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INTRODUCTION

This chapter deals with applications of neutron diffraction to the understanding of 
transformation processes in geomaterials with a time-resolution from seconds to several days. 
The choice of neutrons rather than X-rays for such time-resolved studies is due to their specifi c 
advantages like e.g., the sensitivity to light elements, the detection of volume rather than surface 
phenomena or the low absorption in case of bulky sample environments. General features of 
diffractometers suitable for time-resolved studies are discussed and the high-fl ux diffractometer 
D20 at ILL is presented in some detail. Time-resolved processes usually are studied at non-
ambient pressures and temperatures. The necessary sample environment needs to be provided 
and matched to the diffractometer set-up. Processes in water ices and gas hydrates are taken as 
examples and will be used to demonstrate the capabilities and limitations of the method.

Crystals are less static than what is usually suggested by immobile drawings of their 
atomic or molecular arrangements representing a time-space averaged picture of atomic 
positions as obtained from diffraction experiments. Rather, atoms or molecules exhibit thermal 
displacements and some even move inside the lattice as defects. These averaged displacements 
are described via atomic displacement parameters (e.g., Kuhs 2003) and are accessible also 
using diffraction techniques. Yet, there is even more movement in a crystal. Close to structural 
phase transitions the collective mobility of the constituents enables the formation of new 
structural arrangements to lower the free energy of the system (Redfern 2006, this volume). 
Such solid-solid transformations are not necessarily instantaneous, in particular when the 
new phase needs to be reconstructed by moving molecular and atomic constituents to a new 
position. Following such transitions is one of the main topics of this review.

Thermodiffractometry versus truly time-resolved studies

Phase transitions. If a material is capable of existing in more than one polymorphic form, 
the process of transformation from one polymorph to another is a phase transition (Redfern 
2006, this volume). In the narrowest sense, these transitions are restricted to changes in 
structure only, in a wider one, the possibility of compositional changes is included. We shall 
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call the latter a chemical reaction, to be distinguished from a purely structural, polymorphic 
transition. Time resolved work can be done in both cases and both cases are of interest here.

Thermodiffractometry. Sometimes, the formation of a new crystalline phase evolves in 
steps leading to short-lived intermediate phases, which may be accessed by diffractometry 
given that the data collection is suffi ciently fast. A technique called thermodiffractometry 
(Pannetier 1985) gained popularity with the advent of one-dimensional position sensitive 
detectors, with which many powder diffraction patterns were taken while the samples were 
heated (or cooled) going through one or several phase transitions. 

The term thermodiffractometry has been employed mainly for in situ diffraction studies 
on reversible phase transitions occurring with changing temperature. The temperature is 
continuously increased or decreased at a constant rate, and diffraction patterns are recorded 
during this temperature ramp at a constant pace. The dead time between two acquisitions has 
to be small, and the change of temperature during the acquisition of one pattern with suffi cient 
counting statistics for later data treatment has to be suffi ciently small. 

In its narrowest sense, a thermodiffractometry experiment does not require a high 
time-resolution capacity, as the slope of the temperature ramp can be adapted to the 
necessary counting time. However, the term has been used as well, in a broader sense, for 
irreversible phase transitions or for experiments with a steep slope, not permitting to be in 
a thermodynamic but in a kinetic regime. One could, and sometimes has done, exploit the 
acquired data completely with respect to the kinetics of the phase transition.

Intermediate phases. In the frame of thermodiffractometry experiments in the latter sense, 
intermediate phases have unintentionally or purposely been observed (e.g., Kilcoyne and Man-
uel 2002) and studied, which have sometimes not been detected before (e.g., if the calorimetric 
fi ngerprint is not signifi cant), and which may be only metastable and even not quenchable for 
ex situ studies. In this case the capability of doing time-resolved diffraction becomes important 
as the diffraction patterns must have suffi cient counting rate for observation and acquisition of 
data suffi cient for structural investigation in the short lapse of time the phase is present.

Truly time resolved studies

It is not the purpose to discuss thermodiffractometric experiments here, which have 
become a routine technique for exploring phase diagrams. We rather concentrate on truly 
time-resolved studies, in which a transformation process is followed at constant pressure and 
temperature to deduce kinetic information from diffraction data.

Studying the time dependency can be very instructive in giving quite detailed information 
on the mechanism of the transformation and delivering accurate reaction rate constants (see 
e.g., Levenspiel 1999). Time-resolved diffraction studies using powder samples give access 
to the relative amounts of the phases involved by a full pattern profi le analysis (Knorr and 
Depmeier 2006, this volume). The formation of a new phase involves the formation of a 
critical nucleus and its subsequent growth. While the nucleus usually is so small that it yields 
only a very broad diffraction contribution, the growing crystallites produce increasingly 
sharp diffraction signals. The intensity of this evolving diffraction peak is proportional to the 
amount of new phase formed. A corresponding decrease of the Bragg peaks of the old phase 
should then be observed. The situation is more complicated in multiphase systems, in which 
constituents combine in heterogeneous chemical reactions to form new phases. Some of the 
constituents may be liquid or even gaseous. However, even in such cases the kinetics of the 
formation or decomposition of a crystalline phase may be followed by diffraction methods. 

Meaningful information on the time-dependency of transformation processes in 
polycrystalline samples can only be obtained if the sample is suffi ciently large to be 
representative. Transformations of different individual crystallites are not necessarily occurring 
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simultaneously. Therefore it is often necessary to investigate large samples to limit boundary 
effects and to observe averages of large ensembles. For highly absorbing materials neutrons 
give frequently a more representative picture of the bulk behavior of the material, while 
standard X-rays laboratory experiments are biased towards near-surface effects. Neutrons are 
generally better suited for such studies due to their lower absorption as compared to X-rays. 
Even when hard synchrotron X-rays could be used, the analyzed sample volume usually is 
limited to a few mm3 and not necessarily representative for the whole sample. 

Geomaterials are formed over a large range of time-scales. Some processes are fast and 
could be followed at relevant time-scales in neutron diffraction experiments. However, as the 
access to neutron facilities is limited, it is hardly possible to study processes on a timescale 
longer than a few days. Work at the home laboratory allows extending the time-scales but 
often gives less quantitative evidence for the ongoing changes when compared to neutron 
diffraction. Processes may take as long as thousands or millions of years. Obviously, such 
processes cannot be studied directly by any means. Fortunately, under certain assumptions, 
and given an appropriate model, neutron experiments at much shorter time-scales may be used 
to extrapolate to a different regime with slower rates, usually assuming an Arrhenius behavior 
of an underlying rate-determining activated process (Lasaga 1998). Reactions close to the 
melting or decomposition point of materials are usually fast due to the increased mobility of 
the constituents. For most minerals the corresponding high temperature conditions are diffi cult 
to reach, however. Undoubtedly, neutron diffraction has advantages here as it allows the use of 
bulky furnaces without much loss of data quality. 

Other important geomaterials like ices and gas hydrates become mobile and reactive at 
much lower temperatures and can be studied fairly easily using neutrons. Neutrons of course 
provide relevant details concerning hydrogen positions and ordering, but also have advantages, 
in particular for gas hydrates, where elevated gas pressures are needed which can more easily 
be handled using neutron diffraction as compared to X-rays. The kinetics of ice transformation 
during structural phase transitions or the kinetics of gas hydrate formation and decomposition 
were not well known despite their importance in geology and planetology. Time-resolved 
neutron diffraction proved to be a major tool to change this situation.

In the following we will concentrate on time-resolved studies of ices and gas hydrates. 
We fi rst describe specifi c issues of these systems concerning neutron diffraction. Then we 
proceed by providing details of the experimental set-ups and conclude by discussing several 
examples in some detail. We concentrate here on technical aspects as a detailed discussion of 
the scientifi c implications is beyond the scope of the chapter.

HYDROGENOUS SAMPLES

Hydrogen and X-ray diffraction

Hydrogen as the lightest element contributes much less to the scattered intensity from 
X-ray diffraction than all elements it is associated with. It is therefore diffi cult to localize in 
combination with heavier elements. Although this contrast problem is less dramatic in ice than 
in compounds with metals, we have to deal with roughly an order of magnitude less scattering 
intensity contributed from hydrogen compared to oxygen.

Additionally, for X-rays, scattering occurs with electrons, which are not well localized 
around the hydrogen atom’s nucleus. The center of the electron distribution in ice shifts 
considerably towards the oxygen atom bound to hydrogen. Even if the data quality allows 
the determination of the center of the hydrogen electron density position, corrections are 
necessary to obtain the hydrogen core position. Such corrections require a good knowledge of 
the nature of the chemical bonding.
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Hydrogen and neutron diffraction

Nuclear neutron scattering is not sensitive to the electron distribution but to the nature of 
the nuclei. The magnitude of the atomic form factor determining the contribution of an atom 
to the scattered intensity is not a simple function of the number of protons and neutrons of a 
particular scattering nucleus. Apart from some exceptions, these form factors are in the same 
order of magnitude for all isotopes, therefore we do not have to struggle with the inherent 
imbalance problem of X-ray diffraction.

Incoherent scattering. In many cases we have to deal with incoherent scattering that does 
not carry positional information in contrast to coherent scattering. For structural diffraction 
work, we must consider incoherent scattering as an unwanted background contribution. 
Reasons for a high incoherent scattering cross section are mixtures of isotopes with strongly 
different scattering lengths b or, more likely, isotopes with strongly different scattering lengths 
b– and b+ for both possible spin orientations (Parise 2006a, this volume).

The dominant naturally occurring isotope of hydrogen is 1H (99.985%), which has an 
incoherent scattering length of binc = 25.274 fm (Sears 1992). Consequently, hydrogen has an 
incoherent cross section of σinc = 80.27 barns (1 barn = 10−28 m), which is the highest one of 
all stable elements and isotopes, apart from three heavily absorbing samarium and gadolinium 
isotopes and the element gadolinium itself. The coherent scattering length of the element is 
bcoh = −3.739 fm and the cross section σcoh = 1.7568 barns, which is rather low (similar to a 
weak scatterer like titanium, oxygen has a four times higher cross section, iron and nickel have 
a more than ten times higher one). 

In addition to the extremely unfavorable signal to background ratio, the incoherent scattering 
contributes to an effi cient absorption although the cross section for true absorption of hydrogen is 
relatively small. Any neutron scattered incoherently and afterwards scattered coherently will no 
longer be detected correctly in a diffraction experiment. On the other hand, coherently scattered 
neutrons are likely to experience incoherent scattering before leaving the sample causing 
defl ections from the ideal direction from the point of view of a diffraction experiment. This 
effi cient absorption depends on the wavelength λ and even on the chemical environment of the 
hydrogen atoms. Howard et al. (1987) measured the effi cient absorption cross section, using a 
single crystal of a particular compound, to be σH(λ)/barns = 19.2(5)λ/Å + 20.6(9).

As a further drawback, especially in constant wavelength neutron powder diffraction 
experiments on larger samples, multiple scattering may become important which will derive 
the coherently diffracted neutron’s path from the ideal one. This leads to a considerable 
broadening of all diffraction peaks in the powder diffraction pattern and thus lowers the 
angular resolution. Thus the determination of peak intensities becomes less precise. 

Deuteration. One way to avoid this diffi culty is the replacement of natural hydrogen with 
its isotope deuterium (2H or D), called deuteration. Full deuteration is usually the best choice 
but cannot always be achieved due to experimental and/or fi nancial reasons. If it is only for 
background and absorption reduction the replacement of a maximum of hydrogen against 
deuterium is aimed at. If detailed structural information on a hydrogen position is needed, 
one must aim for complete deuteration. In the case of partial deuteration, the exchange ratio 
should be known from the synthesis procedure or be determined by some means. This can 
be achieved e.g., by spectroscopy, by accurate density measurements of the constituents or 
by a crystallographic refi nement of positional occupancies (see e.g., Chazallon and Kuhs 
2002). Deuterium has a coherent scattering length of 6.671 fm, a coherent cross section of 
5.592 barns. The different sign of the coherent scattering length means, that the corresponding 
scattering contributions of 1H and 2H will partly or fully annihilate when placed statistically on 
one crystallographic position. An occupation of such a site at a ratio of 2H to 1H of 3.739/6.671 
will make it invisible to diffraction (35.9% 2H and 64.1% 1H).
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A major drawback of deuteration, beside problems of feasibility, is the physico-
chemical isotopic difference of hydrogen and deuterium. Normally, different isotopes of the 
same element behave chemically identically; there are only tiny mass-related differences 
in the thermodynamic and kinetic behavior of isotopic compounds. However, in the case 
of hydrogen, this mass difference is important, deuterium is a factor of about two heavier. 
Moreover, quantum effects lead to a better localization of the deuteron with a resulting 
slightly weaker H-bond for the deuterated compound translating into larger lattice constants 
(Röttger et al 1994). The molecular translational und librational motion is considerably 
reduced in the deuterated compound (corresponding to the relevant reduced masses) which 
in turn affects the localized and collective motions of water molecules. This is expressed, for 
example in the melting point of water ice, which is, slightly varying with pressure, several 
degrees higher for D2O than for H2O. Further to these thermodynamic effects, the kinetic 
constants differ considerably for natural and deuterated samples. The water molecule’s local 
mobility in hydrogenated and deuterated ices Ih differs as evidenced in dielectric relaxation, 
the deuterated compound having a longer relaxation time (Johari 1976; Johari and Jones 1976, 
1978). Although the role of water mobility in the clathration reaction or in the accompanying 
gas- and water- mass transport is not clear, the established differences suggest that the hydrate 
formation kinetics in the H2O- and D2O-systems could be different. This difference has been 
investigated by Staykova et al. (2003) and found to be rather small. Dramatic differences in 
the transition behavior between hydrogenated and deuterated systems could be expected when 
proton tunneling is involved (e.g., Matsuo 2003). Such a transition is likely to take place e.g., 
when approaching high pressure ice X (e.g., Pruzan et al. 2003), presently outside reach for 
neutrons due to the very high pressures needed. At more moderate pressures proton tunneling 
may also occur in other ices when ionic defects are present (Petrenko and Whitworth 1999), 
however the role of proton tunneling for kinetic phenomena remains largely unexplored. 

Annular sample containers. In order to study the thermodynamics and the kinetics 
of natural samples directly without extrapolating data from deuterated samples, one has to 
take measures to reduce absorption and multiple scattering. In neutron powder diffraction 
experiments conducted in Debye-Scherrer geometry with a normally cylindrical sample 
in transmission, this can be achieved by using a double-walled sample can instead of a 
simple cylinder. The absorbing sample then has not a solid radius of, e.g., 2 to 10 mm, but 
is distributed cylindrically around an inner, hollow cylinder of a radius between, e.g., 2 and 
5 mm with a thickness of 0.5 to 2 mm. With such a geometry, the incident and diffracted beam 
have roughly the same path length for all diffraction angles. 

In the case of a solid cylinder, the path length is in the order of the sample diameter for low 
diffraction angles and distributed from close to zero to up to about twice the diameter for high 
diffraction angles. For strongly absorbing samples this means an increase of diffracted intensity 
from low to high angles, which can be—in principle—corrected for. However, this correction 
presents some major diffi culties, especially when the effi cient absorption coeffi cient cannot be 
calculated at high precision (which is the case for hydrogen as shown by Howard et al. 1987): 
There is an enormous correlation between the refi nable absorption correction coeffi cients with 
structural parameters such as atomic displacement parameters, both, modulating the diffraction 
intensity from low to high angles. Even if the absorption correction is successful, the loss of 
information at low angles remains an insurmountable handicap for structural work. 

The use of annular sample containers provides a more equal intensity distribution over the 
whole angular range with less need for absorption correction and a corresponding reduction 
of parameter correlations. Schmitt and Ouladdiaf (1998) provide an algorithm and a computer 
program for performing this correction. 

The outer radius R and the ratio between the inner and the outer radius, ρ, need careful 
optimization, as a maximum radius cannot be exceeded for instrumental reasons (i.e., decrease 
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of angular resolution) and as a minimum distance between the inner and the outer wall of the 
sample needs to be respected for reasons of mechanical feasibility. The equivalent radius Req 
of a full cylindrical sample with the same volume is given by Req=R·(1– ρ2)½. The diffraction 
intensity gain at low diffraction angles can be very high (e.g., 15 for θ ≈ 0° and µR ≈ 18 with 
the linear absorption coeffi cient µ). For a full cylindrical sample, the optimized radius Ropt is 
given by µRopt ≈ 1.5 for θ ≈ 0°.

Finally, one should not forget that relatively long counting times or high incident neutron 
fl uxes are necessary when working with non-deuterated hydrogenous samples: Even if one 
masters the problem of effi cient absorption (and together with it the peak broadening due 
to multiple scattering), the problem of an extremely unfavorable low signal to background 
ratio remains. Only with deuteration incoherent scattering can be completely avoided, but the 
use of a high intensity diffractometer may produce useful data even under such unfavorable 
conditions in a reasonable measuring time. In the case of clathrate hydrate formation discussed 
below we found a decrease of precision of the refi ned phase fraction by roughly a factor of 
40 when going from a partly deuterated CH4-D2O system to a fully hydrogenated CH4-H2O 
system, still far suffi cient to refi ne meaningful phase fractions (Staykova et al. 2003). 

INSTRUMENTS

Instrumentation at ILL 

The ILL high fl ux reactor provides the world’s highest thermal neutron fl ux as required for 
time-resolved experiments, particularly on hydrogen compounds. Two high-intensity powder 
diffractometers are of main interest D1B and D20 and were used in many of the experiments 
described below. They will be discussed in some detail. 

The D1B powder diffractometer with a multi-wire gas chamber detector was used in the 
1970’s for the fi rst truly time-resolved neutron diffraction experiments (Riekel and Schöllhorn 
1976). The one-dimensional, curved position sensitive detector (PSD) covers a ∆2θ = 80° 
range of diffraction with a detector resolution of 0.1°. 

The successor of D1B (Convert et al. 1998, 2000; Hansen 2004) is the instrument D20 
that provides a much higher fl ux at the sample position. To achieve a high, detected intensity, 
a sta tionary, curved linear PSD covers the whole 2θ range (Convert et al. 1997). The high 
detection stability of the micro-strip gas chamber detector enables D20 also to accomplish 
high precision in intensity measurement. Several monochromators are available. 

A vertically focusing graphite monochromator provides λ ≈ 2.41 Å at a take-off angle of 
42° and is equipped with graphite fi lters to suppress harmonics. Alternatively a vertically and 
horizontally focusing copper monochromator Cu (200) in transmission geometry provides a 
monochromatic neutron beam with wavelengths of λ ≈ 0.82, 0.88, 0.94 Å at take-off angles of 
26°, 28° or 30°. A second copper focusing monochromator Cu (200) in transmission provides 
λ ≈ 1.3 Å at a take-off angle of 42°; this confi guration is shown in Figure 1. At λ = 1.3 Å the 
monochromatic beam has its highest fl ux of about 108 n⋅cm−2⋅s−1. Soller collimators allow 
to reduce the divergence of the incident polychromatic beam (27′) to α1 = 10′ or 20′. A 
germanium monochromator with variable vertical focusing allows obtaining higher resolution 
at higher take-off angles (65±2°, 90±2°, 118° and 120°, shown in Fig. 2). 

The PSD of aluminum has a useful angular aperture of 153.6° (2θ). The detection zone is 
about 4 m long and 15 cm high. The gas fi lling of 3 bars 3He and 1 bar CF4 and the detection 
gap of 5 cm result in a neutron detection effi ciency from 60% (λ = 0.8 Å) to 90% (2.4 Å). Each 
detector plate of electroni cally conducting glass (Oed 1988) carries 32 cells, 2.568 mm in size 
(0.1°), and composed of two basic chromium micro-strips (anodes and cathodes). To cover 
continuously 153.6°, the PSD is composed of 48 juxtaposed, precisely cut plates in a polygonal 
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Figure 1. Schema of D20 
in “high fl ux” confi guration 
(take-off angle 42°). A: inci-
dent thermal neutron beam, B: 
optional 10’ Soller collimator, 
C: primary fast thermal neu-
tron beam shutter, D: highly 
oriented pyrolytic graphite 
(HOPG) fi lter, E: monochro-
mator changer with HOPG 
(002) monochromator in 
beam, F: slits, G: secondary 
beam shutter, H: neutron beam 
monitor, I: slits, J: sample po-
sition, K: access gate.

Figure 2. D20 at 120° take-off angle (high resolution confi guration). A part of the biological concrete 
protection wall is not in place. In the front the instrument control electronics. The detector is seen from 
behind, its counting chain being hidden behind mountable, neutron-shielding doors of polyethylene and 
boron carbide. Below the detector, on the movable platform, the data acquisition system is visible.
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arrangement with a radius of 1471 mm, each plate covering 3.2°. The 1536 cells are connected 
to amplifi ers and discrimi nators and anti-coincidence circuits (CLET). A cell, whose amplifi er 
signal passed fi rst the discriminator threshold, inhibits its neighbors for 1.5 µs, avoiding double 
detection. 

This makes D20 an ideal tool for in situ diffraction studies with time constants even 
below a second. Its high intensity enables the use of complex sample environments, as the 
high count-rate may level out low signal-to-noise ratios. D20’s high precision in intensity 
measurement is needed for differential measurements and studies on liquid and amorphous 
systems. The different options described above provide a large choice in Q-space, resolution, 
wavelength (0.8 to 2.4 Å), and fl ux. The continuous and simultaneous detection of series of 
complete diffraction patterns is necessary for systematic investigations of phase transitions 
during variation of a parameter such as pressure or temperature. The structural evolution of 
solids during a chemical reaction can be studied in situ with single diffraction patterns of down 
to 400 ms in highest intensity confi guration, allowing quantifying short-living intermediate 
phases and elucidate subtle structural changes. High-resolution powder diffraction patterns 
can be obtained in a few minutes when the highest take-off angle is used. 

Faster, but cyclic phenomena are observable in a stroboscopic data acquisition mode 
(Convert et al. 1990). A reversible process, which is reproducible in a cyclic, repeated way, can 
be observed using stroboscopy, allowing for a much better time-resolution, i.e., the shortest 
possible time slice of the phenomenon to be observed. This is possible by synchronizing a 
series of sequential acquisitions (slices) with the cycling of the observed process. The results 
of these acquisitions from corresponding slices in different cycles cumulate electronically in 
a register. The fi nal data set corresponds then to one cycle of the process, but the counting 
rate for each data acquisition slice is as many times higher than there were cycles measured. 
One obtains suffi cient counting statistics for a series of slices after each synchronization-cycle 
by repeating a suffi cient number of individual cycles and accumulating the counting rates of 
corresponding slices. Unfortunately, for various reasons one cannot go for shorter and shorter 
slices and correspondingly higher cycling frequencies. There are electronic limitations to 
provide a good synchronization over a large number of cycles without any deviation, e.g., 
due to fatigue phenomena. The principal limitation, however, is due to the fi nite velocity of 
neutrons, resulting in uncertainty about the time of the scattering event in the sample of some 
dimension, and of the detection event in the commonly used gas chamber detectors. Compared 
to this effect, the ∆λ/λ distribution to the time-resolution is negligible. Time resolution is thus 
limited by the travel time of neutrons through sample and detection gap, at D20 about 10 µs. 
Brown et al. (1998, 2000) have used stroboscopic acquisitions for rheologic investigations of 
orientation changes of fl at or rod like particles, suspended in water, during laminar fl ow. 

A radial oscillating collimator with a focus aperture of 22 mm and an angular coverage 
of 156° in 2θ permits the use of most types of sample environment without any background 
contributions from, e.g., aluminum cryostat-calorimeters or niobium heating elements. 
D20 has dedicated sample environment devices like an electrical furnace with a cylindrical 
vanadium-foil heating element of 22, 30 or 40 mm diameter around the sample cylinder 
allows investigations on powders and liquids from room temperature up to 1300 °C without 
signifi cant background contributions from the sample environment. 

With this instrument many time-resolved diffraction experiments have been performed. 
Walton et al. (2001) studied the hydrothermal crystallization of barium titanate, BaTiO3. The 
formation of the ferroelectric ceramic could be investigated in real time and under genuine 
reaction conditions. A nucleation-growth model as proposed by Hancock and Sharp (1972), 
based on the expressions of Avrami (1939, 1940, 1941) and Erofeyev (1946), was able to 
simulate the growth curves of barium titanate. For further details on a description of nucleation 
and growth processes, see Lasaga (1998) and Kashchiev (2000). Fehr et al. (2003) and Walk-
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Lauffer (2003) designed an autoclave cell to perform time-resolved neutron diffraction 
experiments on dynamic processes during hydrothermal reactions in the presence of a 
(deuterated) hydrous fl uid as they occur in the synthesis of aerated concrete. They investigated 
the infl uence of different additives like anhydrite or potassium sulfate on the formation of 
1.13 nm tobermorite from portlandite and quartz at 190 °C and saturation pressure. The 
reaction time was set to about 6 hours and the reaction product consisted of tobermorite, semi-
crystalline calcium-silicate-hydrate C-S-H(I) and quartz. Tobermorite forms at the expense of 
portlandite and quartz and by the reaction of semi-crystalline calcium-silicate-hydrate C-S-
H(I) with quartz. The reaction progress α is inversely proportional to the remaining amount of 
portlandite or quartz, and its evolution expressed as a product of a function of α and a kinetic 
constant k (Bray and Redfern 1999). 

In situ neutron diffraction traced the reaction mechanism during the self-propagating 
high-temperature synthesis (SHS) of Ti3SiC2 and related ceramics from furnace ignited 
stoichiometric Ti/SiC/C mixtures (Riley et al. 2002, 2006). The diffraction patterns indicate fi ve 
stages, visible in Figure 3: (1) pre-heating of the reactants, (2) the α→β phase transformation 
in Ti, (3) pre-ignition reactions, (4) the formation of a single solid intermediate phase in less 
than 0.9 s and (5) the rapid nucleation and growth of the product phase Ti3SiC2. The α→β 
phase transformation in Ti is a necessary precursor to the reaction as is the subsequent reaction 
of Ti and C just before SHS ignition. This latter process is exothermic and provides the extra 
heat required for sustained SHS to occur. No amorphous contribution to the diffraction 
patterns from a liquid phase was detected and as such, it is unlikely that a liquid phase plays an 
important role in this SHS reaction. The intermediate phase is believed to be a solid solution of 
Si in TiC such that the overall stoichiometry is approximately 3Ti:1Si:2C. Lattice parameters 
and known thermal expansion data were used to estimate the ignition temperature as 901 ± 
8 °C (confi rmed by the α→β phase transformation in Ti) and the combustion temperature as 
2320 ± 50 °C. In further experiments, the data acquisition time could be reduced to 300 ms 
with a dead time of 40 ms between two acquisitions. 

26 28 30 34

-100

-50

0

32

50

2 theta/degrees

T
im

e
/
s
e
c
o
n
d
s

Figure 3. Contour plot of an angular range of 12° in 2θ during 200 s of the SHS of Ti3SiC2, representing 
about 220 diffraction patterns. 100 s before ignition (t = 0) the α→β phase transition of Ti occurs (peaks at 
32 and 34°). 30 s before ignition β-Ti is partially consumed to form TiC (peak at 30°). During the ignition 
(< 0.5 s), a solid solution of Si in TiC is formed. 2 s later, the intermediate product starts to decompose to 
Ti3SiC2 with a time constant of 5 s. 
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New electronic detectors developed at ILL permit much larger areas to be covered with 
two-dimensional PSDs. Hewat (2006) designed a new Diffractometer for Rapid ACquisition 
with Ultra-Large Area detector (DRACULA), to collect a 5 times larger solid angle than now 
possible with D20. In this it will approach the coverage of instruments at pulsed neutron 
sources. The advantage of using a reactor rather than a pulsed source is still that the time 
averaged fl ux on the sample can be an order of magnitude greater. DRACULA will become the 
fastest machine to study fast solid state reactions, with times slices of less than 100 ms.

Of course there are other facilities to perform time-resolved neutron diffraction studies. 
Time-resolved neutron diffraction is performed routinely on instruments such as GEM at ISIS 
(Williams et al. 1998; Radaelli et al. 2003; Hannon 2005) and HIPPO at LANSCE, though 
data acquisition times are considerably slower than with D20. PowGen3 under construction at 
SNS will set new standards for high-intensity TOF-diffraction with considerable promise for 
time-resolved investigations (Hodges 2004).

SAMPLE ENVIRONMENT

In almost all cases scientifi cally relevant time-resolved studies need to be performed 
at non-ambient temperatures and/or pressures. Often they need in addition a close control 
of the chemical activity of the involved species by adjusting the partial pressures of the 
gaseous constituents or surrounding atmospheres. In many cases these conditions need 
some modifi cations to standard equipment available at neutron scattering centers or even 
the development of purpose-built devices. It is beyond the scope of this review to give a full 
account of the sample environment options for neutron diffraction and it is impossible to give 
details on those purpose-built devices. Rather, we refer to the examples given further below to 
illustrate the preparations needed to do time-resolved studies. What should be said, however, 
is that complicated sample environments are usually more easily adapted to neutron scattering 
than to X-ray diffraction. General consideration for neutron scattering sample environments 
can be found in literature. Concerning high temperatures and high pressures very useful 
information is given in Part III of Reviews in Mineralogy and Geochemistry Vol. 41 (Peterson 
and Yang 2001). Fei and Wang (2001) focus on the state of art in synchrotron powder 
diffraction, but some of the large volumes presses, e.g., the so-called Paris-Edinburgh press 
(Besson et al. 1992), using developments of a toroidal high pressure device by Khvostantsev et 
al. in the 1970’s, reviewed in Khvostantsev et al. (2004), found widespread application in time-
of-fl ight and constant wavelength neutron diffraction (Parise 2006b, this volume). The current 
state of gas pressure cells used for some of the examples given below has been reviewed in a 
special issue of the proceedings of an International Workshop on Medium Pressure Advances 
for Neutron Scattering (Kuhs et al. 2005). A new design of a gas pressure cell combined with 
a closed-cycle helium cryostat is described by Lokshin and Zhao (2005).

Electrical furnaces with cylindrical heating elements of vanadium- or niobium-foil and 
concentric heat shields of the same material around the sample cylinder allow investigations 
on powders and liquids from room temperature up to about 1900 K (Bletry et al. 1984). 
Vanadium is preferred for its low background contribution in terms of parasitic Bragg 
peaks resulting from its low coherent scattering cross section, whilst niobium permits to 
obtain higher temperatures. Even higher temperatures, up to 2300 K, can be obtained with 
so-called mirror furnaces (Lorenz et al. 1993). Holland-Moritz et al. (2005) developed an 
electromagnetic levitation furnace, which allows container-less investigations, e.g., on super-
cooled metallic melts.

To achieve low temperatures, the so-called Orange Cryostat has been developed at ILL in 
1975. Cryogenic liquids such as nitrogen or helium do not interact with the neutron beam, and 
the only metal, the neutron beam is passing through, is aluminum or vanadium. The cryostat 
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has a liquid nitrogen jacket, its liquid helium fl ow is controlled with a cold valve, it shows no 
interference between the calorimeter and the fl ow of the cryogenic liquid, and the sample is in 
thermal equilibrium with an exchange gas. The standard orange cryostat has a sample access 
of 49 mm diameter and is operational in a temperature range from 1.4 to 320 K. At D20, the 
calorimeter is of a smaller diameter of 25 mm and made of vanadium to allow for cleaner 
powder diffraction patterns.

The so-called cryofurnace based upon the Orange Cryostat design has been developed at 
ILL in 1983. It allows extending the accessible temperature range up to 600 K by avoiding 
indium seals at the calorimeter. Lower temperatures can be achieved with dilution inserts. 
Today, due to the high price of helium price and for ease of operation, closed-cycle refrigerators 
more and more replace Orange Cryostats, apart from very low temperature applications.

Various kinds of chemical reactors have been developed mostly for particular experiments, 
e.g., hydrothermal autoclaves either receiving the heating from an existing furnace (Fehr et 
al. 2003; Walk-Lauffer 2003) or equipped with its own heating system (Walton et al. 1999). 
Latroche et al. (2002) developed dedicated electrochemical cells. 

For time-resolved investigations it is often crucial to reach the wanted thermodynamic 
conditions in the shortest possible time and to control them closely once the reaction is started. 
Environments of high inertia, often linked to high accuracy, can limit considerably the time-
resolution and complicate the data treatment. In any case, it must be possible to change the 
thermodynamic conditions on beam, which is a particular challenge for time-resolved high 
pressure studies using mechanical clamps.

EXAMPLES

Water ices and gas hydrates are important materials on earth, the solar system and beyond. 
Hydrogen is the most common element in the Universe. Ice is widespread in many the outer 
smaller planets, the moons of Jupiter and Saturn or the nuclei of comets (Schmitt et al. 1998; 
Max 2003; Yershov 2004; Max et al. 2006). These compounds represent traditional fi elds of 
investigation for neutron diffraction. Neutrons allow to obtain details on the hydrogen positions 
and to establish the degree of proton ordering which may vary as a function of pressure and 
temperature. Neutrons also have advantages in high pressure studies; the medium pressure 
range in particular was object of numerous structural studies by neutron diffraction. The 
complex phase diagram of water is shown in Figure 4 exhibiting stable and metastable phases, 
some of which have no regime of thermodynamic stability at all (Petrenko and Whitworth 
1999). While the melting curves are fairly well known, most of the phase boundaries between 
the solid phases are not well established, largely due to a considerable hysteresis, in particular 
at low temperatures. Even less is known in terms of the kinetics of the phase transitions 
between the different forms of ice and the reactions of various gases with ice leading to so-
called “fi lled” ices (in which gas molecules enter and leave without breaking H-bonds) or to 
clathrate hydrates with encaged gas molecules (Kuhs 2004). Time-resolved neutron diffraction 
provides an excellent way to gain deeper insight into the transformation mechanisms on both 
topological or proton ordering transitions in ice as well as the uptake/release reactions with 
various gases and the underlying rate limiting processes. 

The following three examples for time-resolved studies concentrate on the transformation 
kinetics of ices and gas hydrates. They include a number of experimental details, which should 
highlight some of the necessities and technical constraints typical for time-resolved work; 
some limitations will also be discussed. Each example closes with some more generally valid 
remarks concerning time-resolved work. For any more detailed information on the scientifi c 
implications of the results the reader is referred to the original literature cited.
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Kinetics of the high–density to low–density amorphous ice transition

Background. At least two different disordered states of water ice at low temperatures 
are known (Mishima et al. 1984), a high-density amorphous (HDA) (ρH2O ≈ 1.17 gcm−3) and 
a low-density amorphous ice (LDA) state (ρH2O ≈ 0.93 gcm−3). This phenomenon is known 
as polyamorphism (Mishima et al. 1985; Bosio et al. 1986; Floriano et al. 1986; Bellissent-
Funel et al. 1987; Bizid et al. 1987; Mishima and Stanley 1998). Both states transform into 
each other when heating the sample above T ≈ 100 K at ambient pressure (HDA → LDA) or 
when compressing the sample above P ≈ 1 GPa at T < 160 K (LDA → HDA) (Mishima et al. 
1991; Mishima 1994, 1996). Calorimetric experiments revealed the release of latent heat at the 
HDA → LDA transformation (Handa 1986b), indicating a fi rst-order phase transition. On the 
other hand, LDA shows upon heating an onset of an endothermic transition before it crystallizes 
exothermally to cubic ice. This has been interpreted as a glass transition of LDA with Tg ≈ 140 K 
(Johari et al. 1987; Handa and Klug 1988; Johari et al. 1991; Johari 1995), whilst Velikov et al. 
(2001) revised this value to Tg ≈ 165 K. 

Although the described experimental results on HDA and LDA are compatible with a 
fi rst-order transition between two supercooled liquid states and experimental results are often 
referred to as due to a fi rst-order phase transition, some experimental results contradict the 
idea of HDA and LDA being supercooled liquids. It lead to the discovery of a third disordered 
modifi cation, a very high density amorphous ice (vHDA) with ρH2O ≈ 1.25 gcm−3 (Loerting et 
al. 2001). 

Several distinct models are discussed to account for the existence and properties of 
the amorphous phases. Poole et al. (1994) introduced a model, which brought the proposed 
second critical point (Tc ≈ 220 K, Pc ≈ 100 MPa) with an emerging line of fi rst-order transition 

Figure 4. Phase diagram of water and water ices including some recently discovered stable and metastable 
forms (Lobban et al. 1998; Salzmann et al 2006). Arrows indicate the typical preparation paths (low-
temperature pressurization or controlled cooling) for LDA; HAD, ice XIII and XIV. The insert shows an 
enlarged part of the medium pressure range where several forms of ice co-exist.
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towards lower temperatures (Poole et al. 1992) and the scenario of a retracing of the vapor-
liquid spinodal in the supercooled region of water’s phase diagram (Speedy 1982a,b; Sastry 
et al. 1993) together. In contrast to this model, in which intermediate states of the transition 
should refl ect the superposed properties of the involved phases, a singularity-free model 
(Stanley and Teixeira 1980; Geiger and Stanley 1982) implies a continuous change of 
observables. The in situ neutron diffraction sampling of the static structure factor gave Koza et 
al. (2003) the opportunity of extracting information on the kinetics of the transformation and 
on the properties of the intermediate states, i.e., to distinguish between continuous variation 
of the amorphous structure and a superposition of the HDA and LDA structures in the course 
of the transformation.

Experimental. All HDA samples were prepared by slow compression of deuterated 
crystalline ice Ih (V ≈ 2.5 ml) in a piston–cylinder apparatus at T = 77 K up to P ≈ 1.7 GPa 
(Koza et al. 1999, 2000). After HDA had been formed the pressure was released and the 
sample retrieved from the pressure device under liquid nitrogen and transferred in cylindrical 
sample containers into an Orange Cryostat at T = 77 K. The evaporation of nitrogen from 
the sample containers was carried out at T = 78–79 K and controlled via the scattering signal 
of the samples. For each sample, the static structure factor of HDA and, after the in situ 
measurements, of LDA was determined at T = 77 and 127 K, respectively. At these conditions 
both amorphous states could be well reproduced. 

Two different types of thermal treatment were applied to the samples. First, measurements 
were performed on samples that were heated directly from the HDA state to the nominal 
temperature T. A second set of experiments was performed on samples that had been pre-
annealed at a temperature Tan and heated subsequently to the nominal T with 77 K < Tan < 
T < 127 K. The data collection started in all cases before the heat treatment was applied. 
This allowed us to monitor the transformation process continuously. Data were collected on 
the diffractometers D4 (incident neutron wavelength λ = 0.7Å) and D20 (λ = 1.3 and 2.4 
Å) and the time-of-fl ight spectrometer IN6 (λ = 4.1 Å) at ILL. The raw data are corrected 
for different detector effi ciencies and empty container scattering. To compare the energy-
resolved time-of-fl ight data (IN6) with those from the diffraction instruments (D4 and D20) an 
energy integration is performed as S(2θ) = S(2θ, t = 0) = S(2θ, ω) dω. All data sets are fi nally 
converted via the mapping S(2θ) → S(Q). Figure 5 shows the obtained S(Q) of HDA and LDA 
as measured on D20.

Analysis. The data analysis is done on the relative changes of the structure factors 
observed while the sample passes from the HDA into the LDA state. The difference profi le 
obtained from subsequent data sets with respect to a reference S(Q), e.g., the S(Q) of LDA, 
provides a convenient mathematical expression for monitoring these changes (Schober et al. 
1998). S(Q;HDA) and S(Q;LDA) are taken as the static structure factors of HDA and LDA at 
77 K and at 127 K, respectively. I(t,T) is one for pure HDA and zero for pure LDA.
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In a pure fi rst-order transition the structure factors of the intermediate states can be 
expressed as a superposition of those of the initial and the fi nal phases. In that case, I(t,T) 
stands for the fraction of initial material HDA still present at time t and temperature T. For 
practical reasons, the integration limits have been chosen to Q1 = 1 Å−1 and Q2 = 2.65 Å−1, 
a range covered by the whole series of experiments on different instruments (mainly D20, 
but also D4 and IN6 for some temperatures). Figure 6 shows I(t,T) as determined from an 
experiment at D20 at two different temperatures.



184 Kuhs & Hansen

The time dependence of I(t,T) could be fi tted with a superposition of a logarithmic 
response and an Avrami-Kolmogorov equation (AKE) (Avrami 1939,1940,1941; Kolmogorov 
1937), as described by Doremus (1985).
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The logarithmic relaxation—the left part of Equation (2) (B is increasing with 
temperature)—is observed in other amorphous materials as well (Primak 1975; Grimsditch 
1986; Tsiok et al. 1998) and is expected for the relaxation of materials with double-well 
potentials (Karpov and Grimsditch 1993) and from simulations of aging of liquids (Sciortino 
and Tartaglia 2001). 

However, no additional transformation stages beyond the logarithmic relaxation have 
yet been revealed. The AKE behavior above 103 K is an additional transformation process 
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Figure 5. Evolution of the static 
structure factor S(Q) during the 
transition from HDA (solid) to 
LDA (dashed) ice. Intermediate 
data (dotted) are selected from an in 
situ measurement of the transition 
performed at D20 at T = 110 K. 
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of S(Q;T) at corresponding 
conversion stages with respect to 
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 – S(Q;t) [Used by permission of 
Institute of Physics Publishing, 
from Koza et al. (2003), Journal 
of Physics: Condensed Matter, 
Vol 15, Fig. 1, p. 323]. 
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consistent with a fi rst-order transition, as it indicates nucleation and growth of a homogeneous 
low-density phase within a homogeneous high-density matrix. The exponent n in Equation (2) 
refi nes to n ≈ 1.5, as expected for diffusion-controlled transitions with short nucleation times 
and isotropic growth (Doremus 1985; see also Pradell et al. 1998). 

Apart from the fact that a well annealed HDA state does exist, after logarithmic relaxation, 
which will transform to LDA following a pure AKE behavior, the fi nal state of this transition 
does not coincide with the LDA state one obtains after annealing at T = 127 K. The results 
show three states of the HDA-LDA transformation, an annealing stage of HDA, then the tran-
sition which seems to be a fi rst order transition with coexistence of HDA and LDA and not a 
continuous change from HDA to LDA (to check this, the total S(Q) must be a linear combina-
tion of the individual S(Q) for each phase). Once the LDA is formed, it still anneals in a third 
stage, annealed LDA. To distinguish the later, the un-annealed LDA is hereafter called LDA′.

The activation energy ∆E results from exploiting the Arrhenius Equation (3); Figure 7 
shows the corresponding Arrhenius plot.
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∆E has been determined to ∆E = (33±2) kJ·mol−1 and τ∞ ≈ 10−13±1 s which is a physically 
reasonable attempt time for crossing the energy barrier ∆E.

Further investigations. Koza et al. (2005) showed, that HDA ices obtained from 
compression of crystalline ice Ih or from vHDA ice as an intermediate stage (hereafter 
called HDA′) of its transition into LDA′ ice seem to be identical in terms of S(Q) obtained 
from neutron diffraction at D20. The kinetics of the vHDA to LDA′ transition at different 
temperatures is shown in Figure 8. During the annealing of vHDA, S(Q) increases below 
Q ≈ 0.6 Å. This small angle scattering signal reaches its maximum (the state of strongest 
heterogeneity, SSH) briefl y after having passed the state of HDA′ (HDA, obtained from ice 
Ih, shows the same signal level at low Q), before dropping drastically in the apparent fi rst-
order transition of HDA′ to LDA′. The enhanced low-Q signal coincides with the behavior 
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Figure 7. Arrhenius plot of time constants for the transformation of HDA to LDA calculated by different 
techniques – (open squares) determined with Equation (1) and (full squares) calculated from position of 
maximum in S(Q). Lines correspond to linear fi ts, estimating the fi t uncertainty by the deviation of all data 
points (solid line) and by taking the experimental error and temperature step width into account (dashed 
line) [Used by permission of Institute of Physics Publishing, from Koza et al. (2003), Journal of Physics: 
Condensed Matter, Vol 15, Fig. 7, p. 329].
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of the wide-angle S(Q), its Fourier transform D(r) shows in contrast to vHDA and LDA′ 
no oscillations beyond r > 10 Å, indicating a reduction of spatial correlations. Thus, HDA 
and HDA′ are heterogeneous structures. Although they look the same, the kinetics of their 
transition to LDA′ seems to be different. However, the fact that the transitions shown in Figure 
8 are so fast and hard to fi t with the Avrami-Kolmogorov expression, Equation (2), is also 
due to the fact that the speed of the transition at temperatures above T ≈ 110 K is so high, 
that the evacuation of latent heat from the exothermic reaction cannot be assured, isothermal 
conditions are no longer fulfi lled, and the exponent n in Equation (2) increases artifi cially—if 
a fi t is possible at all—as the non-evacuated heat accelerates the transition due to a locally 
higher temperature.

In a recent series of experiments, Koza et al. (2006) combined neutron powder diffraction 
and small angle neutron scattering (SANS) to show that there are only two homogeneous 
disordered ice structures, vHDA and LDA. They come to the conclusion that the HDA state 
does not constitute any particular state of the amorphous water network, while Loertig et al. 
(2006) interpret their results otherwise. It is formed due to the preparation conditions, which 
determine the degree of heterogeneity. This can be quantifi ed by SANS, using the DBM model 
proposed by Debye and Bueche (1949) for a mixture of two statistically distributed phases. If 
both phases present 50% of the total, an average domain size D results easily from twice the 
correlation length. This is exactly the situation for the SSH, where domain sizes from 11 to 
13 Å have been determined for all investigated samples. The transformation speed increases 
systematically with a sample being of increasing heterogeneity. The precise reason for this is 
still subject to scientifi c discussion; possible models considered are those given by Adam and 
Gibbs (1965) or by Tanaka (2000). 

In summary, kinetic studies of transitions between amorphous ices provided key 
information to understand the complex phenomenon of polyamorphism and they will be 
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necessary in the future to quantify the nature of the heterogeneous states. This example 
also shows that a single experimental technique often is insuffi cient to get a complete 
understanding of the involved processes; here SANS proved to be a very powerful addition 
and, indeed, SANS is very apt to see the onset of time-dependent transformations better than 
wide angle diffraction, given that a scattering contrast develops (see Cole et al. 2006, this 
volume; Radlinski 2006, this volume; Wilding and Benmore 2006, this volume). 

Synchrotron X-ray diffraction presents an alternative technique to neutron diffraction 
in this context, able to cover a wider Q-range at once and thus combining wide-angle- and 
small-angle-scattering. Also, the incoherent scattering from protons or deuterons is no longer a 
problem with X-ray diffraction, and the insensitivity to scattering from protons and deuterons 
is even an advantage in this particular case, as this polyamorphism is suffi ciently expressed 
by the oxygen positions alone. Nevertheless, drawbacks of X-ray scattering are the low 
scattered intensity from light atoms and thus relatively long counting times and at the same 
time the enormous heat-load from the incident X-ray beam on the sample. The latter makes 
it very diffi cult, if not impossible, to keep the temperature stable and to have the sample in a 
thermodynamically well defi ned and stable state. In particular kinetic experiments suffer from 
this a lot and neutrons appear still as a good fi rst choice.

Gas hydrate formation kinetics

Background. Gas hydrates are non-stoichiometric inclusion compounds encaging small, 
usually apolar guest molecules in a host-framework of hydrogen bonded water molecules. 
They exist as a stable solid phase at high gas pressures and/or low temperatures. Two main 
crystallographic structures of gas hydrates, the von Stackelberg cubic structure I and II (von 
Stackelberg and Müller 1954), are distinguished (Fig. 9) both consisting of two types of cavities, 
small and large cages, that can be occupied by the guest molecules to various degrees in a non-
stoichiometric manner. It is generally assumed that the encaged gas molecules cannot exchange 
with the environment after formation. Rather, the guest molecules have to be built into the crystal 
structure during the growth process according to their chemical activity at the reaction site.

Since the 1950’s, a large number of gas hydrate systems have been studied . The geologically 
and economically most important methane-water phase diagram is shown in Figure 10. Despite 
some 6000 publications, several physico-chemical properties of gas hydrates as well as their 

Figure 9. Schematic representation of clathrate hydrate structures of type I (left) and type II (right). Only 
the polyhedrons formed by oxygen are displayed. One unit cell is shown in each case. The smaller 512 
pentagon-dodecahedral cages (2 per unit cell, bcc packed, in type I; 16 per unit cell, ccp in type II) are 
drawn in dark grey, the larger 5126214-faced polyhedrons (6 per unit cell in type I) and 51264 16-faced 
polyhedrons (8 per unit cell in type II) are drawn in light grey.
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formation and decomposition kinetics are neither well known nor properly understood, though 
they are of primary importance for a number of reasons. With traces of water in gas and oil 
pipelines operated at gas pressures well within the hydrate stability fi eld, gas hydrates can 
form leading to a complete blockage. Likewise, the kinetics of CH4-hydrate formation and 
decomposition is of major signifi cance in geological settings, for our understanding of the role 
of methane gas in climate change, for a possible use of natural gas hydrate deposits as a future 
source of energy or simply for a more economic transport and storage of gas. CO2 clathrate 
hydrates could also be a possible form of sequestering CO2 into geological formations to reduce 
global warming. They may also play a major role for a number of terra-forming processes on 
Mars (Kargel 2004). Not much is known on the formation kinetics of CO2 hydrates under 
Martian conditions and it is not certain that they form at the surface in any substantial amount 
due to the diurnal or annual temperature cycles. Our neutron diffraction work was intended 
to establish the formation and decomposition kinetics and in this way build a solid physico-
chemical basis for the cases listed above. 

In the Martian context, the most relevant formation process is the reaction of ice Ih with 
CO2 gas to hydrate. A strong dependence of the transformation rates on the surface area of the 
gas-ice contact was demonstrated by Barrer and Edge (1967). Later, Hwang et al. (1990) studied 
the methane-hydrate growth on ice as a heterogeneous interfacial phenomenon and measured 
the clathrate formation rates during ice melting at different gas pressures. Sloan and Fleyfel 
(1991) discussed molecular mechanisms of the hydrate-crystal nucleation on ice surface, 
emphasizing the role of the quasi-liquid-layer (QLL) on ice. Takeya et al. (2000) made in situ 
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observations of the CO2-hydrate growth from ice powder for various thermodynamic conditions 
using laboratory X-ray diffraction. They distinguished the initial ice-surface coverage stage and 
a subsequent stage which was assumed to be controlled by gas and water diffusion through 
the hydrate shells surrounding the ice grains. The process was modeled following Hondoh and 
Uchida (1992) and Salamatin et al. (1998) in a single ice particle approximation. The respective 
activation energies of the ice-to-hydrate conversion were estimated as 0.2 and 0.4 eV (4.6 and 
9.2 kcal/mol). The fi rst in situ neutron diffraction experiments on kinetics of the clathrate 
formation from ice powders were presented by Henning et al. (2000). They studied the CO2-
hydrate growth on D2O ice Ih, using the high intensity powder diffractometer HIPD at IPNS 
for temperatures from 230 to 263 K at a gas pressure of approximately 6.2 MPa. The starting 
material was crushed and sieved ice with unknown but most likely irregular shape of the grains. 
To interpret their results, the authors applied a simplifi ed diffusion model of the fl at hydrate-
layer growth developed for the hydration of concrete grains. The activation energy of 6.5 kcal/
mol was determined for the later stage of the hydrate formation process. This work has been 
continued by Wang et al. (2002) to study the kinetics of CH4-hydrate formation on deuterated 
ice particles using neutrons. Their more sophisticated shrinking-ice-core model can actually be 
reduced to the diffusion model of Takeya et al. (2000, 2001). A higher activation energy of 14.7 
kcal/mol was deduced for the methane hydrate growth on ice. Based on fi ndings by Mizuno 
and Hanafusa (1987), the authors suggested that the quasi-liquid layer of water molecules at the 
ice-hydrate interface may play a key role in the (diffusive) gas and water redistribution although 
a defi nite proof could not be given. For further details on shrinking core models the reader is 
referred to detailed accounts by Froment and Bischoff (1990) and Levenspiel (1999).

In accordance with numerous experimental observations (Uchida et al. 1992, 1994; Stern 
et al. 1998; Henning et al. 2000; Kuhs et al. 2000; Takeya et al. 2000; Staykova et al. 2003), a 
thin gas-hydrate fi lm rapidly spreads over the ice surface at the initial stage (stage I) of the ice-
to-hydrate conversion. Subsequently, the only possibility to maintain the clathration reaction 
is the transport of gas molecules through the intervening hydrate layer to the ice-hydrate 
interface and/or of water molecules from the ice core to the outer hydrate-gas interface. As 
mentioned above, a diffusion-limited clathrate growth was assumed and simulated by Takeya 
et al. (2000), Henning et al. (2000), and Wang et al. (2002) on the basis of the shrinking-core 
models formulated for a single ice particle. However, in the case of porous gas hydrates, the gas 
and water mass transport through the hydrate layer becomes much easier, and the clathration 
reaction itself may be the rate-limiting step at a second stage of the hydrate formation that 
proceeds after the ice-grain coating. Certainly, we still can expect the onset of the further 
stage of the hydrate formation process completely or, at least, partly controlled by the gas and 
water diffusion through the hydrate phase, especially when a highly consolidated ice-hydrate 
structure develops with thick and dense hydrate shells surrounding ice cores. As a result, the 
hydrate-phase growth and expansion beyond the initial ice-grain boundaries into the sample 
voids and the corresponding reduction of the specifi c surface of the hydrate shells exposed to 
the ambient gas can be a principal factor which slows down the hydrate formation rates at the 
later stages of the clathration reaction, as predicted in Staykova et al. (2003) and confi rmed 
in Kuhs et al. (2006). It should also be noted that in some cases a metastable formation of gas 
hydrates in a different structure (type I or type II) can be observed with a slow transformation 
into the stable phase (Halpern et al. 2001; Chazallon and Kuhs 2002; Staykova et al. 2003). 
The kinetics of a thermodynamically driven type I/ type II transition upon gas exchange has 
been studied using time-resolved neutron diffraction by Halpern et al. (2001).

Several studies were performed to quantitatively describe the formation process of CH4 and 
CO2 gas hydrates, both by in situ neutron diffraction on the high-fl ux diffractometer D20 of ILL 
as well as by in-house gas consumption experiments. While neutron experiments give unique 
access to the fast initial part of the clathration reaction, in-house gas consumption experiments 
are indispensable for the later, slower stages of the hydrate formation. Together with our kinetic 
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diffraction studies, ex situ FE-SEM (fi eld-emission scanning electron microscopy) observations 
of the formation of gas hydrates proved to be very helpful to better understand the evolution the 
ice microstructure during the clathration reaction and to construct a phenomenological multi-
stage model of the gas-hydrate growth from ice powders (Staykova et al. 2003). 

Experimental. Here, we summarize our above-cited recent work in which we attempted 
to quantitatively describe all stages of the formation process of CH4 and CO2 gas hydrates as 
followed by in-situ neutron diffraction and gas consumption experiments, starting from a well 
characterized ice-powder of known structure, grain size, and specifi c surface area. The high 
gas pressure needed to form and investigate gas hydrates in situ makes neutron diffraction a 
prominent tool for their investigation as neutrons have no problem to penetrate through thick-
walled gas pressure cells located in a cryostat. While neutron experiments give unique access 
to the fast initial part of the clathration reaction, in-house gas consumption experiments are 
indispensable for the later much slower stages of the hydrate formation due to beam-time 
limitations. These in-house experiments were calibrated using neutron and X-ray (synchrotron 
as well as laboratory) diffraction techniques; without such a calibration the determination of the 
absolute degree of transformation by gas consumption methods is bound with large errors. 

Spherical D2O ice Ih grains with a typical diameter of several tens µm were prepared 
using a spraying technique. In order to quantify the morphology of the starting material, a 
representative part of the sample was investigated by cryo-FE-SEM. The pictures obtained 
were used to estimate the size distribution of the ice spheres. Measurements on different 
batches showed that the size distribution of ice spheres sprayed with the same nozzle is well 
reproducible and has a lognormal shape. The mean radius has been determined as 27 µm at 
relative standard deviation of 0.8. Samples with a packing density of about 65-70% were placed 
in high strength auto-frettaged aluminum gas pressure cells (Kuhs et al. 2005). The sample 
temperature reading was obtained from a calibrated temperature sensor fi xed to the pressure cell 
wall. The Al sample cans were inserted into the pressure cell, already fi xed to the sample stick, 
and the Bridgman seal was closed. This fi lling-operation was performed with a small stream of 
gas applied to ensure a complete gas fi lling of the system. Subsequently, the pressure cell was 
inserted into the orange cryostat and the temperature was equilibrated at the chosen value. Then 
the wanted gas pressure was applied within a few seconds while data collection was started 
concomitantly. As the settling of the pressure takes a few seconds, there is a corresponding 
uncertainty of the start of the reaction. In the case presented here this is within the chosen time 
resolution of the instrumental set-up and did not present an additional limitation. 

To observe the changes of the diffraction patterns during gas hydrate formation we used 
D20 at its highest intensity setting at a wavelength of λ = 2.414 Å. The reaction of gas (at 
constant applied pressure and temperature) with ice grains was followed over a period of 
typically 10 to 20 h. Data were collected with a time resolution of 30 s or 1 min for the initial 
fast reaction and with a resolution of 5 min for the slower later part of the reaction. In this way 
data of good statistical precision were obtained, suggesting that even time-slices of several 
seconds would deliver useful information. To all data an effi ciency correction and a background 
subtraction were applied. Subsequently, the measurements were analyzed in an automated way 
with the use of the full-pattern Rietveld refi nement program GSAS (Larson and van Dreele 
1990) delivering quantitative information on the amount of gas hydrate formed as a function 
of time with an accuracy of about 0.1 %. A two-phase (ice Ih + gas hydrate) Rietveld fi t of 
the powder diffraction pattern obtained for each time slice was performed (Fig. 11). Refi ned 
parameters were the lattice constants of ice Ih and gas hydrate, the phase fractions and fi ve 
to six background parameters; scale factor and absorption coeffi cient were fi xed. The atomic 
positions and displacement parameters for D2O ice Ih and CH4- or CO2-hydrate phases were 
taken from Klapproth (2002) and Klapproth et al. (2003) and were also kept fi xed as no changes 
were expected. The weight fraction of the gas hydrate phase α (mole fraction of ice converted to 
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the gas hydrate) was extracted from the refi nement for each time slice and plotted as a function 
of time (Fig. 12). An excellent statistical precision of the refi ned α’s of 0.1% was obtained, 
which is hardly achieved by any other method. Moreover, also the accuracy of the obtained α’s 
is distinctly superior to e.g., our gas consumption runs as the amount of formed gas hydrate is 
determined rather directly from a Rietveld refi nement. Admittedly, what helped here was the 
fact that the hydrate formed is free of any texture and consists of an ideal powder with a typical 
crystallite size of a few µm to a few tens of µm. If the materials involved in the transformation 
are less ideal powders, this favorable situation for the determination of a reaction degree may 
deteriorate considerably.

In order to extend the time covered by the neutron runs with their inherent high data 
quality so-called “intermittent” experimental runs were performed which lasted 5-6 days 
(Kuhs et al. 2006). In both cases, the clathration reaction was started in the orange cryostat 
on the diffractometer and was tracked by neutron diffraction for about 20 h. Then the data 
acquisition was interrupted and the gas-pressure cell (stick) with the sample was moved to a 
separate low temperature bath where the reaction was continued out of the beam for a few days 
under identical conditions. During this time other users could perform their experiments on 
D20. Then each stick was placed back into the orange cryostat to measure the current reaction 
degree two more times—in the middle and at the end of the observation period.

Analysis. A detailed discussion of the models for analyzing the diffraction data is not 
given here; the interested reader is referred to the original publications (Staykova et al. 
2003; Genov et al. 2004; Kuhs et al. 2006). It is suffi cient to say that the starting material is 
reasonably described as a random dense packing of ice spheres as evidenced by cryo scanning 
electron microscopy. The neutron data were used to establish and refi ne a multi-stage model 
of the gas hydrate growth from ice Ih (Salamatin and Kuhs 2002) considering the infl uence 
of temperature and gas fugacity (which is related to the mechanical gas pressure) and using 
approximations for random dense packings introduced by Arzt (1982). A relatively short initial 
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Figure 11. Low-angle part of a powder diffraction pattern obtained at a neutron wavelength of 2.414 Å of 
one time slice of a methane hydrate formation run at about 70% conversion at a temperature of 245 K with 
Rietveld-refi nement result overlaid; crosses correspond to data points with a continuous line representing 
the calculated profi le; top sequence of tick-marks represent ice Ih peak positions, bottom sequence to 
structure I hydrate peak positions; the bottom continuous line gives the difference between observed and 
calculated data points. The excluded region at angles > 59° correspond to a Bragg refl ection of the Al 
pressure cell. 
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stage I of hydrate fi lm formation on the ice surface was distinguished followed by a stage II 
which generally includes two steps (sub-stages) presented by the clathration reaction at the 
ice-hydrate and gas-hydrate interfaces and by the diffusive gas and water transport through 
the hydrate shells surrounding shrinking ice cores. While the initial model was assuming 
monodispersity of the ice spheres, recently by generalizing Arzt’s (1982) results an improved 
model for the hydrate growth in a polydisperse ensemble of randomly packed ice spheres was 
developed (Kuhs et al. 2006). This is of particular importance for the later stages of the gas 
hydrate formation. The difference in size of spherical ice particles in polydisperse samples 
results in different rates of their conversion to hydrates and part of the larger-size fraction 

Figure 12. (a) Temperature dependency of the weight fraction of the transformed hydrate phase (reaction 
degree α): experimental points by symbols, fi tted shrinking core model shown as gray curve [from Genov 
et al. (2004)]. (b) Simultaneous formation of a type I and type II structure of CO2 hydrate. The insert 
shows the fraction of the metastable phase II, which after initial formation slowly back transforms into the 
stable structure I phase. Diffraction is the best tool to study the kinetics of this transformation. [Used by 
permission of Kluwer, from Kuhs (2004), in: High Pressure Crystallography, A. Katrusiak and P. McMillan 
(eds.), Fig. 7, p. 484]

0 5 10 15 20 25 30 35

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

CO
2
at 230 K

CH
4
at 230 K

R
e
a
c
ti
o
n

D
e
g
r
e
e
α

Time [h]

0 200 400 600 800 1000 1200

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 200 400 600 800 10001200

0.035

0.040

0.045

0.050

0.055

0.060

Type I

Type II

α

Time [min]

(a)

(b)



Time-resolved Studies of Water Ices & Gas Hydrates 193

becomes frequently isolated and switched out of the reaction. This additionally slows down 
the ice-to-hydrate conversion and stops the hydrate growth in the sample before the complete 
transformation is achieved. It could be shown that stage II, being dominated by the diffusive 
gas/water transport through the growing hydrate layer, still may be noticeably infl uenced by 
the interfacial clathration reaction. The principal kinetic parameters, reaction rate constant kR 
and permeation (mass-transfer) coeffi cient D were inferred from the neutron diffraction and 
gas consumption data. The respective activation energies obtained from a the least-squares 
Arrhenius approximation are QR ≈ 92.8 kJ/mol and QD ≈ 52.1 kJ/mol. The rather high 
uncertainty level of the inferred reaction rate constant and corresponding activation energy 
QR should be emphasized. This most likely is a consequence of the observed domination of 
the diffusion mechanism additionally enhanced by a development of quasi-liquid layers on 
ice-hydrate and gas-hydrate interfaces at temperatures above 263 K. The diffusion activation 
energy for CH4-hydrate formation is estimated with an uncertainty not higher than ±20%. 
Being comparable with previous results from the monodisperse approximation (Staykova 
et al. 2003), it is close to Wang’s et al. (2002) estimate of 14.7 kcal/mol (61.3 kJ/mol) and 
practically coincides with QD ≈ 54.6 kJ/mol deduced in (Genov et al. 2004) for CO2-hydrate 
growth from ice powders. The similarity of activation energies for the methane and CO2 case 
and the fact that the activation energy found is close to the energy of breaking hydrogen bonds 
in ices and hydrates suggests that the rate limiting process is the mobility of water molecules 
rather than the in-diffusion of the gases. 

In summary, time-resolved neutron diffraction has contributed here in a crucial way to 
formulate a model of gas hydrate growth from ice powders which has predictive power and 
allows the calculation of the reaction degree as a function of temperature, pressure and grain 
size of a polydisperse starting material. Starting the reaction by changing the gas pressure can 
be done in a much faster and more precise way than changing the temperature, which permits 
a well-defi ned start of the reaction and allows to follow the fi rst phase of the transformation 
with a time resolution of a few seconds. This example also demonstrates that often a detailed 
microstructural characterization (e.g., in terms of size distribution, particle shape and/or 
specifi c surface area) of the starting material is essential for a quantitative analysis of the 
diffraction results.

Anomalous preservation

Background. The last example for time-resolved neutron diffraction experiments is taken 
from our work on “anomalous preservation” of gas hydrates, which turned out to be related to the 
perfection of the ice formed during decomposition (Kuhs et al. 2004). “Anomalous preservation” 
(sometimes also called “self-preservation”) of gas hydrates is a very intriguing phenomenon 
of considerable scientifi c and practical interest. Early observations of this effect were made 
independently by Davidson et al. (1986) and, more detailed, by Yakushev and Istomin (1992). 
These authors observed an unexpected persistence when gas hydrates were brought outside 
their fi eld of stability at temperatures below the melting point of ice. More recently, Stern et al. 
(2001) and Takeya et al. (2001) have investigated the temperature dependency of the effect for 
the case of methane hydrate and found that the effect also had a lower limit. According to Stern 
et al. (2001) the “anomalous preservation window” extends from 240 K to the melting point of 
ice, while at temperatures below 240 K the decomposition is rapid and appears to be thermally 
activated. Within this window, the decomposition rates vary considerably by several orders of 
magnitude in a reproducible way (Fig. 13) with two minima at around 250 and 268 K. Takeya 
et al. (2002) confi rmed this effect and suggested a diffusion limitation to explain the slow 
decomposition kinetics of gas hydrates within the anomalous preservation window. A similar, 
but not identical behavior was observed for CO2 hydrate (Circone et al. 2003). Still, the deeper 
physical origin of “anomalous preservation” remains obscure and the controlling parameters 
elusive (Wilder and Smith 2002; Stern et al. 2002; Circone et al. 2004). The effect is of potential 
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economic interest as it would allow for a low-cost compact and normal-pressure storage of gas 
in the form of hydrate by simple cooling to temperatures below 0°C (Gudmundsson et al. 2000) 
as well as it may have geological signifi cance for some metastable surface-near gas hydrate 
occurrence Russian permafrost (Yakushev and Chuvilin 2000). 

To be able to appreciate this connection we fi rst turn to a discussion of the solid-solid 
transition of various metastable condensed forms of the water substance into ambient pressure 
ice. The decomposition of gas hydrates yields apparently normal ambient pressure hexagonal 
ice, so-called ice Ih as confi rmed by Takeya et al. (2001, 2002) by laboratory X-ray diffraction. 
It is interesting to note that at lower temperatures various metastable solid water phases 
transform not into ice Ih but into so-called cubic ice, ice Ic. This form of ambient pressure ice 
is produced from amorphous forms of the water substance and from high-pressure ices when 
they are heated after a recovery at low temperature and ambient pressure (König 1943; Bertie et 
al. 1963) The transformation is ascribed to the on-set of mobility of Bjerrum defects promoting 
an ice-like crystal growth (Wooldridge et al. 1987). It was noticed early on (Arnold et al. 1968) 
that the diffraction patterns for ice Ic obtained from different starting materials were different. 
These differences were explained by Kuhs et al. (1987) in terms of various degrees of stacking 
faulting for ice Ic from different origins. The faults were identifi ed as deformation stacking 
faults, which in diffraction experiments lead to the appearance of broad refl ections at Bragg 
angles typical for ice Ih as well as to high- and/or low-angle shoulders on the Bragg peaks at 
genuine ice Ic positions. The width of the cubic refl ections was used to estimate the particle 
size of ice Ic produced from ice II as 160 Å. Stacking faults in ice Ih and their creation by rapid 
temperature changes were also described by other authors (Higashi 1988) Some authors have 
investigated the transition of ice Ic into the normal hexagonal ice (ice Ih) by diffraction, which 
was found to take place over a seemingly large temperature range starting slowly at 150 K with 
a rapid progress of the transformation between 190 and 210 K (Kohl et al. 2000); at higher 
temperatures this work showed apparently pure ice Ih (Handa et al. 1986a). Differential thermal 
analysis of the ice Ic – ice Ih transition revealed the main transition region again at 190–205 K, 
with small but detectable events starting at ≈176 K (Handa et al. 1986a) and ending at ≈240 K 

Figure 13. Temperature dependency of the decomposition rate of methane hydrate showing the region of 
anomalous preservation for a situation at 0.1 MPa (1 bar). [Used by permission of the Owner Societies, 
from Kuhs et al. (2004), Phys. Chem. Chem. Phys., Vol. 6, Fig. 1, p. 4917]
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(Mayer and Hallbrucker 1987). A change of activation energy was observed at 185 K, and the 
transformation was observed to be complete at 210 K by Sugisaki et al. (1968). Already an 
earlier review of the situation showed a confusing picture (Hobbs 1974) in which the ice Ic 
– ice Ih transition was located at temperatures between 160 and 205 K, a situation which has not 
much improved since. Recently, additional evidence for the formation and existence of ice Ic at 
unusually high temperatures was established (Murray et al. 2005, Murray and Bertram 2006). 
The reason for such variability of the ice Ic – ice Ih transition temperatures are not clear, yet 
there are indications that in addition to the molecular arrangement of the parent phase mentioned 
above, the surface area of the ice Ic crystallites (Kumai 1968) has a signifi cant infl uence. Thus 
it appeared worthwhile to look in some more detail at the transformation behavior of ice Ic into 
ice Ih in the temperature range in question with a well-defi ned starting material. Diffraction is 
the most promising tool as it permits insight into changes of the molecular arrangement not 
only at long ranges but also into a number of more local defect structures. In particular, time-
resolved diffraction experiments allow for in situ studies of this transition and can give access 
to the transformation kinetics. Likewise, we have studied the crystallographic nature of the ice 
produced in decomposition of gas hydrates at temperatures below and within the anomalous 
preservation window by time-resolved neutron diffraction.

Experimental. The experiments were performed on the high-resolution scanning powder 
diffractometer D2B (wavelength 1.6 Å) as well as the high-intensity powder diffractometer D1B 
and D20 equipped with a linear position sensitive detector (wavelength 2.4 Å) at ILL. The fi rst 
series of measurements consisted of studies of the ice Ic – ice Ih transition. The starting material 
used was high-pressure ice V (Lobban et al. 2000) recovered to ambient pressure at liquid nitrogen 
temperatures. Upon further heating at ambient pressure the recovered ice transformed into ice Ic 
at a temperature of 143 K within 15 h (Gotthardt 2001) Further temperature increase led to a 
gradual transition into ice Ih. The main structural rearrangements takes place at temperatures 
below 205 K in agreement with a number of previous observations (Dowell and Rinfret 1960; 
Kumai 1968; Handa et al. 1986a). Detailed observations were made in the temperature range 
between 180 and 265 K; for the experiment performed on D2B the temperature was increased 
at a rate of 10°/h in steps with a holding time of 30 min after reaching each target value. During 
both ramping and holding the temperature diffraction data were collected with a time resolution 
of 15 min; this is the time needed to collect data of suffi cient quality to observe changes in the 
stacking fault arrangements by scanning with 0.05° steps in 2Θ. Particular attention was given 
to the peak intensity and peak shape of the cubic 111 refl ection as well as the neighboring and 
partly overlapping hexagonal 100, 002 and 101 refl ections. Intensity changes of these refl ections 
upon heating were observed to take place fi rst rapidly, then slowing down and coming essentially 
to hold. The time spent at each temperature was chosen to cover the period in which signifi cant 
differences between adjacent data sets could be detected as established from exploratory runs 
on D20; with the good counting statistics of D20, intensity changes of 1% were detectable. The 
analysis of the intensity ratio of the hexagonal 100 and 002 refl ection indicated the persistence 
of some cubic component at temperatures as high as 237 K. Following our earlier analysis 
(Kuhs et al. 1987) this was interpreted as cubic stacking sequences and represents the fi rst 
unequivocal crystallographic evidence for the persistence of signifi cant two-dimensional defects 
at temperatures above 205 K. Only at temperatures close to 240 K these imperfections fi nally 
disappear (Kuhs et al. 2004).

Independently, a number of time-resolved neutron diffraction runs were performed on 
the high-fl ux diffractometer D20 at ILL in order to study the decomposition behavior of gas 
hydrates. Custom-made gas pressure cells were used (Kuhs et al. 2005) which were fi lled with 
almost pure gas hydrates formed from hexagonal ice (Staykova et al. 2003). Samples were 
equilibrated at the desired pressure and temperature conditions. Concomitant with a pressure 
release to the designed end pressure, data collection was started. Again, as in the case of hydrate 
formation, the pressure release to the desired value (located between a few mbar and 1 bar) took 
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a few seconds. Consequently, this time is then the achievable time-resolution at the beginning 
of the process. Complete diffraction patterns were recorded with a time resolution of 10 s up to 
1 min for the initial part of the reaction and slower acquisition rates of typically 5 min for the 
later part of the decomposition process (Fig. 14). The complete sample of typically 1 cm3 was 
intercepted by the neutron beam. The analysis of the numerous diffraction data was performed 
in an automated fashion using the Rietveld program GSAS (Larson and von Dreele 1994) 
similar to the approach described for the gas hydrate formation reactions. Between 50 and 300 
individual diffraction patterns were collected as a function of time for each of the decomposition 
runs. Beam-time restrictions limited the duration of each run to typically less than half a day. 

Analysis. Quantitative information on the progress of the reaction was obtained from the 
phase fractions of ice and gas hydrate for each data set. The results are shown in Figure 15 
for CH4- and CO2-hydrate. In agreement with earlier observations (Stern et al. 2001, Takeya et 
al. 2001) the initial decomposition was always fast, but slowed down for temperatures above 
approximately 240 K in the anomalous preservation regime. A phenomenological model 
combining an initial reaction-limited and a later diffusion-limited process can quantitatively 
explain the decomposition (Genov 2004). Similar successive processes also take place during 
the gas hydrate formation from ice as described above. More interesting in the present context 
is the detailed nature of the ice formed below and above the onset of anomalous preservation. 
A detailed inspection of the diffraction features of the ice obtained gives unequivocal evidence 
for the existence of stacking faults. They are clearly born out in shoulders of the main hexagonal 
diffraction peaks as well as in the non-ideal intensity ratio of the hexagonal 100 and 002 
refl ections. Insuffi cient crystallite statistics or textural effects can be safely excluded as an 
explanation of the non-ideal intensity ratios. It is noteworthy that the non-ideal character of the 
hexagonal ice formed is more pronounced at lower temperatures and disappears completely for 
all data sets in the self-preservation regime. Moreover, ice formed from CO2- and CH4-hydrate 
appears to be different in that the latter shows more pronounced features for deformation stacking 
faults born out in the high-angle shoulders of the hexagonal 100 refl ection (Kuhs et al. 1987).

Clear evidence is found that the ice formed upon gas hydrate decomposition at 
temperatures below the anomalous preservation window is defective. It forms small crystallites 

Figure 14. Stack of sequential powder diffraction patterns during decomposition of CO2 gas hydrates. The 
decomposition took place at 210 K. The fi rst 20 data acquisitions were done in 30 s each, afterwards, 199 
patterns were taken in 1 min each. Thus, the whole series of sequential data acquisitions took 210 min. The 
counting rate per detector cell of 0.1° width in 2θ was normalized to acquisitions of 1 min.
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of a few µm, which do not combine to larger, more homogeneous assemblies below 240 K. A 
complete annealing of stacking faults and appreciable grain growth of the ice crystallites sets 
in at temperatures of approximately 240 K. The initial amount of faults and the details of the 
step-wise disappearance of these stacking-faults upon temperature increase apparently depend 
on the parent phase as well as the speed of transformation into ice. Remarkable differences in 
lattice defects were established earlier on for the various high-pressure ices as parent phases 
(Arnold et al. 1968) In a similar way, differences in the degree of perfection were found 
for ice produced from decomposing CO2 and CH4 hydrate, with the latter showing more 
imperfections. As the water topology of both hydrates is identical (both form a cubic type I 
hydrate structure) the difference must arise from the different transformation kinetics, with 
CO2 hydrate decomposing distinctly slower with a resulting less defective ice. 

This example shows that a wealth of information going far beyond the perfect crystal 
picture is contained in diffraction data. Time-resolved studies on phase-transitions and 

Figure 15. Time dependency of the decomposition of gas hydrate into ice shown for different temperatures. 
At higher temperatures the decomposition is slower due to the effect of anomalous preservation (a) CH4 
hydrate (b) CO2 hydrate. [Used by permission of the Owner Societies, from Kuhs et al. (2004), Phys. 
Chem. Chem. Phys., Vol. 6, Fig. 3, p. 4919.]
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chemical reactions usually imply changes of the microstructure of the crystallites translating 
into changes in the diffraction profi les of the newly formed phases. A closer look at these 
details is quite often a worthwhile undertaking, but certainly also is more involved and not 
necessarily straightforward using existing structure analysis and refi nement programs. 

CONCLUSIONS AND OUTLOOK 

The time-resolved work on ices and gas hydrates is by far not completed and many 
problems remain unsolved. So far, these studies have shown that much can be learned from truly 
time-resolved studies about the processes controlling structural phase transitions and chemical 
reactions in ices and gas hydrates. Here, we can only indicate a few further research lines of 
interest. Concerning the polyamorphism of ice it will be important to prove or disprove the 
ergodicity (time-average over one molecule in phase space identical to the space average over 
the ensemble considered) of the different states and time-resolved work on samples with well 
documented history will certainly shed further light on this issue. Most likely, diffraction, small-
angle scattering and inelastic work need to be combined to really advance our understanding. 
Of the numerous phase transitions between the various crystalline phases of ice very few have 
been studied in detail. Transitions involving the restructuring of the H-bond network (usually 
pressure-driven) are strongly fi rst order with considerable hysteresis. Yet, there is some 
evidence that topotactic relationships exist (Bennett et al. 1997), an observation which is far 
from being understood in detail. Time-resolved diffraction studies of textured samples may 
provide further insight. The usually temperature-driven proton orderings are gradual without 
symmetry change in some cases (ice III, ice V; Lobban et al. 2000) or abrupt and fi rst order with 
symmetry changes in others (ice VII/VIII; Kuhs et al 1984). Sometimes doping is necessary to 
promote the proton ordering leading also to changes in symmetry as in the case of ice Ih/ice XI 
doped with KOH (Matsuo et al. 1986) or ices V/XIII and XII/XIV doped with HCl (Salzmann 
et al. 2006). It is generally accepted that Bjerrum and ionic defects in the ice lattice play an 
important role in the proton ordering processes (e.g., Wooldridge et al. 1987; Petrenko and 
Whitworth 1999) yet very little work is done to quantify the ordering processes via activation 
energies or molecular transport processes. Here again, time-resolved neutron diffraction studies 
carry considerable promise. Many open questions also prevail in the fi eld of gas hydrates and 
fi lled ices. Hydrate formation from liquid water is certainly an issue worth looking at with 
diffraction methods in combination with light scattering to study the evolution of grain sizes. 
Two-dimensional detectors may allow in the future to follow grain sizes at larger scales also by 
neutron diffraction to study Ostwald ripening and related phenomena. Furthermore, it seems 
worthwhile to study not only the changes in Bragg intensities during a transition but also to 
look at phenomena like particle size broadening, induced strain or the signatures of defects like 
stacking faults in the peak profi les. These features call for a very good angular resolution at 
neutron fl uxes acceptable for kinetic work. Such studies will generally need improved sources, 
instruments and detectors as they are under development both at reactor neutron sources such 
as ILL and time-of-fl ight facilities at LANSCE, ISIS and SNS. 

Powder diffraction is a classical entrance door to neutron scattering. Experiments 
are easy to set up and powder samples normally readily available. Constant wavelength 
diffraction does not stand in direct competition to time-of-fl ight techniques, both techniques 
are complementary, and one particular advantage for time-resolved work of reactor-based 
diffraction is the constancy and reliability of source. The data treatment such as Rietveld 
refi nement (Knorr and Depmeier 2006, this volume) or pair distribution function analysis 
(Proffen 2006, this volume) have become standardized and work effi ciently with neutron 
powder diffraction data. Due to the penetration of neutrons, complex and unique sample 
environment conditions can be fairly easily adapted. Applications of time-resolved neutron 
diffraction techniques to unresolved problems in geology or mineralogy are numerous (see 
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also Redfern 2006, this volume). One has only started to discover their potential, building on 
earlier experiences from material science. Yet, to fully take advantages of neutron scattering 
one has not only to improve the performance of the instruments but also advance sample 
environments. Some devices are available at neutron scattering centers, others need to be built 
or adapted by the user to match the specifi c needs of kinetic work. 

Finally, it should be emphasized that neutron diffraction undoubtedly gives very 
valuable insight into transformation kinetics, however, it provides only a time-space averaged 
picture of the processes. Often complementary studies using locally resolving methods like 
electron microscopy, tomography or other imaging techniques are needed for a complete 
understanding. Moreover, in a number of cases neutron wide angle diffraction may fi nd 
important complements in other neutron scattering techniques, like SANS (Radlinski 2006, 
this volume) or quasi-elastic and inelastic scattering (Loong 2006, this volume).
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