the energy transfer, ω, and momentum transfer, Q, which
may occur when neutrons are scattered in the sample. Subsequently, the
concepts of scattering cross section and nuclear scattering length will be
explained, leading to the partial di�erential scattering cross section. The
latter describes the measured quantity when neutrons are scattered from the
sample, and its relation to the van Hove correlation functions through the
scattering functions will be developed [29]. Here a di�erentiation between
coherent and incoherent scattering will be made followed by an outline of
the information that can be gained from the analysis of elastic (E), quasi-
elastic (QE) and inelastic (IN) scattering from the sample. In our study,
hydrogen will dominate the measured signal and we will focus on the E and
QE response from the contributions. I will discuss the di�usion model that
was used for analyzing the QE part of the data and explain how one can
gain information from the E contribution.
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2.1 Basic Properties of the Neutron

In order to better understand the theory behind neutron scattering some
general concepts must be understood. Neutron scattering is an experimen-
tal technique where neutrons are used as probe to study the structure and
dynamics of matter. A central part of quantum mechanics is the particle-
wave duality, which postulates that particles can exhibit both particle and
wave properties, depending on how they interact with their surroundings
and are observed [30]. From a neutron scatterer's point of view, the appro-
priate description depends on what process of an experiment is being dealt
with. When neutrons are created at the source, they are considered parti-
cles, their interaction with matter is described through wave mechanics and
during their subsequent detection they are again considered particles. Free
neutrons have a lifetime of just under 15 min and they decay into protons
by a process known as beta decay through the emission of an electron and
an electron anti neutrino [31]. As particles, neutrons have spin-1/2 with a
mass of mn = 1.675 · 10−27 kg and a magnetic moment µ = −1.913 µN.

The wave nature of neutrons is described through the de Broglie formal-
ism. Neutrons moving with a velocity v can be described as waves with a
wavelength λ:

λ =
2π~
mnv

, (2.1)

where ~ = 6.582 · 10−16 eV s−1 is the reduced Planck constant. The wave-
length is related to the wave vector k by:

λ =
2π

|k|
where k =

mn

~
v. (2.2)

Traditionally in neutron scattering, wavelengths are given in units of Å
(10−10 m) and wave vectors in Å−1. Neutrons used in scattering experiments
can be considered to move with non-relativistic speeds and the neutron
kinetic energy is given by:

E =
~2k2

2mn

, (2.3)

which is measured in meV. The strength of neutrons as probes are multi
fold. Low-energy neutrons are categorized as cold, thermal or hot according
to their energy. While there is no standard de�nition of these ranges, cold
and thermal neutrons can be considered to have wavelengths of 1 − 30 Å
and energies of 0.1−100 meV. These are of the same order of magnitude as
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those of excitations and inter-atomic distances in condensed matter. As a
result, thermal and cold neutrons are ideally suited as probes for condensed
matter [32].

Unlike X-rays, which interact electromagnetically with the electrons in a
sample, neutrons interact with the nucleus. This interaction is random
between elements and even between di�erent isotopes of elements. One can
therefore use neutrons to study light elements that are otherwise di�cult
to study with X-rays. The most distinct example being hydrogen, which is
almost invisible to X-rays but highly visible to neutrons. The probability
of interaction between X-rays or neutrons and the sample, is given by the
cross section, which will be described in detail later. For most elements this
interaction is relatively weak, a property which combined with the fact that
neutrons have no electrical charge, allows neutrons to penetrate most matter
easily [21]. Neutrons are typically able to penetrate several centimeters into
metal, while X-rays will only penetrate a few micrometers or millimeters.
For this reason neutrons probe the bulk of the sample and not just the
surface. Samples can also be contained in various types of environments
such as cryostats, pressure cells and furnaces.

As mentioned before, neutrons have a magnetic moment, this property com-
bined with their ability to penetrate most matter and the fact that they in-
teract with the nucleus of sample atoms, allows them to be used to probe the
magnetic properties of a sample [21]. This however, will not be addressed
further.

A �nal di�erence to be noted between X-rays and neutrons is the non-
destructive e�ect neutrons have on a sample. Due to its ionizing nature,
X-ray radiation can have a destructive e�ect on some systems. This e�ect
is especially pronounced in biological systems subjected to highly energetic
X-rays from synchrotron sources. The destructive e�ect from X-rays comes
from two sources: the creation of free radicals or the destruction of molecular
bonds within the sample [33]. Conversely, this is not observed when using
neutrons.
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2.2 Energy and Momentum Transfer in Scat-

tering

The information obtained from using neutrons as probes comes from the
analysis of energy and momentum changes in the neutron states before and
after being scattered by the sample. Denoting the initial and �nal states of
the neutron by the subscripts i and f respectively, the energy change in the
sample, ∆E, is related to the energy change of the neutron and is given by:

∆E = ~ω = Ei − Ef =
~2

2mn

(k2i − k2f ). (2.4)

The energy transfer between neutron and sample, ω, is given in units of s−1

and the multiplication by ~ ensures that ∆E is in units of energy (eV). The
momentum change Q is given by:

~Q = ~(ki − kf ), (2.5)

where the sign convention is taken from [34]. Figure 2.1 shows a schematic
of a neutron scattering experiment.

ki ,Ei, i

kf ,Ef, f

Sample

Detector

Q

2θ

Figure 2.1: The principles of a typical scattering experiment. Incident
neutrons with wavelength λi, wave vector ki and energy Ei are scattered in
a sample. The neutrons are then detected at an angle 2θ with wavelength,
wave vector and energy λf , kf and Ef respectively. The momentum transfer
Q is given by Q = ki − kf .

From an energy point of view, two types of scattering can take place: elastic
and inelastic. These can be divided into three distinct cases:

� Inelastic scattering with ~ω < 0⇒ ki < kf . Here energy is transferred
from the sample to the neutron resulting in neutron energy gain.
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� Elastic scattering with ~ω = 0 ⇒ kf = ki. Here no energy is trans-
ferred between neutron and sample.

� Inelastic scattering with ~ω > 0⇒ ki > kf . Here energy is transferred
from the neutron to the sample resulting in neutron energy loss.

Figure 2.2 shows the scattering vector diagrams for these three cases.

Q

k
i

k
f

=0 <0>0

k
f

k
f

k
i

k
i

QQ

Figure 2.2: Scattering vector diagrams for sample energy loss ~ω < 0 with
ki < kf , no energy change ~ω = 0 with ki = kf and sample energy gain
~ω > 0 with ki > kf .

In the case of inelastic neutron scattering a special case exists, and it is
called quasi-elastic neutron scattering (QENS). This is inelastic neutron
scattering with an energy change centered around ω = 0.

An overview of the scattering types in relation to energy transfer is given
in Figure 2.3. In this �gure the dynamical structure factor, or scattering
function, S(Q,ω), is shown as a function of change in sample energy, ~ω.
S(Q,ω) contains information on the intensity of the scattered neutrons, and
will be described in further detail later. The elastic scattering is centered
at ω = 0. For positive ω inelastic scattering, the sample gains energy from
the neutron through the creation of a phonon; in an analogy to Raman
scattering, this is called the Stokes side of the energy spectrum. For negative
ω inelastic scattering, the sample loses energy to the neutron, which in turn
absorbs a phonon; this is called the anti-Stokes side [35].

At low temperatures, fewer excited states are occupied in the system com-
pared to higher temperatures. Consequently, at lower temperatures fewer
neutrons gain energy from the sample than loose energy to the sample. The
scattering functions for neutron energy gain and loss are related through
the principle of detailed balance [32]:

S(−Q,−ω) = e−~ω/kbTS(Q,ω). (2.6)
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S(Q, )

Elastic

Quasielastic
Inelastic

=0 StokesAnti-Stokes

Sample energy gainSample energy loss

Figure 2.3: Elastic and quasi-elastic scattering are both centered at ω = 0.
For positive ω the sample gains energy from the neutron by entering an
excited state and creating a phonon, this is the Stokes side of the spectrum.
For negative ω the sample loses energy to the neutron, which absorbs a
phonon, this is the anti-Stokes side of the spectrum. The relative intensities
are arbitrary.

Examining the high temperature limit we see that:

T →∞⇒ e−~ω/kbT → 1, (2.7)

which means that at high temperatures the scattering functions for sample
energy gain and energy loss will approach an equal intensity. In the low
temperature limit we see that:

T → 0⇒ e−~ω/kbT →

{
∞ for ω < 0

0 for ω > 0.
(2.8)

From this we see that, as the temperature decreases to a level where only
ground states are occupied in the sample, the neutrons can no longer gain
energy when scattering from the sample, resulting in the disappearance of
the scattering function on the anti-Stokes side of the spectrum. This is
illustrated in Figure 2.4, which shows the principle of detailed balance.
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S(Q, )

neutron energy gain
Stokes

neutron energy loss
Anti-Stokes

Figure 2.4: For a temperature that is su�ciently high for excited states
to be occupied in the sample, the scattering function is present in both the
Stokes and the anti-Stokes side of the spectrum (blue signal). However as
the temperature decreases to such a level where only ground states are oc-
cupied, neutrons can no longer gain energy when scattering in the sample.
The scattering function on the anti-Stokes side of the spectrum therefore
disappears (red signal). The signal on the Stokes side increases proportion-
ally, as only the allowed values of ω changes with temperature and not the
number of scattered neutrons.

2.2.1 Scattering Examples

A. Inelastic Neutron Scattering

An example of a scattering experiment is given by Copley and Udovich in
[36]. Figure 2.5 (left) shows the spectra for trimethylsilys adsorbates bonded
to silica via surface oxygens. An energy loss feature at around 2.5 meV at
4 K shows up as both energy loss and energy gain features at 10 K due
to the increasing population of the 2.5 meV level above the ground state
as the temperature is raised. Figure 2.5 (right) shows elastic and inelastic
scattering observed in a powdered sample of HoPd2Sn. As the temperature
of the system is increased, transitions from higher-energy levels to lower-
energy levels are observed. (E < 0)
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Figure 2.5: (left) The spectra for trimethylsilys adsorbates bonded to silica
via surface oxygens. An energy loss feature at around 2.5 meV at 4 K shows
up as both energy loss and energy gain features at 10 K due to the increasing
population of the 2.5 meV level above the ground state as the temperature is
raised.[36]

B. Quasi-Elastic Neutron Scattering

Another example is given by Teixeira et al. [26] who have studied the dif-
fusive motions of water at low temperatures. They were able to super cool
water and measure the QE spectra at nine di�erent temperatures ranging
from 20◦C to −20◦C. Measurements were done in the momentum transfer
range 0.25 < Q < 2 Å

−1
and with an energy resolution of ∆E = 100 µeV.

Figure 2.6 (left) shows an example of how the QE signal for a given tem-
perature changes for di�erent values of Q. Figure 2.6 (right) shows the
Q-dependence of the width of the QE signal for the nine di�erent mea-
sured temperatures. By analyzing this Q-dependence for di�erent temper-
atures, a separation between the rotational and translational motions of
water molecules is possible.
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Figure 2.6: (left) The measured QE spectra for water at −5◦C and a
resolution of ∆E = 100 meV. The width of the spectra is seen to change
as a function of Q. (right) The Q dependent width of the QE signal for
the measured temperature range [26]. Copyright (1985) by The American
Physical Society.

C. Elastic Fixed Window

A third example is given by Bordallo et al. [37]. In this experiment, the dif-
ferences in water dynamics related to the presence of cations in two types of
clay, montmorillonite and halloysite, is explored. To obtain an overall view
of the water dynamics in the two clay types the elastic �xed window (EFW)
technique was used. In this technique the structure factor Selastic(Q,ω = 0)
is measured as a function of temperature and can be related to the Debye-
Waller factor,

Selastic(Q,ω ≈ 0)(T ) = e−
1
3〈u(T )2〉Q2

. (2.9)

As the temperature increases the elastic intensity decreases. A rapid de-
crease is the result of a sudden increase in the QE line width, indicating an
activation of a motion in the time window of the instrument. The EFW
measurements were carried out with three di�erent resolutions. In Figure
2.7 the data has a summed Q-range between 0.4 Å and 1 Å and is nor-
malized to unity at the lowest temperature. Rapid decrease in the elastic
intensity is seen at various temperatures, allowing for the determination of
the di�erences in the water dynamics in the two clays.
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Figure 2.7: Comparison between the normalized elastic intensities of mont-
morillonite (left) and halloysite (right) clay, at three di�erent energy resolu-
tions as a function of temperature. The horizontal lines indicate the ratio of
hydrogen in hydroxyls to water. The arrows indicate in�ection points where
the decrease deviates rapidly from an approximately linear behavior. This
is indicative of the onset of rotational or translational di�usion. Figure is
reprinted with permission from [37]. Copyright (2008) American Chemical
Society.

In order to interpret the data in experiments such as these, one needs to
understand some fundamental principles of neutron scattering. These will
be discussed in the next section.

2.3 Mathematical Foundations of Neutron Scat-

tering

2.3.1 Cross Section, Coherence and Incoherence

The possibility of statistical �uctuations a�ecting the results of a scatter-
ing experiment, is essentially dependent on counting rate. The precision
and quality of a scattering experiment is directly connected to the number
of neutrons scattered by a sample and subsequently detected, and there-
fore dependent on the strength of the neutron source [38]. The reactor at
the Institute Laue-Langevin (ILL) in Grenoble is the most intense neutron
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research reactor in the world. It generates 1.5 · 1015 n/s/cm2 in the mod-
erator region. The �ux on the sample is much smaller as many neutrons
are lost on the way. This can, for example, happen in guides, choppers and
monochromators. The �ux on the sample at the cold neutron backscattering
spectrometer IN10 is of the order of 0.5− 4 · 104 n/s/cm2 and a wavelength
of 6.3 Å [39]. An alternative to the reactor production of neutrons is the
spallation approach. In these sources, a pulsed proton beam releases neu-
trons from a target through a process called spallation. An example of a
spallation source is the ISIS facility at the Rutherford Appleton Laboratory
in the UK. The IRIS backscattering spectrometer at ISIS has an intensity
on the sample of 1 · 107 n/s/cm2 [40].

The �ux of a neutron beam, Ψ, is de�ned as

Ψ =
n

s
, (2.10)

where n is the number of neutrons impinging on a target surface per second
and s is the surface area perpendicular to the neutron beam direction. Using
Eq. (2.10) we can de�ne the neutron scattering cross section, σ, as a systems
ability to scatter neutrons:

σ =
1

Ψ
number of neutrons scattered per second, (2.11)

σ has the dimensions of a surface, and is quoted in units of barn, 1 barn =
10−24 cm. If we consider that the neutrons are scattered in all directions,
the surface area perpendicular to the neutron beam is the total solid angle
4π. The total scattering cross section can then be written as:

σ = 4πb2, (2.12)

where b is called the nuclear scattering length. In general the nuclear scat-
tering length varies from nucleus to nucleus. This is due to variations of
nuclear spin direction with time, di�erences between isotopes and elements.
There is no a priori way of determining the nuclear scattering length and
they are in general measured and tabulated. Values can for example be
found in the Neutron Data Booklet [22].

As the scattering lengths vary between isotopes (isotope incoherence) and
depend on the spin orientation of the nucleus relative to the neutron (spin
incoherence) [21], the neutron does not see a uniform distribution of scatter-
ing potentials, but one that varies from point to point. It is only the average
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scattering potential that can give rise to interference e�ects and thus co-
herent scattering. Then by assuming a random distribution of scattering
lengths, the deviations from the mean are random and therefore cannot give
rise to interference e�ects. The deviations from the mean thus give rise to
incoherent scattering.

The incoherent scattering has been divided into two cases, spin incoherence
and isotope incoherence. The �rst is due to the scattering length b being
dependent of the relative spin orientations of the neutron and the nucleus.
This e�ect is especially dominating in the case of hydrogen, H. For nuclei
with zero nuclear spin this e�ect does not occur. This results in di�erent
isotopes having di�erent scattering lengths and is the reason for isotope
incoherence [21].

Figure 2.8 illustrates the relationship between total, coherent and incoherent
scattering lengths. The coherent scattering length, bcoh, is the mean of the
scattering lengths, 〈b〉, and is given by:

〈b〉 =
∑
i

cibi, (2.13)

where ci is the fractional concentration of nuclei with scattering length bi.
The corresponding scattering cross section is called the coherent scattering
cross section:

σcoh = 4πb2coh = 4π 〈b〉2 . (2.14)

The incoherent scattering length, binc, is the deviation of the individual
scattering lengths from the mean scattering length, and is given by:

binc =

√
〈b2〉 − 〈b〉2. (2.15)

This leads to the incoherent scattering cross section:

σinc = 4πb2inc = 4π
(〈
b2
〉
− 〈b〉2

)
. (2.16)

The total scattering length σ is the sum of the coherent and incoherent
scattering lengths:

σ = σcoh + σinc. (2.17)
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Figure 2.8: We assume a random distribution of scattering lengths. For
simplicity two di�erent scattering lengths b1 and b2 are shown. The coherent
scattering length, bcoh, is the mean of the two scattering lengths. The in-
coherent scattering length, binc, is the deviation of the individual scattering
lengths from the mean. The total scattering length is seen as the sum of the
coherent and incoherent scattering lengths.

2.3.2 Partial Di�erential Scattering Cross Section

As it is not feasible to place detectors in the total solid angle, we are inter-
ested in the number of neutrons scattered into an element of the solid angle
Ω, as shown in Figure 2.9. We are also interested in the energy transfer
between sample and scattered neutrons, ω. The basic measured quantity
in a scattering experiment is the partial di�erential scattering cross section
∂2σ/∂Ω∂ω [41]. When an experiment is conducted, the measured quantity
is the intensity of scattered neutrons and this intensity is proportional to
the partial di�erential scattering cross section. When an energy exchange
between neutron and sample takes place, the intensity is given by:

dI = Nφ(εi)∆εi
∂2σ

∂Ω∂ω
∆Ω∆εf , (2.18)

where N is the number of elements in the scattering volume, φ(εi) is the
neutron �ux, ∆εi is the incident neutron bandwidth, ∆Ω is the collection
solid angle and ∆εf is the scattered neutron energy window. All these terms
are �xed during the experiment as a result of instrument design and other
factors such as the neutron source properties. Of importance here is that
the partial di�erential scattering cross section can be separated into distinct
coherent and incoherent parts [34], as seen in:

∂2σ

∂Ω∂ω
=
σcoh
4π~

kf
ki
Scoh(Q,ω) +

σinc
4π~

kf
ki
Sinc(Q,ω) (2.19)
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Figure 2.9: The incident neutron is scattered by the sample into the solid
angle element r2dΩ. Figure is adapted from [21].

Scoh(Q,ω) and Sinc(Q,ω) are the coherent and incoherent dynamical struc-
ture factors, or scattering functions. They are proportional to the measured
intensity, and are essentially what is measured in an experiment. The actual
derivation of Eq. (2.19) from Eq. (2.18) is given in Appendix A.

2.3.3 Dynamical Structure Factors and the van Hove
Correlation Functions

It has been shown by van Hove [29] that the scattering of neutrons by an
arbitrary system can be described by time-dependent distribution functions
that correlate the positions of pairs of atoms. These so-called van Hove
correlation functions are related to the scattering functions through Fourier
transformations. The Fourier transformation of the van Hove correlation
function G(r, t) with respect to space yields the intermediate scattering
function I(Q, t), and a further Fourier transformation into the frequency
domain yields the scattering functions, S(Q,ω).
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As the correlation functions are functions of real time and space and not
frequency and reciprocal space, their meaning is more easily interpreted.
Van Hove's correlation function G(r, t) is explained by Vineyard [42], as the
probability that, if an atom is at the origin at time 0, an atom will also
be found within unit volume at position r at time t. It should be noted
that the atom found at the origin does not need to be distinct from the one
found later at r.

Just as the total scattering function σ can be divided into two parts, so can
van Hove's correlation function be divided into two parts: a distinct part
and a self part. The distinct part Gd(r, t) gives the probability of �nding
at r and at time t an atom that is distinct from the one found at the origin
at time 0; in this sense it deals with a pair of atoms and is therefore also
called the pair correlation function. This probability distribution can, for
example, be used to describe a phonon. Taking the 4-dimensional Fourier
transformation of the distinct part yields the coherent scattering function
Scoh(Q,ω). The self part Gs(r, t) gives the probability of �nding at r and
at time t the atom that was at origin at time 0. The self part describes the
wandering of an atom away from some arbitrary starting point, and can be
used to describe the di�usion of atoms [42]; its Fourier transform yields the
incoherent scattering function Sinc(Q,ω).

As mentioned earlier, di�erent elements have di�erent coherent and inco-
herent scattering lengths. Table 2.1 shows the coherent and incoherent
scattering lengths for the elements contained in cement.

Table 2.1: Coherent and incoherent scattering lengths for thermal and cold
neutrons of elements found in ordinary Portland cement and ashes. Values
are found in [22] and units are barn [1barn = 10−24cm2].

H C O Si Ca H2O
σcoh 1.76 5.55 4.23 2.16 2.78 7.75
σinc 80.26 0.001 0.00 0.004 0.05 160.52

From the hydration process shown in Eq. (1.1) we know that a signi�cant
amount of hydrogen is present in the cement, while from the values in
Table 2.1 we see that the presence of hydrogen results in a σinc which is
much larger than σcoh. Consequently we will assume that the contribution
from coherent scattering is negligible compared to the incoherent scattering
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from hydrogen. As the experiments described herein are on cement, we will
consider only the incoherent part of Eq. (2.19) and the self part, Gs(r, t),
of the van Hove correlation function from now on.

The self part of the van Hove correlation function can be split into two parts
[43]:

Gs(r, t) = Gs(r,∞) +G′s(r, t), (2.20)

where the �rst term is the value of the correlation function at very long times
i.e. t→∞. Fourier transforming into intermediate scattering functions we
have:

Iinc(Q, t) = Iinc(Q,∞) + Iinc(Q, t), (2.21)

where the intermediate scattering function is split into a time independent
part and a time dependent part. Taking the Fourier transform we get:

Sinc(Q,ω) = Selinc(Q,∞)δ(ω) + Sininc(Q,ω), (2.22)

where the scattering function has now been separated into a purely elastic
component and an inelastic component. For a particle di�using in a volume
that is e�ectively without boundary:

Gs(r,∞) = 0,

and consequently:
Iinc(r,∞) = 0.

As a result the elastic part of Eq. (2.22) will be absent.

Conversely, if the particle di�uses within a volume with a boundary then
Gs(r,∞) will have a �nite value. This will give rise to a non-zero broaden-
ing of the elastic line in reciprocal space, as shown in Figure 2.10 (bottom).
In the static case of an immobile atom, the probability of �nding it at a cer-
tain position is constant in time; this gives rise to a δ-function in reciprocal
space as shown in Figure 2.10 (top). The presence of a lattice structure will
also give rise to an elastic scattering contribution, this scattering is how-
ever coherent, while the former is incoherent. Unless a separation between
coherent and incoherent scattering is viable, the possibility of a signi�cant
coherent contribution to the elastic signal must be considered.

In the case where no coherent contributions to the elastic signal are present,
an elastic part implies the presence of localized motion. This will be dealt
with in more detail in Section 2.5. Taking the time-dependent Fourier trans-
form of the time-dependent part of the intermediate scattering function Eq.
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Figure 2.10: In the case of an immobile atom, the probability to �nd it
a certain position is constant in time. This probability corresponds to a δ-
function in reciprocal space, S(Q,ω) = A(Q)·δ(ω). In the case were an atom
is bound to a �nite volume, Gs(r, t) approaches a �nite value Gs(r,∞) for r
varying in the interior of the volume. This results in a non-zero broadening
of the elastic line in reciprocal space. The Figure is modi�ed from [44].

(2.21) results in a function with a non-vanishing broadening of the signal
around ω = 0 [45]. This broadening is the quasi-elastic scattering function,
which contains information on the dynamical properties of the scatterers.
From this separation in Eq. (2.22), we see why quasi-elastic neutron scatter-
ing contains information on both the structure and dynamics of the probed
atoms.

A molecule will in general undergo several di�erent types of motion at the
same time. It can have internal vibrations, while rotating about itself and
slowly moving through its surroundings. If these motions are happening in
completely di�erent time scales they can be considered decoupled. Their
scattering functions can then be described independently of each other and
the total scattering function is a convolution of the scattering functions
attributed to each of the motions:

Sinc(Q,ω) = SV ibrationinc (Q,ω)⊗ STranslationinc (Q,ω)⊗ SRotationinc (Q,ω), (2.23)

where the scattering functions associated with each of the three types of
motion are described in the following section.
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2.4 Scattering Functions of the Di�erent Types

of Motion

From Eq. (2.23), it is clear why the scattering of neutrons can be divided
into several types, as shown in Figure 2.11. As already brie�y discussed
in section 2.2, this division can be separated into inelastic scattering with
ω 6= 0, quasi-elastic scattering with ω ≈ 0 and elastic scattering with ω = 0,
as well as a coherent and incoherent scattering.

ω 0

Elastic scattering

Diffusive motions

(Quasi-elastic neutron

scattering)

Phonons

(external modes)

(Coherent inelastic scattering)

Molecular vibrations

(internal modes)

(Incoherent inelastic scattering)

Energy exchange (ħω)

S
(Q

,ω
)

Figure 2.11: Immobile scatterers give rise to an elastic signal, which con-
tains information on the structure of the sample. Di�usive motions give
rise to a quasi-elastic signal. Collective motions of the scatterers, such as
phonons, give rise to a coherent inelastic signal. Uncoordinated random
motions of the scatterer, such as internal molecular vibrations result in an
incoherent inelastic signal. Image courtesy of ILL [39].

Elastic scattering is observed when the neutrons do not exchange energy
with the atoms in the sample. In the coherent case of elastic scattering,
interference of the outgoing waves will take place, this gives rise to Bragg
re�ections and can be used to determine crystal structures [21]. If the
elastic scattering is incoherent, no interference e�ects take place, and the
associated elastic incoherent structure factor (EISF), which will be described
in detail later, can be used to determine the geometries of the motions of
the scattering atoms [45]. In elastic scattering experiments the structure
factor S(Q,ω = 0) is the measured quantity.
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Considering now the inelastic scattering, we can distinguish between coher-
ent and incoherent origins of the signal. When the scattering atoms in the
sample are mobile, they will give rise to an inelastic or quasi-elastic signal
[46]. This signal will be coherent if the motions in the sample are collective,
phonons for example. If the scattering atoms in the sample move in an
uncoordinated fashion at random, the scattering signal will be incoherent.
An example of incoherent inelastic scattering is molecular vibrations where
the scattering atoms are vibrating within a molecular structure, but the
individual molecules vibrate independently of each other. An example of
this is the vibration of the OH bond in water. The last type of scattering is
the quasi-elastic scattering. Here the energy exchange between sample and
neutron is small (hence the name quasi-elastic) and centered on the elastic
signal. Quasi-elastic scattering originates in small motions of atoms in the
sample, such as di�usion, hydrogen rotations in methyl groups or tunneling
e�ects.

2.4.1 Vibrational Motions and the Debye-Waller Fac-
tor

The vibrational motions of molecules can be separated in three types:

� Internal molecular vibrations where the atoms in the molecule are in
periodic motion, continuously stretching or bending their bonds.

� External librations where the molecule with a nearly �xed orientation
rotates slightly back and forth.

� External translational vibrations where the molecule with a nearly
�xed position translates back and forth.

The scattering functions related to the internal molecular vibrations SVinc(Q,ω)
and the external vibrations and librations of the whole molecule SLinc(Q,ω),
can be separated into an elastic part and an inelastic part [45]:

SVinc(Q,ω) = e−
1
3〈u2V 〉Q2 [

δ(ω) + SVin(Q,ω)
]

(2.24)

SLinc(Q,ω) = e−
1
3〈u2L〉Q2 [

δ(ω) + SLin(Q,ω)
]
, (2.25)

where the �rst term is the Debye-Waller factor. 〈u2V 〉 and 〈u2L〉 are the
mean-square displacements of the atom. SVin(Q,ω) is composed of a series
of inelastic spectral lines related to the vibrational levels of the molecule,
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these are however of the order 100 meV and have no in�uence in the QE
region of interest. SLin(Q,ω) is a slowly varying term, which in the QE
region takes the form of a small background [45]. The result is that the
convolution Eq. (2.23) takes the form:

Sinc(Q,ω) = e−
1
3〈u2〉Q2 [

STranslationinc (Q,ω)⊗ SRotationinc (Q,ω) + SIinc(Q,ω)
]
,

(2.26)
where the �rst term is the Debye-Waller factor and〈

u2
〉

=
〈
u2V
〉

+
〈
u2L
〉

(2.27)

is the mean-square displacement of the atom under the e�ects of internal
and external modes. In the QE region the Debye-Waller factor accounts for
the e�ects of vibrations. Outside this region the inelastic term SIinc(Q,ω)
accounts for the vibrations. It is well known from thermodynamics that
the mean-square displacement of the atom about its equilibrium position
increases with temperature. The Debye-Waller factor and its temperature
dependent e�ect on the elastic intensity is derived in Appendix B.

2.4.2 Rotational and Translational motion

The scattering function describing rotational motion was derived by Sears
[47] in 1966. In this model the rotational motion is assumed to be con�ned
on the surface of a sphere with radius a, and is described by the Sears
expansion:

Sr(Q,ω) = j20(Qa)δ(ω) +
1

π

∞∑
l=1

(2l + 1)j2l (Qa)
l(l + 1)Dr

ω2 + (l(l + 1)Dr)2
(2.28)

where Dr is the rotational di�usion coe�cient, characterized by a relax-
ation time τr = 1

6Dr
and jl are the spherical Bessel functions. The Sears

expansion is essentially an in�nite series of Lorentzians with Q-independent
half-widths at half maximum (HWHM) Γ = l(l + 1)Dr. Figure 2.12 shows
the �rst �ve terms of the Sears expansion. As not all Bessel functions will
contribute to the signal over the entire Q-range accessible at an instrument,
the Sears expansion can be approximated to a �nite series of Lorentzians.
In practice the scattering function describing rotational motion can be ap-
proximated to that of a single Lorentzian [49].
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Figure 2.12: The �rst �ve terms of Eq. (2.28). As seen not all terms
contribute to the signal over the entire Q-range. In practice, no instru-
ment can access all of Q and as a result the Sears expansion can always be
approximated to a �nite series of Lorentzians. Figure is from [48]

One of the simplest forms of translational di�usion is that of Brownian mo-
tion where the particles move under the in�uence of the forces that arise
from their mutual collisions [45]. This motion is governed by the transla-
tional di�usion constant Dt, which can be described through the Einstein
relation:

Dt =
〈l2〉
6τt

, (2.29)

where the particle travels a distance l during the time τt. The translational
di�usion commonly modeled by Brownian motion leads to the following
scattering law derived by Vineyard [42]:

St(Q,ω) =
1

π

DtQ
2

ω2 + (DtQ2)2
. (2.30)

The shape of this function is Lorentzian with a Q-dependent half-width at
half maximum (HWHM), Γ, given by:

Γ = DtQ
2, (2.31)

and centered in ω = 0. The Q-dependence of the translational and rota-
tional half-widths Γ are shown in Figure 2.13 (left).
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Figure 2.13: (left) The Lorentzian HWHM of the rotational motion is Q-
independent. The translational di�usion is given by the DtQ

2 law. (right)
The Singwi-Sjölander model describes the di�usion of bulk water. For low
Q it approaches the DtQ

2 law and for high Q it asymptotically approaches
a plateau given by the relaxation time τ0.

2.4.3 The Di�usional Motion of Bulk Water

In the case of bulk water this simpleDtQ
2 dependence has proven insu�cient

to accurately describe the di�usion of bulk water, especially at high Q [50].
It was suggested that molecular motions in liquid water occurs by �nite
jumps, and a jump model was developed by Singwi and Sjölander [51]. In
this model the water molecule oscillates for a time τ0 before di�using a
distance l over the time period τ1. In the limiting case τ1 � τ0 the Singwi-
Sjölander model reduces to the expression derived by Vineyard, Eq. (2.30).
In the case of τ1 � τ0 it instead takes the form of a Lorentzian with a
HWHM shown in Figure 2.13 (right) and given by:

Γt =
DtQ

2

1 +DtQ2τ0
with Dt =

L2

6τ0
. (2.32)

This is the well-known Singwi-Sjölander jump di�usion model. As the time
the molecule translates is much shorter than the time spent oscillating,
the model can be seen to describe a molecule spending time τ0 at a given
position and then jumping a mean distance L to a new site. It should be
noted that in the low Q limit Eq.(2.32) reduces to the DtQ

2 law and in the
high Q limit it approaches 1

τ0
. Using this model, the temperature dependent

di�usive properties of water have been thoroughly investigated both in bulk
and con�nement [26], [49].
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2.5 The Case of Con�nement

We now have the tools necessary to construct a scattering function that
describes the temperature dependent scattering from con�ned water. Con-
sidering Eq.(2.23), we know from section 2.4.2 that rotational and transla-
tional motions can be described by Lorentzians. In the case of water these
motions can be combined in a quasi-elastic scattering function, whose shape
is a Lorentzian, described by the Singwi-Sjölander model. From Eq.(2.22)
we know that an elastic component is introduced when the water is con-
�ned. Due to a variety of factors such as analyzer mosaicity, backscattering
angle and the characteristics of the neutron source, the energy resolution
of an instrument is not a δ-function [34]. Therefore the scattering function
must be convoluted with the known resolution function of the instrument
R(Q,ω). And at last we know from section 2.4.1 that the intensity of the
signal is a�ected by the Debye-Waller factor. Putting all this together, the
total incoherent scattering function Eq.(2.23) now becomes [52]:

S (Q,ω) = e−
1
3〈u(T )2〉Q2

[(A0(Q)δ(ω) + (1− A0)(Q)L (Γ, ω))⊗R(Q,ω)]+B(Q),
(2.33)

where the �rst term is the Debye-Waller factor which takes into account
the e�ects of vibrational motions in the quasi-elastic region, R(Q,ω) is the
resolution of the instrument, B(Q) is a possible background and the quasi-
elastic scattering is described by a Lorentzian L with half-width at half
maximum (HWHM) Γ. The Q-dependence of Γ will give indications on the
type of motion observed in the experiment. In the case of bulk water Γ can,
and will in this thesis, be modeled using the Singwi-Sjölander model, Eq.
(2.32).

As explained in Section 2.3.3, the coe�cient A0(Q) of the delta function
is a space-Fourier transform of the "in�nite time" distribution in space i.e.
the �nal position of all scattering nuclei averaged over all possible initial
positions. It is called the elastic incoherent structure factor, EISF [53].
This is essentially the time averaged spatial distribution of the scatterers.
If the scatterer is located in a space e�ectively without boundary, it is able
to move in�nitely far away in an in�nite amount of time and thus the EISF is
zero. If the scatterer is con�ned in some volume, there is a �nite probability
of �nding it after an in�nite amount of time, resulting in a non-zero EISF.
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The Q-dependence of the EISF yields information on geometry of the scat-
terers motion. Small Q-values correspond to large volumes and vice versa.
If the EISF approaches unity in the low Q limit, the scatterers are con�ned
in some volume and not allowed to di�use over long distances (correspond-
ing to low Q-values). In the large Q limit, the EISF will approach zero if all
scatterers are mobile, but will approach a non-zero value if some scatterers
are immobile. If discrimination between the elastic and quasi-elastic parts
of the peak is possible determination of the EISF is given by the relation:

EISF =
Iel

Iel + Iqe
, (2.34)

where Iel and Iqe are the integrated intensities of the elastic and quasi-elastic
parts of the peak.

The model described in Eq. (2.33) assumes that all the observed di�usive
motions can be described by a single Lorentzian. It is quite possible that
several di�erent populations of protons are present in the sample, each sub-
ject to di�erent translational and rotational constraints and with di�erent
motional properties. The Lorentzian in the scattering function is then a
superposition of Lorentzians, each describing their own proton population.
If a distinction between these populations is possible a single Lorentzian
will not �t the data properly and a scattering function with more than one
Lorentzian will be necessary [24], [54]. This leads to the following scattering
function:

S (Q,ω) = e−
1
3〈u(T )2〉Q2

[(
A0(Q)δ(ω) +

i∑
Ai(Q)Li (Γi, ω)

)
⊗R(Q,ω)

]
+B(Q),

(2.35)
where A0 is the EISF, Ai are called the quasi-elastic incoherent structure
factors (QISF), R(q, ω) is the resolution function of the instrument and
B(Q) is a possible background. Each distinguishable population of hydrogen
is described by an associated Lorentzian Li(Γi, ω).



Chapter 3

Experimental Aspects of

Quasi-Elastic Neutron

Scattering

While Chapter 2 dealt with the theoretical aspects of neutron scattering
this chapter will describe the experimental aspects of the thesis. Section
3.1 explains the backscattering technique and describes the backscattering
instruments IN10 located at the ILL, Grenoble, France and IRIS located
at the ISIS facility, Rutherford Appleton Laboratory in the UK. This is
followed by a section on the green cement experiment and another on the
dental cement hydration experiment. These sections describe the sample
preparations and how the experiments were carried out. Furthermore, they
describe the steps needed to reduce the data prior to the analysis and also
explain the methods used in such analysis.

3.1 Backscattering Spectroscopy

As outlined in previous chapters, neutron scattering is ideally suited to
study the dynamic processes of hydrogen. A wide range of instruments and
experimental techniques are available, and suited for the study of di�erent
dynamical motions. The choice of instrument depends completely on the
information one wishes to gain, as shown in Figure 3.1. This �gure shows a
comparison of the di�erent time-, length-, and energy (~ω)- scales accessed
by neutron instruments. The momentum transfer range for backscattering
instruments goes from 0.07 Å

−1
at DNA at J-Parc [55] to 4.9 Å

−1
at IN13 at

ILL [56]. In addition to the accessible Q-range, energy resolution is of key
importance, as this determines the time-scale of the observable dynamical
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Figure 3.1: Schematic plot illustrating the (Q,ω) range accessed by di�er-
ent spectroscopic techniques. Backscattering is seen to access a Q-range of
0.07− 4.9 Å

−1
and motions on the ns and ps time scales [57].

motions through the following relation [58]:

∆(~ω)∆tobs ∼= 2 · ~, (3.1)

where ∆(~ω) is the FWHM of the instrument energy resolution, ∆tobs is the
observed time-range and ~ is the reduced Planck constant. The time-scale
accessed by backscattering is seen in Figure 3.1 to be in the picosecond
(ps) to nanosecond (ns) range. Table 3.1 shows the energy resolution and
accessed time scale of the IRIS and IN10 backscattering spectrometers in
the setup used for this study. The reasons for the choice of these instruments
will be detailed in sections 3.2 and 3.3.
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Table 3.1: Experimental setup used for IN10 and IRIS.

∆(~ω)(µ eV) ∆tobs(ps) Q(Å−1)
IRIS 17.5 38 0.42 - 1.85
IN10 1 660 0.07 - 2.0

Backscattering spectrometers are indirect geometry spectrometers that mea-
sure an intensity proportional to the scattering function S(Q,ω). The mo-
mentum change Q is measured as a function of scattering angle. The energy
change in the sample ∆E is measured indirectly, keeping the �nal energy
Ef �xed and varying the incoming energy Ei about this value. Figure 3.2
[59] shows the energy transfer range accessible through direct and indirect
geometry set-ups.

Direct Geometry Indirect Geometry
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Figure 3.2: Direct and indirect (inverted) geometry setups access di�erent
neutron energy transfer ranges [59].

IN10 is located at the ILL in Grenoble. The neutron source at ILL is a re-
actor that continuously produces neutrons through �ssion. As a result, all
wavelengths of neutrons continuously arrive at the instrument. IRIS, how-
ever, is located at the ISIS facility in the UK, where neutrons are produced
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via the spallation process. Here neutrons are produced by pulses of high en-
ergy protons bombarding a tungsten target, thereby driving neutrons out of
the nuclei. Contrary to the continuous distribution of the reactor-produced
neutrons, spallation sources produce neutrons with an inherent variation
in energy of the incident neutrons. The neutrons, therefore, arrive at the
instrument in short pulses with the fastest, or most energetic and lower
wavelength neutrons, in the beginning of the pulse, and the slower, or less
energetic and longer wavelength neutrons, in the end of the pulse.

This di�erence in the arriving neutrons results in slightly di�erent set-
ups of the backscattering instruments depending on the neutron source.
In the case of a reactor source, the incoming energy is monochromatized
through backscattering and the energy varied about the chosen value by
the doppler e�ect. The spallation source instrument instead uses time-of-
�ight to monochromatize the incident energy.

3.1.1 IN10

Figure 3.3 illustrates the high resolution nearly perfect backscattering spec-
trometer IN10. The Si(111) monochromator selects neutrons with a wave-
length and energy of 6.271 Å and 2.080 meV and with an energy resolution
width of 1 µeV at full-width at half maximum (FWHM). By using the same
Si(111) re�ection for the analyzers, the �nal and initial energies are the
same. When the doppler drive is turned o�, the incident energy on the
sample does not vary. In this way only elastic measurements, such as elas-
tic �xed window scans, are possible. By turning the doppler drive on, the
monochromator moves rapidly back and forth and shifts the energies of the
re�ected neutrons through the doppler e�ect. In this way the initial en-
ergy is varied by 0.015 meV about the �nal energy. Only those neutrons
whose energy change by the doppler drive match their energy transference
to the sample, are re�ected by the analyzers. Since the total distance from
monochromator to detector is known exactly, every time channel belongs to
a speci�c sample energy change ∆E.

The �ux of neutrons produced by the Si(111) monochromator, is the same
irrespective of whether the doppler is on or not. The energy distribution
is however not the same, since activation of the doppler drive spreads the
neutrons out over di�erent energy ranges, thereby broadening the energy
distribution of the backscattered neutrons. Since the �ux distribution at the
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Figure 3.3: Schematic of the IN10 backscattering spectrometer at the ILL
reactor source. A cold neutron beam with a spectral distribution around
6 Å travels along a straight neutron guide section. The neutrons are then
backscattered from a Si(111) monochromator mounted on a doppler drive.
About 40% of the neutrons are then de�ected into a second guide by a (002)
oriented graphite crystal situated just below the primary beam. They travel
trough a chopper that reduces background and onto the sample. The neutrons
are scattered from the sample and backscattered onto 7 He3 detectors by a
series of Si(111) analyzers [60]. Image courtesy of ILL [60].

sample remains the same, this causes a decrease in the intensity of elastically
scattered neutrons, when the doppler drive is turned on. Therefore, the
elastic intensity will be lower in a QENS measurement with the doppler on,
than in an elastic measurement with the doppler o�.
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3.1.2 IRIS

Figure 3.4 illustrates the IRIS backscattering spectrometer. Here the inci-
dent neutrons are monochromatized by time-of-�ight. The spallation source
produces neutrons that travel toward the instrument in pulses. The neu-
trons pass through two disk choppers that prevent the slowest neutrons in
a pulse from hitting the detectors at the same time as the fastest neutrons
in the following pulse. The choppers rotate in such a way that the ini-
tial energy Ei is varied around the analyzing energy Ef [59]. For the ash
and dental cement experiments the PG(002) o�set setup was used. Here
the �nal energy Ef selected by the graphite analyzers is 1.84 meV and the
chopper rotation allows for initial energies spread unevenly about this value.
In this setup the ∆E range is from −0.3 meV to 1.2 meV with an energy res-
olution width of 17.5 µeV (FWHM). After passing through the choppers,
the neutrons pass through a monitor and hit the sample. The scattered
neutrons are analyzed by 50 graphite analyzers covering scattering angles
from 25◦ to 160◦ and located 85 cm from the sample. This corresponds to a
Q-range coverage of 0.42 Å

−1
to 1.85 Å

−1
[61]. The analyzed neutrons are

then backscattered at an angle of 175◦ below the horizontal plane onto a
series of detectors. The total distance traversed by the detected neutrons
from the choppers to the detectors is known precisely. This allows for the
allotment of every time channel to a speci�c sample energy change ∆E.

3.2 The Construction Cement Experiment

Two construction cements, OPC and M700, were investigated with elastic
incoherent neutron scattering (EINS) and quasi-elastic neutron scattering
(QENS) using the IRIS backscattering spectrometer at ISIS. The results are
summarized in Chapter 4.

By means of nuclear magnetic resonance (NMR) three types of proton mo-
bility have been identi�ed in hardened cements [62]�[64]. These mobilities
were associated with the hydrogen in di�erent water populations:

1. Bound water consisting of structural hydrogen in OH or H2O water
molecules chemically bound to solid phases in the C-S-H structure.

2. Con�ned water divided into:
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Figure 3.4: Schematic of the IRIS high resolution inelastic spectrometer at
the ISIS facility [40]. The neutrons pass through two choppers that select the
desired neutron energy range. After passing through a monitor the neutrons
are scattered from the sample. The neutrons are then backscattered onto
detectors by a series of PG(002) analyzers. Image courtesy of ISIS [40].

(a) Water which is con�ned in the smaller gel pores and exhibits a
dynamic behavior similar to super-cooled bulk water ; it is termed
glass-like [65].

(b) Water which is con�ned in the larger capillary pores and behaves
like constrained bulk water ; it is termed bulk-like.

In the measurements described in Section 3.2.3, the structural hydrogen
will contribute to the elastic signal while the hydrogen in the con�ned water
populations, 2(a) and 2(b), will give rise to clear QE broadenings of the
elastic signal.

After the initial mixing of the cement the structure matures gradually over
time through hydration; the pore structure evolves and more and more
dry cement gel forms. Figure 3.5 shows the volume fraction of unhydrated
cement, dry gel, gel pores and capillary pores as a function of hydration.
After 28 days, 75% of the hydration process has taken place. Since the
capillary pores dominate the cement structure early in the process, it is
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Figure 3.5: Hydration of ordinary Portland cement. α de�nes the degree
of hydration. The vertical dotted line indicates α after 28 days. As the
hydration process slows down over time complete hydration at α = 1.0 is
never achieved. Figure is adapted with permission from [66]

expected that investigations of cement much younger than 28 days will yield
little evidence of glass-like water. Studying matured cement aged around
28 days will likely show the presence of both bulk-like water and glass-like
water.

The three types of proton mobility identi�ed by NMR in cement have been
shown by QENS to occur on di�erent time-scales. Bordallo et al. [67] found
that bound water dynamics occur on a time scale much slower than the ps
time-scale. This is supported by Hall et al., who studied interlamellar water
in clays. They found that H bound to the clay is immobile on a time scale
of 100 − 0.1 ps [68]. Fratini et al. studied the evolution of water in the
hydration process of cement [65]. They also determined by means of QENS
that with a resolution of 28 µeV (a few tens of ps time-scale) only one type of
mobile water was discernible. In addition, they observed that bound water
was immobile in this time scale. In a similar hydration QENS study by
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Fitzgerald et al., it was found that bulk-like water dynamics occur on the
hundreds of ps time scale [69]. Accordingly on a ps time-scale bound water
is seen as immobile, while bulk-like and glass-like water can be observed.

In our study of cement paste, the proton motion of interest was that of the
constrained glass-like water. For this reason we wanted an instrument reso-
lution which allows for a clear separation between the three types of proton
motion. Therefore the IRIS high resolution backscattering spectrometer
was chosen.

3.2.1 Sample Preparation

The two construction cement pastes were prepared by Michelle S. Rodrigues
at the School of Agricultural Engineering FEAGRI, UNICAMP, São Paulo
Brazil. The OPC sample was ordinary Portland cement prepared with a
water to cement ratio by weight of 0.45 and allowed to mature for 28 days.
The M700 sample was a blend by weight of 80% cement and 20% sugarcane
bagasse ash burnt at 700◦, also prepared with a water to cement ratio of
0.45 and matured for 28 days. Both samples were ground to a �ne powder
in a mortar and pestle, packed in aluminum foil packets and mounted in �at
aluminum sample holders sealed with indium wire. Part of the samples were

Figure 3.6: The powdered cement paste was packed in an aluminum saché
and mounted in a �at aluminum sample holder. The sample holder was
sealed with indium wire and closed with 22 aluminum screws.

dried in an oven at 110◦. This temperature allows for the removal of the
con�ned water without destroying the cement structure [67]. The samples
were weighed at regular intervals, and when the weight no longer changed
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over time, all the con�ned water was considered to have been removed.
These two dried samples were mounted in the same way as the two hydrated
samples described above. All four samples were weighed prior to being
mounted in sample holders, and after they had been measured the samples
were removed from the sample holders and weighed again to ensure that no
water was lost during the measurements.

3.2.2 Elastic Incoherent Neutron Scattering Measure-
ments

Elastic incoherent neutron scattering (EINS) experiments measure the struc-
ture factor, or elastic scattering factor, S(Q,ω = 0). Since the energy
resolution has a �nite width, the actually measured scattering function is
S(Q,ω ≈ 0). The elastic �xed window technique (EFW) is a type of EINS
experiment that provides an overall view of the hydrogen dynamics as a
function of temperature. This method measures the scattering function
Selastic(Q,ω ≈ 0) as a function of temperature and relates it to the Debye-
Waller factor previously explained in Section 2.4.1:

Selastic(Q,ω ≈ 0)(T ) = e−
1
3〈u(T )2〉Q2

, (3.2)

where 〈u(T )2〉 is the mean square displacement (MSD) of the molecule from
its equilibrium position.

The change in intensity as a function of temperature contains information
on the types of motion in the sample. At low temperatures the molecules
are immobile and all signal is elastic. As the temperature increases they will
begin to oscillate about their equilibrium positions, increasing the MSD and
thus lowering the elastic signal. The change in elastic intensity can be de-
scribed by a harmonic model, which is roughly linear. If however, rotational
and translational motions are allowed, the change will deviate from a har-
monic model. In this case the temperature will at some point have increased
su�ciently for the molecules to begin rotating, and as the temperature is
increased further, the unbound molecules will be able to translate through
the system. The onset of these two motions will be seen by the appearance
of a quasi-elastic broadening of the elastic signal and a subsequent sudden
deviation from the harmonic decrease in elastic intensity. Furthermore, by
considering the Q-dependence of the EFW, additional information can be
gained as rotations contribute to the signal above 1 Å

−1
and translations
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below 1 Å
−1
. Therefore the EFW technique enables an identi�cation of

the types of motion in the system and their activation temperatures. By
comparing the elastic intensity at 5 K with the elastic intensity at 300 K,
it is possible to determine the fraction of hydrogen which is bound in the
sample at room temperature in the time-window probed by the instrument.
A comparison of this fraction from the two cement pastes will reveal if the
di�usivity of the protons are di�erent in the two cements.

EFW scans were done on hydrated as well as dried OPC and M700. The
samples were cooled down to 5 K, where all motion within the sample ef-
fectively ceased. The temperature was increased in interval steps of 5 K up
to 300 K and data was collected for 7 min at each step. Each EFW scan
thus has 96 data points. The angle between the plane of the sample and
the incident beam was 135◦. Because of this orientation, the 14 highest
scattering angle detectors were shielded by the edge of the sample holder.

3.2.3 Quasi-elastic Neutron Scattering (QENS) Spec-
tra Measurements

As explained in Chapter 2, di�usional motion causes a QE broadening of
the elastic signal. The Q-dependence of this broadening allows for the de-
termination of the di�usion coe�cient and the relaxation time. In addition,
the analysis of the QENS spectra is also needed to extract the EISF, which
gives information on the spacial restriction of the di�usion process.

The QENS spectra for each of the four samples was measured at 300 K
and 5 K. As no motion is present in the sample at 5 K, and all signal was
contained in the elastic peak, these measurements were used to determine
the resolution of the instrument for the given sample. The 300 K QENS
measurements contained the signal from both the mobile and immobile hy-
drogen on the investigated time-scale. The hydrated samples contained
signal from hydrogen in the bound and con�ned (glass-like and bulk-like)
water populations. In the dried samples the con�ned water had been re-
moved so the signal was only from the structural hydrogen in the bound
water population. By subtracting the dried data sets from the hydrated
ones, a data set containing only signal from the con�ned water was created
for each of the two cement pastes.
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Like the EINS measurements, the angle between the plane of the sample
and the incident beam was 135◦. Because of this orientation, the 14 highest
scattering angle detectors were shielded by the edge of the sample holder.

3.2.4 Data Reduction

When the data is saved during the measurements, it is not saved in a readily
accessible format, and before the analysis starts a careful data reduction is
necessary. The data reduction was done using the MODES program avail-
able from the ISIS web page [70] following the instructions in the user guide
[71]. The raw data is saved in a binary time-of-�ight format in .raw �les.
Converting from time-of-�ight .raw �les to energy transfer .ipg �les requires
several steps. First a calibration �le has to be created for each sample us-
ing the 5 K QENS measurements and the Calib routine in MODES. This
routine reads the raw data �le and calculates the area of the elastic peak
for each spectrum. The Ionian routine is then used together with the cal-
ibration �le to convert from time-of-�ight to energy transfer, creating an
.ipg �le for each measurement. In this process, the calibration �le created
from the 5 K measurement is used to account for detector e�ciency, and in
addition the data is normalized to monitor count. When creating the .ipg
�les it is possible to sum the data from all 50 detectors together or divide
them into groups of one or more detectors. Due to the sample orientation
in relation to the incident beam, it was seen when looking at the signal from
the detectors individually that the last 14 detectors had been shielded by
the edge of the sample holder. The 14 detectors were therefore not included
in the creation of the .ipg �les.

EINS Data Reduction

For the EINS measurements, the data was summed in two detector groups.
The �rst group contained all detectors corresponding to momentum transfer
Q interval 0.442 − 0.998 Å

−1
and 〈Q1〉 = 0.525 Å

−1
, where translational

motions dominate. In the second group, corresponding to Q interval 1.034−
1.648 Å

−1
and 〈Q2〉 = 1.556 Å

−1
, the rotational motions dominate. The

Elwin routine in MODES was then used to determine the integrated elastic
intensity as a function of temperature. For each of the four samples, the 96
associated .ipg �les were read and integrated within the sample resolution.
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The result is an .elf �le for each sample. These �les contain the integrated
elastic intensity within instrument energy resolution for all 96 temperature
increments and are used to plot the EFW results in Chapter 4.

QENS Data Reduction

The QENS data was summed in 25 groups of 2 detectors each and the
last 7 groups were discarded due to the shielding. In order to subtract
the hydrated sample data sets from the dried ones, the Analyse routine
was used. Using this routine, we subtracted the dried .ipg �les from the
hydrated .ipg �les. The result was .ipg �les containing only the signal
from the con�ned water in the two cement types. The resulting two .ipg
�les, one for M700 and one for OPC, were exported to .dasc format to be
analyzed using the DAVE program [72]. The Q-dependent QENS spectra
were �tted in DAVE and the EISF and di�usion properties was obtained
for each sample. The results are shown and discussed in Chapter 4.

3.3 Dental Cement Hydration

As explained in Section 1.2, understanding the hydration process during the
setting of glass ionomer cements is the key to understanding the strength
of the material. The hydration process of two dental restorative glass
ionomer cements (pastes) (GIC) Aqua Iono�l Plus (AQUA) and Iono�l
Molar (POLY) were investigated at IRIS as well as IN10 at ILL. In the
POLY sample the polyacid is part of the liquid component, while in the
AQUA sample it is incorporated in a freeze-dried state in the powder and
the liquid used is water.

The GIC setting process undergoes several stages. When the dental cement
paste is freshly prepared it has not yet started setting; it is malleable and
easily applied to the cavity. The initial setting period lasts about 5 minutes,
after which the material can no longer be molded. The hydration process
then continues for several days and even weeks. During all these stages
the material is highly sensitive to water sorption and dehydration. As the
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Figure 3.7: Dental cement sample in aluminum saché, opened after the
experiment was �nished.

cement matures, more and more hydrogen becomes chemically bound within
the sample. By measuring the scattering function S(Q,ω) over time, this
maturation is re�ected by the increase of the elastic intensity.

3.3.1 Sample Preparation

The procedure for preparing the AQUA and POLY samples for the mea-
surements were identical for the IN10 and IRIS experiments. The dried
cement powders and liquid components were placed on a clean mixing sur-
face. The components were then mixed together as quickly and thoroughly
as possible before being placed on the aluminum foil, which was carefully
weighed in the beginning of the procedure. The cement was sealed in the
foil and rolled �at using a heavy steel rolling pin. The sample and aluminum
saché were weighed and the weight of the foil saché subtracted to deduce
the sample mass. The foil with the sample was then placed in the �at alu-
minum sample holder and sealed with indium wire. The sample holder was
then mounted in the instrument and data collection initiated approximately
15 min after mixing had begun. Figure 3.7 shows a dental cement sample
in its aluminum saché, opened after the experiment was �nished.

Table 3.2 shows the time passed from sample preparation began until mea-
surements were initialized.
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Table 3.2: Initialization time for hydration measurements at IN10 and
IRIS.

AQUA POLY
IRIS 16 min 15 min
IN10 14 min 18 min

3.3.2 Hydration Measurements

The samples were measured at 310 K, which corresponds to body tempera-
ture and a data point was collected every 15 min on IRIS and every 5 min on
IN10. After 24 hrs the samples were removed from the cryostat and allowed
to maturate in an oven set to 310 K, for 4 days in the IN10 experiment and
5 days in the IRIS experiment.

After the maturation period the sample was placed in the cryostat and
measured again. After the �nal measurement the samples were weighed
again to ensure that no liquid was lost during the experiments.

On IRIS and IN10 the samples were mounted so that the angle between the
plane of the sample and the incident beam was 135◦. In the IRIS experiment
this resulted in the 14 highest scattering angle detectors being shielded by
the edge of the sample holder. On IN10 the last two of the 7 detectors were
shielded by the sample holder.

The main di�erence between the hydration measurements at IRIS and IN10
stems from the manner in which the instruments function. On IRIS the
elastic and QE signals are measured at the same time. However on IN10,
as explained in Section 3.1.1, one chooses whether to measure the elastic
or the QE signal. The elastic signal is measured with the doppler drive
turned o� while the QE signal requires the doppler drive to be turned on.
As explained in Section 3.1.1 the �ux distribution is di�erent for the two
settings.

On IN10 the 24 hydration experiments were carried out with the doppler
turned o� to maximize the elastic �ux since we were interested in the change
in elastic intensity. The measurement of the matured samples after 4 days,
was carried out with the doppler drive turned on to measure the QE signal,
and o� to measure the elastic signal.
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For both the IRIS and the IN10 measurements, the QE signal is needed
to determine the fraction of elastic signal contained within the total signal
(elastic+QE). This de�nes the immobile hydrogen index which is explained
in Section 3.3.3.

On both IRIS and IN10 a vanadium sample was measured, to normalize
for detector e�ciency. Furthermore, on IN10 an empty sample holder was
measured, the spectrum from this is subtracted from the cement spectra.
This reduces the noise in the analyzed data set as all background signal
from the instrument and the sample holder is removed by subtraction.

3.3.3 Data Reduction

The data collected at IRIS was treated using MODES in much the same
manner as the construction cement data. A vanadium sample was also
measured to create the calibration �les needed to correct for detector ef-
�ciency. The .ipg �les were created using vanadium calibration �les and
all detectors except the 14 shielded ones were added together in one group.
Two .elf �les were created using the Elwin routine in MODES. The �rst �le
contains the integrated intensity of the total signal, between −0.3 meV to
1.8 meV, while the second contains only the integrated elastic intensity over
the instrument resolution range. Dividing the elastic intensity by the total
intensity provides the immobile hydrogen index (IHI),

IHI =
elastic intensity
total intensity

. (3.3)

In concrete hydration studies the immobile hydrogen index is also known
as the bound water index (BWI) [73].

The data collected at IN10 was treated using MATLAB procedures (time
scans) and the LAMP software package [74] (inelastic measurements). All
measurements were normalized to the monitor count, as well as the vana-
dium measurement to account for any variation in detector e�ciency. The
empty sample holder measurements were subtracted from the resulting data
sets. For the two 24 hour hydration measurements obtained on IN10 rou-
tines were then used to transform the data into sets containing the inte-
grated elastic intensity as a function of 5 min time increments. The same
routines were used to derive the elastic intensity after 4 days, from mea-
surements done on the 4 day old samples, with the doppler drive o�. The
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total intensity was found by integrating the QENS signal from measure-
ments taken of the 4 day old samples with the doppler drive engaged, using
LAMP.

Like the IRIS measurements, the IHI from the IN10 measurements was
found using Eq. (3.3). However, because the �ux on the sample is di�erent
in an elastic and inelastic scan on IN10, a �ux normalization is required.
This means determining how much larger the �ux is in the elastic part of
the signal, when the doppler drive is o� compared to when it is on. The
width of the elastic signal was determined from a resolution measurement of
the samples taken at 2 K, this width was then used to integrate the elastic
part of the total intensity, yielding the elastic fraction of the QENS signal.
This elastic fraction was then divided by the integrated elastic intensity of
the 4 days old elastic measurement, resulting in the required normalization
factor. The IHI is then normalized to the �ux by dividing with this factor.

The time index for the measurements was adjusted to take the values in
Table 3.2 into account, as well as the duration of each measuring point.
In this way for example, the IHI for AQUA measured at IRIS and shown
in Figure 5.1, begins at 31 min, with step sizes of 15 min. The IHI as a
function of time indicates the degree of hydration [75]. These results are
shown and discussed in Chapter 5.
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Chapter 4

Neutrons Reveal Why Greener

Cements Function Better

This chapter presents the results of the experiment described in Section 3.2.
The elastic �xed window (EFW) results will be presented �rst. From these
results we were able to identify two water populations in each sample. This
is followed by an analysis of the quasi-elastic scattering results, here the dif-
fusional motions of the identi�ed water populations are presented together
with the EISF results. Subsequently the results are discussed, a conclusion
of the experiment will be presented together with the implications of our
results.

4.1 Results

4.1.1 Elastic Incoherent Neutron Scattering

The temperature dependent structure factors, S(Q,ω = 0), obtained from
the EINS measurements of the OPC and M700 cement pastes with w/c =
0.45, using the EFW approach are presented in Figure 4.1. Sub-�gure 4.1(a)
shows the hydrated OPC, 4.1(b) the hydrated M700, 4.1(c) the dried OPC
and 4.1(d) the dried M700. All four sub-�gures show S(Q,ω ≈ 0) for
〈Q1〉 = 0.525 Å

−1
and 〈Q2〉 = 1.556 Å

−1
momentum transfer. For all four

cement pastes S(Q,ω ≈ 0) has been normalized to the lowest temperature.

As expected, due to the Debye-Waller factor, the elastic intensity S(Q,ω ≈
0) decreases as the temperature increases. The arrows point to in�ection
points due to an anomalous deviation from the harmonic decrease in elastic
intensity. The deviation is related to the onset of di�usive motion that is
faster than the instrument time resolution of about 150 ps. For both OPC
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and M700 deviations are seen at 200 K and 250 K for 〈Q1〉 and again at
190 K and 240 K for 〈Q2〉. This is in agreement with previous hydrated
cement paste studies [10], [76].

Figure 4.1: Elastic �xed window scans of dried and hydrated OPC and
M700 obtained using IRIS with ∆E = 17.5 µeV. Detectors have been
summed in two groups with 〈Q1〉 = 0.525 Å

−1
and 〈Q2〉 = 1.556 Å

−1
: (a)

hydrated OPC cement paste; (b) hydrated M700 cement paste; (c) dried
OPC cement paste; and, (d) dried M700 cement paste. The arrows mark
the temperatures at which di�usive motions are activated. At 300 K the
intensity is greater for the OPC cement than the M700 cement.

Through the onset of these di�usive motions we can identify the glass-like
and bulk-like water populations that we expect to �nd in the hydrated
samples (see Section 3.2).
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The in�ection point at 190 K for 〈Q2〉 = 1.556 Å
−1

indicates the onset of
rotational motion and the in�ection point at 200 K for 〈Q1〉 = 0.525 Å

−1

indicates the onset of translational motion. This implies the presence of
a water population in the hydrated cement that is con�ned in micro-pores
and has a lowered transition temperature. We identify this water with
the expected glass-like water con�ned in the gel-pores. This interpretation
agrees with Takamuku et al. [77] who showed that by con�ning water in
micro-pores of 3 nm the transition temperature can be lowered to 228 K.

Furthermore, Teixeira et al. [26] have shown that bulk water can be super
cooled to 260 K before freezing. Thus, the in�ection point at 240 K for
〈Q2〉 = 1.556 Å

−1
can be related to the onset of a second rotational motion

and the in�ection point at 250 K for 〈Q1〉 = 0.525 Å
−1

to the onset of a
second translational motion. This evidences the presence of a second water
population which we can identify with the expected bulk-like water.

Moreover the dotted horizontal line at 270 K indicates a third in�ection
point in the two hydrated samples. This implies that the samples contain
some water which is truly bulk water and not con�ned within the sample,
but most likely attached to its surface.

For the dried samples (4.1(c) and 4.1(d)) we see an in�ection point around
180 K for 〈Q2〉 = 1.556 Å

−1
. A similar result has been reported in clays

[78] and this motion was attributed to the activation of OH-rotations. This
is indicative of OH groups bound to the surface of the pore structure.

The elastic intensity at 300 K is slightly higher in the OPC sample than the
M700 sample, in both the dried and hydrated cases. Hence we can conclude
that the OPC has less mobile hydrogen at 300 K and 28 days of age than
M700, indicating that the hydration process is slower in M700 compared to
OPC.

4.1.2 Quasi-Elastic Neutron Scattering

As described in Section 3.2.4, the QENS spectra were measured for hydrated
and dried OPC and M700. Each spectrum was divided into 18 separate
spectra with Q-values ranging from Q = 0.46 Å

−1
to Q = 1.62 Å

−1
. Ex-

amples of typical spectra are shown in Figure 4.2. Blue indicates hydrated
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Figure 4.2: Examples of typical QENS spectra obtained on dried cement
pastes (red), hydrated cement pastes (blue) and on resolution function, ob-
tained from hydrated cement pastes at 10 K (black). ISIS spectra were
recorded with ∆E = 17.5 µeV on 28 days old samples of OPC and M700
preppared with water to cement ratio of 0.45. Spectra are normalized to
unity.

samples, red indicates dried samples and black is a resolution measurement
taken from a hydrated sample cooled to 5 K. The spectra are normalized
to unity for comparison. For all spectra a QE broadening of the elastic
signal is clearly seen in the hydrated samples. In the dried samples a small
broadening is also visible, and it is clearer in the high-Q spectra (4.2(c))
and 4.2(d)) than in the low-Q spectra (4.2(a)) and 4.2(b)). As mentioned
above, while the broadening in the hydrated samples is from hydrogen in
con�ned as well as bound water, the broadening in the dried samples is only
from hydrogen in bound water. This is in full agreement with the EFW
results.
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As the signal from structural hydrogen was removed by subtracting the
dried spectra from the hydrated spectra, the resulting spectra are expected
to contain only signal from the con�ned water. Since the con�ned water
consists of both glass-like and bulk-like water, and both groups are seen in
the EFW results, it is possible that these can be separated in the QENS
analysis. First however, this was assumed not be the case and the QENS
spectra were analyzed using the single Lorentzian model (Eq. (2.33)) de-
rived in Section 2.5:

S (Q,ω) = e−
1
3〈u(T )2〉Q2

[(A0(Q)δ(ω) + (1− A0)(Q)L (Γ, ω))⊗R(Q,ω)] .
(4.1)

Under this model we assume that the bound water will contribute to the
elastic part of the QENS spectrum, while the con�ned water will give rise
to a QE broadening described by a Lorentzian.

Figure 4.3: Experimental QE spectra for M700 at 300 K at selected Q-
values, Q = 0.463 Å

−1
(a) and Q = 1.62 Å

−1
(b); ∆E = 17.5 µeV. From

the �gure we observe that a single Lorentzian model is insu�cient to describe
the data as the elastic signal has a QE broadening that is unaccounted for.

This single Lorentzian model was used to �t the spectra in each of the
18 groups for OPC and M700. Figure 4.3 shows the result for the M700
Q = 0.463 Å

−1
and Q = 1.62 Å

−1
spectra �t obtained using the program

DAVE [72]. The total �t contains an elastic and a QE component. For
the low Q spectra the �ts were reasonable, but as Q increased the necessity
to account for the broadening became increasingly apparent. This was the
case for both the OPC and the M700 samples.
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Figure 4.4: Experimental QE spectra for OPC and M700 at 300 K at
selected Q-values; ∆E = 17.5 µeV. OPC spectra are shown in (a) and (c).
M700 spectra are shown in (b) and (d).

Therefore, we con�rmed that a second Lorentzian component is needed to
�t the data properly. The requirement of two Lorentzians also con�rms our
assumption for the presence of two separate water populations within the
cement pastes, with di�erent water dynamics. Based on Eq. (2.35), the
model was expanded to include a second Lorentzian:

S (Q,ω) = e−
1
3〈u(T )2〉Q2

[(
A0(Q)δ(ω) +

2∑
i=1

Ai(Q)Li (Γi, ω)

)
⊗R(Q,ω)

]
.

(4.2)
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Figure 4.5: OPC and M700 Lorentzian HWHM �tted to the Singi-
Sjölander model.

Figure 4.4 shows the �t results from DAVE with the 2-Lorentzian model
for the lowest and highest Q-spectra for OPC (4.4(a) and 4.4(c)) and M700
(4.4(b) and 4.4(d)). The residual from the �ts are shown in addition to the
total �ts with their elastic and Lorentzian components. All 36 �ts had a
reduced Chi-square close to 1 and the 2-Lorentzian model was accepted.

The Q dependencies of the Lorentzian widths for both samples are shown in
Figure 4.5. They have been �tted to the Singwi-Sjölander model, which is
described in Section 2.4.3. The actual function used to obtain the values in
Table 4.1 is given in appendix C. The obtained parameter values are given
in Table 4.1.

Each Lorentzian can be associated with a distinct water population within
the cement pastes, an overview of which is given in Section 3.2. For both
OPC and M700, the broad Γ1 Lorentzians have di�usion coe�cients (Dt)
similar to bulk water. Therefore these Lorentzians can be associated with
the bulk-like water populations found in capillary pores. The slightly in-
creased relaxation time (τ0) indicates that this bulk-like water does not
show tetragonal symmetry [66].

In both samples the narrow Γ2 Lorentzians have a signi�cantly lowered
di�usion coe�cient and a greatly increased relaxation time compared to
bulk water. Since con�ning water shifts the mobility to longer relaxation
times and slower di�usion rates, these Lorentzians are associated with the
glass-like water restricted in the gel pores.
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Table 4.1: Parameters characterizing the di�usional motions found in 28
days old OPC and M700 cement pastes with a water to cement ratio of 0.45
measured at 300 K and ∆E (FWHM) = 17.5 µeV. Values for bulk water
are given as reference.

τ0 (ps) Dt (10−9 m2/ s)
Bulk Water 1.57± 0.12 2.49± 0.07
OPC Γ1 2.1± 0.3 2.5± 0.4
OPC Γ2 32.3± 0.5 0.28± 0.04
M700 Γ1 2.21± 0.02 2.49± 0.02
M700 Γ2 41.9± 0.3 0.16± 0.01

4.1.3 Elastic Incoherent Structure Factor

As explained in Sections 2.3.3 and 2.5, determination of the EISF is neces-
sary to obtain information on the geometry in which the observed motions
take place. Eq.(2.34) de�nes the EISF as the fraction of total scattering
intensity contained in the purely elastic peak; or equivalently, how much of
the total signal is elastic.

Since the total scattering intensity, in our case, is a sum of the elastic in-
tensity and two separate QE intensities, the EISF describes the geometry of
both di�usive motions collectively. In order to separate the geometry of the
two motions and investigate the behavior of the glass-like water population,
an "e�ective" EISF is found. This is done by taking the total scattering
intensity to be the sum of the elastic intensity and the QE intensity. In this
way an "e�ective" EISF is obtained. Figure 4.6 shows the e�ective EISF
for slower moving glass-like water populations found in the OPC and M700
cement pastes.

For both samples, in the highQ region the EISF decreases with increasingQ,
without approaching zero, indicating that a fraction of the water molecules
are immobile in the examined time-space window. In the M700 the EISF
also shows an increase with Q after reaching a local minimum around Q =

1 Å
−1
. This is yet another indication that the bulk-like water is somehow

being restricted in its rotational motion. Moreover, in the low Q limit, the
EISF approaches unity for both samples. This indicates localized dynamics
that do not allow the water to di�use over long distances.
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Figure 4.6: The EISF vs. Q for OPC (a) and M700 (b) obtained from
QENS spectra �ts in DAVE. The e�ective EISF is plotted with triangles
for the narrow Lorentzian component and circles for the broad Lorentzian
component. The solid lines are obtained using the models described in the
text.

In order to analyze the geometry of the motion, we consider the simplest
model for the translational motion of a water molecule in a con�ned space:
di�usion of a point particle inside a sphere of radius a. The EISF of such a
motion is described by the Volino-Dianoux model [48]:

EISF =

[
3j1(Qa)

Qa

]2
, (4.3)

where j1 is the �rst order spherical Bessel function and a is the radius of the
sphere. This model was modi�ed to account for the immobile fraction of
protons, p, present in the sample and the Debye-Waller factor was included
to account for the vibrational motions:

EISF = exp(−0.125 ·Q2) ·

(
p+ (1− p)

[
3j1(Qa)

Qa

]2)
, (4.4)

〈u2〉 = 0.125 Å
2
being the mean-square vibrational amplitude of hydrogen

atoms in water at room temperature [49].

The �t result is shown in Figure 4.6(a) and the obtained parameters are:

p = 0.33± 0.04 and a = 2.5± 0.2 Å.

This indicates that the translational motion of the glass-like water found in
the gel pores of OPC is con�ned to a 2.5 Å radius sphere. Approximately
33% of the glass-like water con�ned in the gel pores is seen to be immobile.
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It is believed that a signi�cant amount of the gel water will be con�ned
in interlayers similar to those found in clays [76]. It is probable that the
observed immobile fraction of glass-like water is con�ned in this interlayer
space.

For the M700 sample shown in Figure 4.6(b) this simple model is insu�cient
as indicated by the full line.

The e�ective EISF was then divided into two parts that were �tted with
separate models. In the region with Q < 1 Å

−1
the e�ective EISF was �tted

to the same model as in the OPC case. The resulting �t parameters show
that 27 ± 5% of the protons are immobile and the di�usive process takes
place within a 2.6 ± 0.1 Å radius sphere, while the region with Q > 1 Å

−1

the e�ective EISF was �tted to a 2-site jump model:

EISF = p+ (1− p) 1

2

[
1 +

sin(Qd)

Qd

]
, (4.5)

where p is the fraction of immobile hydrogen and d is the distance between
jump sites. This model describes the hydrogen as jumping between two
sites a distance d apart. The parameter values obtained from the �ts are:

p = 0.07± 0.04 and d = 4.5± 0.4 Å.

From these values we see that about 7% of the hydrogen is immobile and
the remaining hydrogen is con�ned to jumping between sites 4.5 Å apart.

4.2 Discussion

As explained in Section 3.2 the cement pastes analyzed here contain 3 types
of protons categorized in two water populations; bound water containing
structural hydrogen and con�ned water containing hydrogen in glass-like
and bulk-like water. By drying the samples at 105◦ C the con�ned water
was removed and EFW scans were performed on both hydrated and dried
samples. In the dried sample the presence of hydrogen in OH groups bound
to the surface of the pore structure was detected. The EFW scans on the
hydrated samples clearly show the two distinct con�ned water populations,
glass-like water con�ned in the gel pores and a bulk-like water located in
the larger capillary pores.
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By analyzing the QENS spectra of the two hydrated samples, the two con-
�ned water populations were clearly identi�ed in each sample. The bulk-like
water population shows di�usive properties similar to bulk water, but with
a slightly increased relaxation time. This indicates that while these pop-
ulations di�use almost freely, they are restricted in their motions. The
glass-like water populations in the gel pores have di�usive properties that
clearly show the water to be con�ned. A comparison of the values found for
OPC and M700 show that the glass-like water in the M700 sample di�uses
slower and with a longer relaxation time than in the OPC case. This indi-
cates that water motion in the M700 sample is more restricted by the added
pozzolans. An analysis of the e�ective EISFs show that the translational
motions are con�ned to spheres of roughly the same size in the two samples.

However, and more importantly, the e�ective EISF analysis of the M700
sample shows that a rotational restriction is observed. This can be related
to water molecules reacting with the pozzalans that �lls the pores. Thus,
the hydrogen atoms become bound to the pozzolan structure and are no
longer able to di�use freely, but instead jump between separated sites. It
should be noted that the distance, d, found corresponds well to the distance
between two neighboring H sites in H2O.

4.3 Conclusion and Outlook

Using neutron spectroscopy, we have studied a cement (M700) blended with
pozzolanic ash from sugarcane residuals originating from agro-industrial
waste and compared it to ordinary Portland cement (OPC). We have shown
that the hydration process in M700 is slower after 28 days than in OPC.
Despite this, the water in the M700 cement is more restricted. The added
pozzolans in the M700 cement �ll the pores and react with the con�ned
water, binding it to the developing cement structure and creating a distinct
hydrogen-bond network on the nano-scale. As a result, motions of the
unreacted con�ned water become even more hindered slowing the di�usion
of the water through the pores when compared to OPC.

In a time when the world's increasing need for expanding infrastructure is
countered by �nancial crisis and climate change issues, the need for e�-
cient, sustainable, durable and cleaner building materials has never been
greater. Maintenance-free concrete made from blended cements have ad-
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vantages over ordinary cement, they are cheaper, generate less CO2 and
are more durable. The improved performance of blended cements is linked
to their ability to resist water penetration. Using QENS we have shown
that the development of a distinct hydrogen-bond network is the key to
this water resistance and the enhanced performance of the greener cement.
Hopefully this understanding will lead to increased applications of greener
cements.



Chapter 5

The Setting Process in Glass

Ionomer Cements

This chapter presents the results of the dental cement hydration experiments
described in Section 3.3. The evolution of the incoherent elastic signal
for the AQUA and POLY samples, measured using IRIS and IN10, are
presented in the form of an immobile hydrogen index (IHI) as a function
of maturation time. After the results are discussed a conclusion of the
experiment is presented together with an outlook on future experiments.

As described in Section 3.3.3, the IHI is de�ned as:

IHI =
elastic intensity
total intensity

. (5.1)

In studies of the hydration process in construction cement, the IHI is re-
ferred to as the bound water index (BWI) and is used together with the
free water index (FWI), FWI = 1−BWI, to determine the degree of reac-
tion in the setting process [79],[80]. Considering that the hydration process
in construction cement is much slower than in the GIC, which set within
minutes, the Avrami model [81]�[83], used to analyze the pore structure
formation through the FWI and the BWI indexes, is not applicable in our
study. However, the long time evolution of the hydrogen bond formation
can be analyzed using a similar exponential growth approach.

The GIC setting process begins immediately after the mixing of the aqueous
liquid and the cement powder and undergoes several stages [84]. As the
cement matures, more and more hydrogen will become chemically bound
within the sample. Therefore, by analyzing this maturation process using
an exponential growth approach it is possible to distinguish di�erent phases
of the setting process, and describe each phase with associated relaxation
times. This comparison will allow a quantitative analysis of the di�erences
between the phases.
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5.1 Results

Figures 5.1 and 5.2 show the IHI of the AQUA and POLY cements as a
function of time for the IRIS and IN10 experiments. The AQUA cement is
shown in blue and the POLY cement is in red. Exponential growth �ts are
represented by the black lines. The �rst model used was mono-exponential
growth:

IHI = M0 +M1 · exp (−t · T1) , (5.2)

where M0 is the asymptotically approached IHI, M1 is the initial IHI and
T1 is an inverse relaxation time. This model was proven to be insu�cient,
and consequently a second exponential component was introduced:

IHI = M0 +M1 · exp (−t · T1) +M2 · exp (−t · T2) . (5.3)

The obtained �t parameters are given in Table 5.1. Two distinct parts of the
setting reaction are discernible in the IHI evolution in both experiments and
their separation is indicated by a vertical dotted line at 100 min. Each of
the two parts in the setting reaction requires their own exponential model,
hence the need for a double exponential to describe the data properly. The
inverse relaxation times in each exponential component describes the setting
processes for these two distinct parts of the reaction. The initial part from
30−100 minutes is described by T1, while the second part from 100 minutes
to 24 hours is described by T2.

In conclusion, our results show that the hydration process in the two samples
follows a very similar behavior, and that after 100 minutes, the setting
process is seen to drastically change as the inverse relaxation times T2 are
more than a factor of 10 greater than the T1 relaxation times.

In the IN10 experiment, as seen in Figure 5.2, the IHI is roughly the same
for the two cements at the time when the measurements began. The IHI
increases faster in the AQUA cement over time compared to the POLY
cement and at 24 hours of hydration the IHI of the AQUA sample is visibly
greater than that of the POLY sample. After 4 days (5760 minutes) of
setting time passed, the IHI in the POLY sample is almost as high as that
of the AQUA sample. This shows that the two cements reach the same
degree of reaction after 4 days with di�erent hydration processes. This
di�erence is also re�ected in the greater values of T1 and T2 found for the
AQUA cement compared to the values found for the POLY cement. Just
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Figure 5.1: The time evolution of the immobile hydrogen index (IHI) for
the IRIS experiment on the ps time-scale. The AQUA sample is in blue and
the POLY sample is in red. The measured IHI is �tted to an exponential
growth model (black line) as described in the main text. The vertical dotted
line indicates the threshold between two distinct parts of the setting reaction.

like the IRIS experiment, a drastic change in the setting process is also
observed at around 100 minutes, as once again the relaxation times T2 are
more than a factor of 10 greater than the T1 relaxation times.

Table 5.1: Parameters obtained from the IHI �ts shown in Figures 5.1
and 5.2. M0, M1 and M2 are dimensionless, while T1 and T2 are in units
of inverse minutes, min−1.

IRIS IN10
AQUA POLY AQUA POLY

M0 0.462± 0.001 0.478± 0.001 0.619± 0.001 0.578± 0.002
M1 −0.036± 0.001 −0.034± 0.001 −0.108± 0.002 −0.086± 0.002
T1 0.0019± 0.0002 0.0020± 0.0002 0.0022± 0.0001 0.0019± 0.0001
M2 −0.097± 0.005 −0.103± 0.009 −0.253± 0.015 −0.19± 0.01
T2 0.025± 0.002 0.030± 0.003 0.034± 0.002 0.028± 0.002
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Figure 5.2: The time evolution of the immobile hydrogen index (IHI) for
the IN10 experiment on the ns time-scale. The AQUA sample is in blue and
the POLY sample is in red. The measured IHI is �tted to an exponential
growth model (black line) as described in the main text. The vertical dotted
line indicates the threshold between two distinct parts of the setting reaction.

5.2 Discussion

In both experiments, the setting process is seen to drastically change after
100 minutes, as indicated by the vertical line in Figures 5.1 and 5.2. The
inverse relaxation times observed on both time-scales for both samples, in-
crease by more than a factor 10 after the �rst 100 minutes of setting time.
In order to understand the reason for this, an account of the setting process
is needed.

The GIC setting process illustrated in Figure 5.3 begins immediately after
the mixing of the aqueous liquid and the cement powder and undergoes
several stages [84].
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(i) In the initial stage the glass particles become dispersed in the liquid
water and polyacid solution.

(ii) In the second stage the polyacid reacts with the glass powder, releasing
Ca2+ and Al3+ ions. The outer surface of the glass particles becomes
depleted of metal ions and degrades into a silica gel. The metal ions
migrate into the liquid where they remain in a soluble form.

(iii) The third stage sees the formation of a salt hydrogel as the soluble
metal ions bind to the polyacid forming metal polyacrylates. The pH
also increases during this stage, re�ecting the conversion of polyacid
to polyacrylates.

(iv) In the �nal stage all metal ions are in an insoluble form.

The acid attack on the glass is not uniform, but occurs preferentially on
calcium rich sites [85]. As a result the calcium polyacrylate is formed be-
fore aluminum polyacrylate, and is responsible for the initial setting of the
cement.

= INSOLUBLE IONS

= SOLUBLE IONS

= SILICA GEL

INITIAL ACID ATTACK GELATION HARDENING

Figure 5.3: The setting process of the GIC. In the initial state un-attacked
glass particles are dispersed in the liquid polyacid. The blue dots represent
metal ions bound in the glass. The acid attacks the glass reducing the outer
layer to a silica gel. The released metal ions migrate to the liquid and
remain in soluble form (red dots). When a su�cient number of metal ions
have accumulated the gelation process begins and metal ions begin to become
bound again. In the fully hardened cement the metal ions are no longer in
soluble form. Figure is adapted from [84].
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Studies of the time dependence of soluble ions in the cement have shown
that the calcium ions are almost fully combined after 100 minutes and within
three hours this process is completed, whereas aluminum ions continue to
react for at least 48 hours [86]. A study of the surface pH in di�erent GIC re-
vealed that it stabilizes after 100 minutes [84]. Therefore, the drastic change
in the setting process observed at around 100 minutes, can be explained by
the transition from the initial setting dominated by the fast formation of
calcium polyacrylate into the subsequent setting process dominated by the
slower forming aluminum polyacrylate.

Additionally, it is known that as the cement ages and the degree of hydra-
tion increases, an increase in compressive strength and elastic modulus is
observed [85]. Therefore, the higher IHI observed with IRIS for the POLY
cement can be directly related to the known greater compressive strength
of the POLY cement compared to the AQUA. Finally the di�erences we see
in the IN10 data can be explained by the faster initial setting of the POLY
cement compared to the AQUA cement. In this initial setting, the formed
cement matrix is dominated by calcium polyacrylate, increasing the density
of cross-links and thus hindering the movement of aluminum ions towards
the polyacids to which they bind. So, while the calcium polyacrylate forms
quicker in the POLY cement, creating a stronger structure faster, this slows
down the formation rate of the aluminum polyacrylates. The higher rela-
tive water content and the slower formation of calcium polyacrylate in the
AQUA cement, makes it easier for the aluminum ions to move towards the
polyacids in the AQUA cement. This enables a faster formation of alu-
minum polyacrylate in the AQUA sample than in the POLY sample and is
the reason for the comparatively higher IHI throughout the �rst 24 hours
of measurement.

5.3 Conclusion

Two phases of the setting process of the AQUA and POLY cements are
clearly distinguishable. The �rst phase, which ends after approximately
100 minutes of setting time, is dominated by the formation of calcium poly-
acrylate. This is followed by the second phase in which the formation of
aluminum polyacrylate dominates. These two phases are described by in-
verse relaxation times that di�er by more than a factor of 10.
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A couple of issues remain unresolved necessitating future studies. The hy-
dration process is known to continue for several days, therefore measure-
ments should be done on cements pastes older than 5 days, to determine
when the change in the IHI reaches a plateau, as this will show how long it
takes for the �nal structure to form.

It was not possible to begin measurements earlier than we did, for this
reason, the initial setting process has not been studied. We can assume
that immediately after the powder and liquid are brought together the IHI
found in both instruments must be zero. Since the IHI found on IRIS is
di�erent for the two cements, the setting process is likely to follow di�erent
paths in the �rst 30 minutes. One possible way to study this early setting
process is to somehow delay it by mixing the samples at lower temperature.
Another possibility is to devise a sample holder which allows for the mixing
of the liquid and powder components within the cryostat with the neutron
beam on. This will also require the experiment to be done on an instrument
with a good signal-to-noise ratio, in order to acquire data points in short
time intervals, preferably faster than the 5 minute intervals in the IN10
experiment.

The �nal point I would like to make is that in this study the quasi-elastic
broadening has not been analyzed, in a manner similar to that done in the
construction cement experiment. An analysis and comparison of the QENS
spectra of the two cements, in the periods before and after the change
observed at 100 minutes, will shed further light on the di�erences between
the calcium polyacrylate and the aluminum polyacrylate dominated setting
phases.
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Chapter 6

Concluding Remarks

In this work I have applied quasi-elastic neutron scattering on two systems,
construction cement paste and dental restorative cement.

In the study of construction cement paste, I have shown how the inclusion of
pozzolanic ashes changes the proton mobility in 28 days old matured pastes,
by creating a distinct hydrogen bond network on the nano-scale. This �nd-
ing helps to understand the enhanced performance of blended cements and
will hopefully lead to increased applications.

The setting process in glass ionomer cements (GIC) has many aspects sim-
ilar to that of construction cement; a powder and a liquid are brought
together causing a reaction in which a solid structure is formed by hydro-
gen bonding. For this reason, we applied a similar approach to that already
used in the study of construction cement hydration to the glass ionomer
cements, namely the observation of the change on time of the incoherent
elastic line intensity. This proved to be very successful, and key aspects in
the setting processes of the two studied dental cements were identi�ed in
this work. For instance, the initial setting process dominated by the for-
mation of calcium polyacrylate was shown to be clearly separated from the
later setting process dominated by the formation of aluminum polyacrylate.
Also by using two di�erent instruments, covering di�erent time domains,
the changes in the liquid mobility were separated from those of the polyacid
component. These results will undoubtedly lead to future studies of dental
cement setting processes using neutrons.
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Appendix A

The Double Di�erential Cross

Section

In this Appendix Eq. (2.19) is derived from Eq. (2.18). The derivation is
a combination of those given by Hempelmann [34] and Lovesey [21]. When
an experiment is conducted, the measured quantity is the intensity of the
scattered neutrons. When an energy exchange between neutron and sample
takes place this intensity is given by:

dI = Nφ(εi)∆εi
d2σ

dΩdεf
∆Ω∆εf , (A.1)

where N is the number of elements in the scattering volume, φ(εi) is the
neutron �ux, ∆εi is the incident neutron bandwidth, ∆Ω is the collection
solid angle and∆εf is the scattered neutron energy window. All these terms
are �xed during the experiment as a result of instrument design and other
factors such as the neutron source properties. The last term is the double
di�erential cross section, this the part of the intensity that varies in the
experiment. For unpolarized neutrons it can be expressed as:

∂2σ

∂Ω∂Ef
=
kf
ki

∑
i,f

Pi

( mn

2π~2
)
|〈i|V |f〉|2 δ (Ef − Ei − ~ω) , (A.2)

where i and f are the initial and �nal states respectively and V is the
interaction potential between neutron and the nuclei, which is given by:

V(r) =
2π~2

mn

∑
j

bjδ(r−Rj). (A.3)



74 The Double Di�erential Cross Section

We now use this potential to expand the matrix element in the inelastic
cross section:

|〈i|V |f〉|2 = |〈λiψi|V |λfψf〉|2 (A.4)

=
2π~2

mn

[∑
j

bj

〈
λi

∣∣∣∣∫ ψ∗i δ(r−Rj)ψfd
3r

∣∣∣∣λf〉
]2

(A.5)

=
2π~2

mn

∑
j,j′

bjbj′
〈
λi
∣∣e−iQRj

∣∣λf〉 〈λf ∣∣eiQRj′
∣∣λi〉 (A.6)

We can get rid of the delta-function by Fourier transforming it:

δ (Ef − Ei − ~ω) =
1

2π

∫ ∞
−∞

ei(Ef−Ei)/~−ω)tdt (A.7)

=
1

2π

∫ ∞
−∞

ei(Ef−Ei)/~)te−iωtdt (A.8)

We now use the completeness relation from quantum mechanics,∑
f 〈i|A |f〉 〈f |B |i〉 = 〈i|AB |i〉, and introduce H instead of En by

e−iHt/~ |i〉 = e−iEit/~ |i〉. As a result we can now write Eq. (A.2) as:

∂2σ

∂Ω∂Ef
=
kf
ki

1

2π~
∑
i

Pi
∑
j,j′

bjbj′

∫ ∞
−∞
〈i| e−iQRjeiHt/~eiQRj′e−iHt/~ |i〉 e−iωtdt.

(A.9)
We now address the time evolution of R by the operation:

eiQR(t) = eiHt/~eiQRe−iHt/~, (A.10)

which leads to the following expression of the double di�erential cross sec-
tion:

∂2σ

∂Ω∂Ef
=
kf
ki

1

2π~
∑
j,j′

bjbj′

∫ ∞
−∞

〈
e−iQRj(0)eiQRj′ (t)

〉
e−iωtdt, (A.11)

where the sum
∑

i Pi is omitted from now on and 〈· · · 〉 means the thermal
average over the expectation value. Since we are dealing with a sum over
a very large number of sites j, j′ the scattering lengths can be taken as an
average. First we observe that:

〈bjbj′〉 =

{
〈b2〉 if j = j′

〈b〉2 if j 6= j′
(A.12)
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Using this we can separate the sums in Eq. (A.11) into a coherent and
incoherent part, by the de�nitions in Eqs.(2.14) and (2.16):

〈bjbj′〉 = 〈b〉2 + δj,j′
(〈
b2
〉
− 〈b〉2

)
(A.13)

〈bjbj′〉 = b2coh + δj,j′b
2
inc (A.14)

This gives a double di�erential cross section with distinct coherent and
incoherent contributions:

∂2σ

∂Ω∂Ef
=
kf
ki

1

2π~

[
〈b〉2

∫ ∞
−∞

∑
j,j′

〈
e−iQRj(0)eiQRj′ (t)

〉
e−iωtdt+

+
(
〈b〉 − 〈b〉2

) ∫ ∞
−∞

∑
j

〈
e−iQRj(0)eiQRj(t)

〉
e−iωtdt

]
(A.15)

We now introduce the coherent and incoherent intermediate scattering func-
tions:

Icoh(Q, t) =
∑
j,j′

〈
e−iQRj(0)eiQRj′ (t)

〉
, (A.16)

which includes contributions from all terms and the function Iinc(Q, t) con-
taining the contributions from the self terms,

Iinc(Q, t) =
∑
j

〈
e−iQRj(0)eiQRj(t)

〉
. (A.17)

If we take the Fourier transforms with respect to time of the intermedi-
ate scattering functions we obtain the coherent and incoherent dynamical
structure factors, more commonly known as the scattering functions.

Scoh(Q, ω) =
1

2π~

∫ ∞
−∞

∑
j,j′

〈
e−iQRj(0)eiQRj′ (t)

〉
e−iωtdt (A.18)

Sinc(Q, ω) =
1

2π~

∫ ∞
−∞

∑
j

〈
e−iQRj(0)eiQRj(t)

〉
e−iωtdt (A.19)

All this allows us to express the double di�erential cross section in a much
simpli�ed way:

∂2σ

∂Ω∂Ef
=
σcoh
4π~

kf
ki
Scoh(Q,ω) +

σinc
4π~

kf
ki
Sinc(Q,ω) (A.20)
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Appendix B

Vibrational Motion and the

Debye-Waller Factor

The purpose of this appendix is to derive Eq. (B.13), which gives the
relation between the intensity of the elastic scattering function and the
Debye-Waller factor. This relation describes how temperature dependent
vibrational motions a�ect the elastic intensity as function of temperature.
The derivation given is based on chapter 3.5 in Rolf Hempelmanns book
[34]

An isolated harmonic oscillator is a reasonable model to describe a vibrat-
ing atom. We consider �rst the case where the system is in its ground
state by lowering the temperature su�ciently, experimentally this is done
by lowering the sample temperature to 5 K. It is well known from quantum
mechanics [30] that for the harmonic oscillator the ground state and the
�rst excited state wave functions are:

|0〉 =

√
α√
π
e−

1
2
α2x2 , (B.1)

|1〉 =

√
2α3

√
π
xe−

1
2
α2x2 , (B.2)

were α2 = mω
~ . The mean square displacement of the atom around its

equilibrium position in the ground state is then:

〈
x2
〉

= 〈0|x |0〉 =
~

2mω
=

1

2α2
. (B.3)

Since what we measure in an experiment is an intensity:

dI = Nφ(εi)∆εi
d2σ

dΩdεf
∆Ω∆εf (B.4)
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we would like to evaluate the double di�erential cross section Eq. (2.19).
From Hempelmann we know that this is much simpli�ed in the case where
the system is in the ground state:

d2σ

dΩdεf
=

σ

4π~
kf
ki

∞∑
n=0

S0→n(Q,ω) (B.5)

with the scattering function for the transition from |0〉 to |n〉 given by:

S0→n(Q,ω) =
∣∣〈n| eiQx |0〉∣∣2 δ (~ω − n~ω0) , (B.6)

where n~ω0 is the energy di�erence between the ground state and the n'th
state, see Figure(B.1). Since the system we are considering consists of in-

Figure B.1: The δ-function in Eq. (B.6) ensures that a peak will only be
seen when the energy transfered to or from the neutron by the sample equals
the energy di�erence between the �nal and initial state. For n = 0 there is
no energy di�erence and the signal is purely elastic located at 0. For n 6= 0
the peak becomes positioned at n~ω

dependent oscillators vibrating without mutual interaction and phase rela-
tionship there are no distinct terms in the coherent scattering cross-section.
The scattering cross-section in Eq. (B.5) is therefore the total scattering
cross-section, as there is no distinction between coherent and incoherent
scattering. Vibrational transitions from |0〉 to |n〉, n = 1, 2, 3, ... give rise
to inelastic scattering intensity. When the system is in its ground state we
need to consider the transition from |0〉 to |0〉:

〈0| eiQx |0〉 =

∫ ∞
−∞

Ψ∗0e
iQxΨ0dx (B.7)

= e−Q
2/4α2

(B.8)
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By using the mean square displacement found in Eq. (B.3) we obtain:

〈0| eiQx |0〉 = e−
1
2
Q2〈x2〉 = e−W . (B.9)

Then by inserting this value in Eq. (B.6) we get:

S0→0(Q,ω) = e−2W δ(~ω), (B.10)

where e−2W is the Debye-Waller factor. Since the vibrations of the in-
dividual hydrogen atoms are 3-dimensional in nature we expand to a 3-
dimensional oscillator, and the Debye-Waller factor then becomes:

e−2W = e−
1
3〈u2〉Q2

. (B.11)

Eq. (B.10) can now be written as:

S0→0(Q,ω) = e−
1
3〈u(T )2〉Q2

δ(~ω). (B.12)

This relation is shown in Figure B.2.

0

0.5

1

Figure B.2: This �gure shows the scattering function with ω = 0 as a
function of temperature. For a temperature of 0 K all scatterers are immo-
bile, and contribute to the elastic signal. As the temperature increases the
amount of immobile scatterers decreases. Subsequently the intensity of the
elastic signal decreases. This decrease is given by the Debye-Waller factor.

As the temperature of the system is increased the occupation of excited
states becomes allowed and the mean atomic displacement from the equi-
librium increases. As a result the Debye-Waller factor becomes temper-
ature dependent. Additionally, since occupation of the excited states is
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allowed at higher temperatures, the scattering functions 1 → 1, 2 → 2, ...
also contribute to the elastic scattering, because ω = 0 for these tran-
sitions. In principle due to the δ-function, only the scattering functions
0 → 0, 1 → 1, · · ·n → n, ... contribute to the elastic scattering. However,
due to several factors, like the mosaicity of the analyzer blades, the energy
resolution of an instrument is not a δ-function. If the energy di�erence
between two states n,m is smaller than the energy resolution of the instru-
ment then the associated scattering function Sn→m will also contribute to
the elastic signal. We consider ω ≈ 0 when it is su�ciently small as to lie
within the instrument energy resolution. As a result the intensity of the
elastic scattering function is given by the Debye-Waller factor:

Selastic(Q,ω ≈ 0)(T ) = e−
1
3〈u(T )2〉Q2

(B.13)



Appendix C

Units in the Singwi-Sjölander

Model

In the Singwi-Sjölander model the Q-dependence of the Lorentzian half-
widths, Γ, is given by:

Γ(Q) =
~ ·Dt ·Q2

1 + ·Dt · τ0 ·Q2
, (C.1)

were the Γ is in units of meV and the momentum transfer, Q, is in units of
Å−1. In order to have the di�usion coe�cient, Dt, in units of 10−9 m2 s−1

and the relaxation time τ0 in units of ps, a conversion factor is needed in
the numerator and the denominator as well as a proper choice of units for
~.

For ~ we choose units of meVs, ~ = 6.582 · 10−13 meVs and since Q is in
units of Å−1 we have:

Q2 =
(
Å
−1
)2

=
(
10−10 m

)−2
= 1020 m−2. (C.2)

Considering �rst the denominator, we notice that Dt · τ0 · Q2 must be di-
mensionless and inserting the desired units for Dt and τ0 we get:

Dt · τ0 ·Q2 = (10−9 m2 s−1) · (10−12 s) · (1020 m−2) (C.3)

= 0.1, (C.4)

which is the required conversion factor.
For the numerator we get:

~ ·Dt ·Q2 = (6.582 · 10−13 meVs) · (10−9 m2 s−1) · (1020 m−2) (C.5)

= 0.06582 meV, (C.6)

Which is the required conversion factor for a Lorentzian half-width in units
of meV. As a result, the Singwi-Sjölander model in the desired units is:

Γ(Q) =
0.06582 ·Dt ·Q2

1 + 0.1 ·Dt · τ0 ·Q2
(C.7)
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