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ABSTRACT: The eﬀects of exposure to a monochromatic 10 keV X-ray beam
on thermally induced crystallization of lithium disilicate glass have been
investigated and rendered two unexpected ﬁndings. First, it was found that
an extended exposure during the nucleation heat treatment increased the
number of nucleation sites. Second, it was observed that the eﬀects extended far
beyond the sample region that was directly exposed to the X-ray beam. The
eﬀects were conﬁned to the direction perpendicular to the polarization of the
synchrotron radiation beam that was used. The eﬀects could be attributed to
photo electrons created not only by the direct X-ray beam but also by the
scattered radiation. Further evidence of the inﬂuence of photo electrons due to
scattered X-rays is found in the results of an online crystallization study on a
lysozyme solution.

’ INTRODUCTION
The use of synchrotron radiation-based X-ray techniques to
follow the evolution of materials in time has become quite
common in the past decade. The time domains available depend
on which speciﬁc technique is used, but broadly speaking one can
state that the most time-resolved experiments are performed at a
rate of around 160 s/frame. Obviously, there are experiments
where higher time resolution is required and also can be
achieved, but these are not numerous. However, in many cases,
it is not required or desirable to carry out experiments with too
high a time resolution. Common sense tells us that when
studying the drying of, for instance, cement, it is not too sensible
to take data at a millisecond time frame rate. The same is true for
many studies in catalysis or crystallization. Therefore, in many
experiments, for example, hydrothermal synthesis of dense metal
oxides catalysts at constant temperature or phase transformation
during heating at elevated temperatures, is a sample exposed to
the X-ray beam in an approximate energy range 520 keV for
several minutes or hours.
In general, the danger of sample modiﬁcation due to interactions with the X-ray beam is assumed to be relatively benign as
compared to, for instance, electron microscopy. However, the
danger for damage due to radiation by X-rays in this photon
energy range is known but apart from in the protein crystallography community not very well documented.1,2 The key to
combat the damage problem in organic crystals is to cool the
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samples to cryogenic temperatures where the damage-causing
processes are arrested. Unfortunately, the cooling strategy does
not work when one wants to study time-resolved processes of
samples where water is the solvent or where temperature is one of
the controlling factors such as in crystallization processes.
In general, the inﬂuence of exposure to radiation with photons
with energies 520 keV has a destructive tendency on either the
molecules themselves or the crystals formed from these molecules. Monochromatic X-ray beams of third generation synchrotrons do not induce suﬃcient local heating eﬀects to be the
cause of this damage, and the eﬀect has more to be sought in the
radiolysis products liberated by X-ray absorption.3 However, in
crystallization studies on polymers4 or in the solid state,5 the
eﬀects of the interaction of the X-rays with the sample have so far
been ignored apart from microfocus experiments where the local
dose is so high that not only the crystallization process is
inﬂuenced but actually the sample can be destroyed.6
There are exceptions to the destructive eﬀect of X-rays
reported in the literature. In some cases, the X-ray beam actually
caused particles to be formed,7 but these experiments were
carried out with a pink beam, that is, partially monochromated
and consequently a very high radiation dose and a possible case
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for local heating. For experiments where monochromatic radiation was used, very few references of the interference of the
X-rays with the crystallization process can be found. A report on
radiation-induced crystallization of sucrose due to 8 keV photons
from a sealed tube Cu source can be found.8 However, these
authors worked on a system of “dried raspberry ﬂavored Jell-O
(gelatin)” in which the gelatin inhibited the formation of sucrose
crystals. Once the sample was exposed to radiation for several
hours, crystallization occurred. Although the authors do not
provide an explanation for this phenomenon, it could well be that
the radiation damaged the gelatin matrix suﬃciently for the
sucrose to become mobile and start crystallization. When exposed to microwave radiation (100 W, 2.4 GHz, 1015 min
exposures), the authors found a similar eﬀect.
Several other cases have been reported in which radiation
helped to induce structure formation. The initiation of pyramidically shaped crystals on the surface of 0.5 μm thick amorphous,
mechanically buckled, barium titanate ﬁlm when exposed to a
dose of 1010 photons/s, 24 keV in a 12  12 μm2 spot is to our
knowledge the only example where radiation is assumed to
induce surface crystallization on a solid sample.9 The authors
dismiss the possibility that this might be due to local sample
heating but instead make a reasonable case that the electrons
created by the photoelectric eﬀect increase the vibration amplitude in, mainly, the light atoms. Recently, an eﬀect was reported
in which the authors claimed to have found bundle formation
under the inﬂuence of radiation.10 X-rays of around 8.5 keV are
reported to have an eﬀect on the glass transition temperature in
polymethylmethylaccrylate (PMMA),11 which could indicate an
eﬀect on the crystallization kinetics as well.
In this Article, we report some serendipitous ﬁndings of
the interaction of 10 keV X-ray photons with a lithium disilicate
(LiS2) glass. The crystallization kinetics of this type of glass
is widely studied through the years, and it is believed that
crystallization is homogeneous throughout the bulk of the
material.1214 The idea of the experiment was to subject the
sample to two-step heat treatment in which the ﬁrst step would
induce the crystallization nucleation centers and the second,
higher temperature treatment, would allow the nucleation centers to develop into crystallites. By performing combined SAXS/
WAXS experiments, one can gain insight into the growth of the
particles and the crystalline volume fraction. In this way, the
crystallization kinetics can be studied with, for instance, Avramitype methods15 provided that the sample temperature is homogeneous and the newly formed crystallites are randomly oriented
to avoid texture eﬀects. In the case that texture due to surface
crystallization exists, kinetic studies are more diﬃcult because the
texture degree might not remain the same during the experiment,
and therefore one would observe peak intensity variations due to
both growth as well as changing texture with little hope of being
able to deconvolute the two eﬀects.5,16
There are commercial materials on the market, Fotoform and
Fotoceram, which are based on LiS2 that can be crystallized by
exposure to ultraviolet radiation. However, a prerequisite for this
behavior is that the glass is doped with both Ce as well as Ag.17
The mechanism involved is that upon irradiation the Ce releases
electrons, which subsequently reduce the Ag to a metallic state.
Upon raising the temperature, the Ag atoms become mobile and
form metallic clusters, which in turn acts as the nucleus for the
LiS2 crystal to grow. In this work, we report on crystallization
studies of pure LiS2 without any dopant.
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’ MATERIALS AND METHODS
LiS2 (Li2Si2O5) glass was prepared by batch melting (1 kg batch) of
high-purity Li2CO3 and SiO2 reagents in a Pt crucible at 1550 C for 6 h.
The melt was poured on graphite to form a 0.5 cm thick patty that was
subsequently annealed at 450 C for 30 min and cooled to room
temperature by shutting oﬀ the furnace power. The patty was stored in a
desiccator. Several plates of dimension 0.2  1.0 cm were cut from this
patty using a Buehler diamond saw. Thin platelets (100 μm) were cut,
and the surfaces were slightly polished using SiO2 as polishing powder
(SPL, Zaandam, Netherlands) to remove any inhomogeneity, which
could act as surface nucleation centers. Because this material is slightly
hygroscopic, care was taken to store the materials in a desiccator and to
perform both the cutting as well as the polishing water free.
Fluorescence XAS measurements at the Pt L-edge and Au L-edge
using a nine-element Ge detector were performed at DUBBLE
(BM26A) at the European Synchrotron Radiation Facility (ESRF) to
establish contamination levels due to materials from crucibles used for
the sample preparation becoming incorporated into the sample. The
concentration of Pt and Au in the sample was below the detectable level
of the detector (<100 ppm), and therefore elemental contamination is
assumed to be irrelevant for these studies.
SAXS/WAXS experiments were performed on BM26A at the ESRF18
and on beamline 7.3.3 at the Advanced Light Source (ALS, Berkeley).19
Both beamlines have comparable parameters. BM26A is designed as an
EXAFS station but also has a SAXS/WAXS capability.18 The storage ring
was operated in 7/8 þ 1 ﬁlling mode with current between 160 and
200 mA at 6 GeV electron energy. Measurements were performed with
monochromatic beam produced by Si(111) at energy of 10 keV. The
acquisition time for frames was set to 60 s/frame. The full width beam
spot on the sample was about 0.3  1.0 mm2 (V  H), which was
veriﬁed by measuring a beam mark on the green paper. In the vertical
direction, there are no relevant intensity “tails”.20 For a typical experiment, the average photon ﬂux on the samples was 3.8  109 photons/s
(E = 10 keV) from which around (2.0 ( 0.1)  109 photons/s was
absorbed in the sample. The absorbed energy, Wabs, will only marginally
increase the sample temperature in the irradiated spot at room
temperature.9,21 An upper limit of the temperature increase due to the
X-ray absorption can be determined by assuming that there is no heat
exchange between the irradiated volume and the surrounding matrix.
The heat capacity and density of the material are, respectively, Cp ≈
200J/g 3 K and F ≈ 2.47  103 g/mm3. The irradiated volume is Virr ≈
0.05 mm3. With the measured photon energy (10 keV), photon ﬂux, and
absorption, this leads to an adiabatic temperature rise (ATR) of ATR =
1/FVirrCp 3 Wabs ≈ 1.4  104 K/s. During 3 h nucleation heat
treatment, the temperature will therefore rise at most 1.5 K.
The glass samples were mounted on the beamline in a “cage furnace”
to avoid temperature gradients over the sample.22 In this furnace, the
samples are positioned with a slight angle with respect to the direct
beam. Therefore, the vertical beam footprint is about 25% larger than the
actual vertical beam size. The temperature was measured by a PtRh
thermocouple placed close to the actual sample. The samples were
subjected to a two-step heat treatment online, that is, the Tammann
method.23 The ﬁrst nucleation induction step of 3 h was carried out at
450 ( 2 C. The temperature was reached within 30 min at a rate of
15 C/min. During this period, the samples absorbed a total radiation
dose of 4.3  1013 photons/mm2. No crystallization occurred during
this initial thermal treatment. The second (crystallization) step was at
a higher temperature ranging between experiments from 560 ( 2 to
650 ( 3 C. The duration of the second step was determined by a
combination of the temperature and the storage ring operation schedule:10 h at 650 C (fully crystallized, LidiSi-1); 5 h at 620 C (not fully
crystallized, LidiSi-2); 4 h at 600 C (not fully crystallized, LidiSi-3);
10 h at 580 C (LidiSi-4); and 12 h at 560 C (LidiSi-5).
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Figure 1. Optical microscopy from samples exposed to a 0.4  4.0 mm2 (panel A) and a 0.4  1.0 mm2 sized X-ray beam (panel B). Panel A (left-hand
side) shows a not fully crystallized sample (heat treatment like sample LidiSi-3), and panel B (right-hand side) shows LidiSi-1 (fully crystallized). Only
the central part of the areas marked “A” in both panels have been exposed to the beam during the crystallization experiment (vertical direction). The areas
marked “B” have not been exposed to the direct beam. The black bar in panel A is 1 ( 0.05 mm in length.
The use of the combined SAXS/WAXS setup with the high temperature furnace does not guarantee a suﬃciently accurate sample positioning with respect to the curved Inel detector. After being cooled, the
samples were remeasured at room temperature on the Swiss-Norwegian
beamline (BM1A) at the ESRF using a MAR345 image plate detector
with a monochromatic beam (λ = 0.7955 Å). The sampledetector
distance was 1968 mm. The X-ray beam size was set to 500  500 μm
(V  H). With this beam size, it was possible to obtain diﬀraction data
from both the areas exposed to X-rays during the online experiments as
well as the nonexposed areas. Each pattern was collected during 5 s
exposure. Analyses of diﬀraction data were carried out using FULLPROF software.24 The input parameters for the Rietveld reﬁnement
were based on the atomic coordinates determined from diﬀraction data
for Li2Si2O5 by de Jong.25
Scanning electron microscopy (SEM) images were taken with a fully
digital ﬁeld-emission LEO Gemini 1530 (Carl Zeiss SMT) scanning
electron microscope using an acceleration voltage of 20 keV. For the
SEM sample preparation, the platelets were embedded in epoxy and
subsequently cut with a diamond saw. The cross sections of the platelets
were studied.
The online crystallization experiment of lysozyme sample preparation
was carried out on a sample in which the capillary was held vertical in the
X-ray beam. The detailed sample preparation is given elsewhere.26 The
online crystallization was initiated by salting out the sample by lowering
the pH to 2.5 through the addition of 5N hydrochloric acid. Under
normal conditions, that is, not while exposed to X-rays, this ensures a
substantial amount of crystals to be formed within 10 min after the
hydrochloric acid is added.

’ RESULTS
It should be remarked that no evidence for crystal formation
was found in the samples during the initial nucleation heat
treatment at 450 C. In all cases, crystallization only started
when the samples were brought to the higher crystallization
temperature.
When the samples were removed from the sample holder after
the experiments, an obvious coloration showed where the sample
was exposed to the X-ray beam. The samples had lost transparency and, depending on the exposure time, became “frosty
white”. See Figure 1. This white area was in the vertical direction
on either side around 200 μm larger than the footprint of the
X-ray beam on the sample. In the vertical direction, the intensity
in the beam “tails” is known to be negligible and does not extend
beyond 10 μm.20 In the horizontal direction, there is hardly a
discoloration beyond the area exposed to the beam. At the

Figure 2. SEM micrograph of a freshly cleaved LidiSi-3, which has not
been exposed to the X-ray beam. The black area is the epoxy in which the
sample was embedded. A textured surface layer is observed. In the bulk,
small fairly monodisperse droplets can be seen. These are assumed to be
homogeneously nucleated bulk crystallites.

position where the X-ray beam has hit the sample, the aﬀected
area is around 15 μm larger than the actual X-ray footprint, which
is consistent with the extent of the beam “tail” in this direction.
It is not uncommon that solid-state samples that have been
kept at elevated temperatures on a synchrotron beam are
discolored at the position where the sample intercepts the
X-ray beam. Oxidation eﬀects can possibly play a role here, and
it is generally assumed that these are surface eﬀects, while the
bulk of the material is not altered. However, there is an
unexpected ﬁnding here in that the aﬀected area (∼1000 μm)
is larger than the actual X-ray beam footprint on the sample
(∼400 μm) in the vertical direction. This is the case for both the
fully as well as the partially crystallized samples. In the horizontal
direction, the discoloured region is commensurate with the beam
footprint. This has been veriﬁed by repeating the experiment
with diﬀerent horizontal slit settings while subjecting the samples
to a heat treatment like sample LidiSi-3.
To establish if there are any structural diﬀerences between the
exposed and nonexposed parts of the samples, we ﬁrst performed
scanning electron microscopy (SEM) on a cross cut through a
not exposed part of the LidiSi-3 sample. This sample should
2860
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Figure 5. The two-dimensional diﬀraction patterns from a not fully
crystallized sample (LidiSi-2) for the area exposed to the X-rays during
the experiment (panel A) and the nonexposed area (panel B). The
irregular radial intensity in panel B is typical for coarse grained samples.

Figure 3. SEM micrographs of the cross section of an area exposed to
X-rays during the online experiment (panel A) and a nonexposed area
(panel B) for LidiSi-5 embedded in epoxy (dark regions, top and bottom
of ﬁgure). The surface layers in the nonexposed sample are indicated by
arrows. In the exposed area, there is hardly any evidence of a surface layer
and the morphology is ﬁner.

Figure 6. Powder diﬀraction data from the nonexposed area (black
curve) we observe around 2θ = 12 scattering intensity, which is due to
the amorphous halo (the dotted line is a guide to the eye). This intensity
is absent in the curve taken in the exposed area (blue curve). The X-ray
wavelength used was λ = 0.7955 Å.

Figure 4. SEM micrograph of LidiSi-5 of the transition region between
the nonexposed region (marked A) toward the exposed area (marked
B). The nonexposed area clearly shows the surface layer and the coarse
morphology, while in the exposed area the surface layer is absent and the
morphology is ﬁner.

according to the heat treatment be only partially crystallized. In
this sample, we observe the presence of a textured surface layer;
see Figure 2. LiS2 is a material that is supposed to exhibit bulk
crystallization in preference over surface crystallization, but this
ﬁnding is reproducible over several samples. The occurrence of
the surface crystallization is not uncommon in this type of
experiment. In the bulk of the not fully crystallized sample, small
droplets of around 1 μm can be seen. On the basis of known bulk
crystallization rates,27 these are assumed to be small crystallites,
although the required sample treatment to prove this by either
X-ray or electron diﬀraction would be diﬃcult and beyond the
scope of this work.

When we compare the SEM micrographs of sample of the
“exposed” with the “nonexposed” areas, there are two striking
diﬀerences. “Exposed” in this context means “exposed to X-rays
during both the nucleation as well as the crystallization heat
treatment”. The surface layer that is observed in the nonexposed
area is much reduced in size or even completely absent in the
exposed area. The second diﬀerence is that the morphology in
the nonexposed area is coarser as compared to the exposed area.
The average crystallite size is estimated to be roughly twice as
large. See Figure 3.
To eliminate any uncertainty, we have obtained a SEM
micrograph for LidiSi-2 from the transition zone of the exposed
to nonexposed area. This is shown in Figure 4. From this result,
we can conclude that the inﬂuence of the X-rays is not limited to
the surface but that the bulk of the material is also altered.
Powder diﬀraction patterns of all samples were obtained from
both the exposed as well as the nonexposed sample areas. An
example of patterns from LidiSi-2 that was not yet fully crystallized before the experiment was terminated is shown in Figure 5,
2861
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Table 1. March Parameter G2
1 and the Degree of the Texture
η as a Function of the Exposure to X-rays during the Two-Step
Thermal Treatmenta
X-rays
pre-heat

crystallization

G2
1

η (%)

on

on

0.93 ( 0.02

4

oﬀ

on

1.13 ( 0.02

7

oﬀ

oﬀ

2.06 ( 0.07

40

on

oﬀ

not performed

The columns “pre-heat” and “crystallization” indicate if the sample was
exposed to the radiation during these thermal stages.
a

Figure 7. Powder diﬀraction data comparisons between samples areas
exposed to X-rays at diﬀerent stages of the thermal treatment. The peak
intensities are normalized on the 130 diﬀraction peak. The inset shows a
magniﬁed range where we observe that the 040 and 111 peaks are weaker
in the diﬀraction curves for the areas that were less or not exposed to
X-rays during the experiment.

where panel “A” shows the diﬀraction pattern from a sample area
that has been exposed to the X-ray beam and “B” corresponds to
a nonexposed area.
In the area that was exposed to the X-rays during the experiment, one ﬁnds a regular powder pattern without the irregular
intensity variations that occur in samples that consist of course
grains in which too few grains have been exposed to the X-ray
beam to generate a fully isotropic pattern. However, we ﬁnd for
the same sample in a region not exposed to the X-rays during the
experiment a rather irregular radial intensity distribution, which
is indicative of coarse crystals. In the nonexposed area, there is
also an absence or severe intensity reduction in a number of
diﬀraction peaks. This indicates the existence of crystallographic
texture in the sample.
A radial integration will obviously not render accurate intensities in the case of the textured pattern. However, this can still
be used for unit cell determinations. Because this sample was
not fully crystallized, there is still scattering intensity remaining
from the amorphous glass. In Figure 6, the result of a radial
integration is shown.
In the diﬀraction pattern of the nonexposed area, remnants
are found of the scattering halo due to the amorphous glass, which
is consistent with the degree of crystallization that should have
developed due to the thermal treatments. However, in the diﬀraction
pattern obtained from the exposed area, this halo is absent. In fully
crystallized samples, the amorphous halo is completely absent in
both the exposed and the nonexposed areas. From these observations, we can draw the conclusion that inside the exposed area the
crystallization progresses faster than outside the exposed area.
The powder diﬀraction unit cell characterization showed no
diﬀerence between regions that that were grown while irradiating
or in the absence of the beam but conﬁrmed the presence of a
single crystalline phase. Therefore, the surface layer crystallizes in
the same phase as the bulk even though the morphology appears
to be diﬀerent. The room temperature parameters of this crystalline phase are orthorhombic, space group Ccc2, a = 5.8299 (
0.0005, b = 14.6012 ( 0.001, c = 4.7832 ( 0.0005.

A further investigation was made on samples that were
nonexposed, only exposed during the crystallization heat treatment, and a sample that was exposed during both the preheat as
well as the crystallization treatment. The results of this are given
in Figure 7 in which the respective diﬀraction curves are shown.
In this ﬁgure, the peak intensities are normalized on the 130
diﬀraction peak. In the inset in the ﬁgure, a systematic intensity
decrease can be seen in the 040 and 111 diﬀraction peaks. The
curve related to the nonexposed area has the lowest intensity,
while the pattern corresponding to an area that was irradiated
during both the nucleation as well as the crystallization heat
treatment has diﬀraction intensities, which compare well with the
powder diﬀraction data that are found in the literature.25
In Table 1, the results of the Rietveld reﬁnement are shown as
obtained with the software package Fullprof.24 The March
function28 implemented in Fullprof is used to correct intensities
for the preferred orientation in DebyeScherrrer geometry and
renders that the March parameter G2
1 value equal to 1 means
perfect isotropic powder, <1 can in this case be related to the “platy”
morphology, and >1 indicates the presence of texture. The degree
of texture, η, can be determined from the March parameter.29
The relevance here is not so much the actual degree of texture
but the presence or absence of texture as a function of the
exposure to the X-ray beam. We should not forget that the
samples were platelets, but from these results it is clear that the
samples that were exposed to the X-rays during both the preheat
treatments as well as the crystallization treatment have a “platy”
type of morphology, which is in agreement with earlier ﬁndings.30
The samples that were only exposed during the crystallization
have a somewhat textured morphology, and the samples that were
not exposed to X-rays are rather heavily textured.

’ DISCUSSION
The morphology of LiS2 glass that is subjected to a two-step
heat treatment is found to be diﬀerent as a function of exposures
to X-rays during the diﬀerent steps. In the case that the sample is
not exposed, a surface layer and a bulk morphology with coarse
crystallites is formed, which is heavily textured. If the same
sample is exposed to the X-rays only during the crystallization
step but not during the nucleation step, a lighter textured
morphology is obtained. The most interesting phenomenon is
found when the sample is exposed both during the nucleation as
well as during the crystallization step. Next, an isotropic diﬀraction pattern is found with the earlier reported “platy” morphology.25 There is also a marked diﬀerence in the amorphous
glass content of samples that have been allowed to partially
crystallize. The degree of crystallinity in the exposed areas of such
2862
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samples is higher than that in the nonexposed areas. Because of
a lack of samples in the batch that we have used, we have not
been able to study samples that were only exposed during the
nucleation heat treatment.
From our data, it is clear that the X-rays inﬂuence the crystallization process. The fact that one ﬁnds a ﬁner morphology and a
faster crystallization rate when the sample is exposed during the
nucleation heat treatment provides strong evidence to an increase in the number of crystallization nucleation sites that are
being created in this step. What exactly the mechanism is by
which this takes place is unclear. It has been reported that
photoluminescence can be induced in LiS2 after exposure to
low energy X-rays, but,31 as far as we know, no inﬂuence on
structure formation has been observed.
It has been found that in mechanically stressed amorphous
BaTiO3 ﬁlms nonthermal crystallization occurred upon exposure
to rather high doses of 24 keV X-rays.9 The authors explain this
by an increase of the thermal vibration energy due to interactions
with energetic photo electrons. This could increase the hopping
probability, of especially the lighter atoms present in the sample.
However, in the BaTiO3 case, the eﬀects were conﬁned to the
surface and to the area directly exposed to the X-rays. However,
the recoil energy transmitted by the electrons is still rather low,
and electronic excitations (photo excitation and subsequent
Auger decay) might play a much more important role. Noteworthy, these processes are known to be the main contributor for
X-ray-induced atom or ion desorption from surfaces.
Studies of crystalline materials with amorphous zones created
by ion implantation irradiated by low energy electrons have
shown that even far below the energy required to induce atomic
displacements it is possible that recrystallization is induced.
Interactions that create dangling bonds are suﬃcient and do
not have to be supported by kinetic energy transfer from either
the photons or the electrons to allow migration of atomic
species.32,33 This is a plausible explanation for the phenomena
that we observe with respect to the increased crystallization.
In the optical microscopy data, we ﬁnd that the spot aﬀected by
the X-ray beam is substantially larger than the size of the beam
itself. An area with the same horizontal size as the X-ray beam
footprint but extending around 125 μm in the vertical direction on
either side of the directly irradiated region is discolored and has the
same ﬁne morphology as the area directly exposed to the X-ray
beam. We emphasize that no sizable extension is observed in the
horizontal direction. The path length of both elastically as well as
inelastically scattered electrons in the solid state is at most some
micrometers and therefore not suﬃcient to explain the rather large
extension in the vertical plane. A possible explanation can possibly
be found in the fact that synchrotron radiation is polarized in the
horizontal, that is, electron orbit, plane. Both elastically as well as
inelastically scattered photons will scatter in the vertical direction.
The scattered photons will have an energy distribution with a
maximum of the original 10 keV photons energy and, assuming a
density of 2.35 g/cm3 for the glass, an attenuation path length of
around 275 μm in this sample. Photons that are initially inelastically scattered will have a shorter range. Photo electrons can be
created anywhere in the volume throughout which the X-rays are
scattered so that the nucleating eﬀects do not have to remain
conﬁned to the direct exposed area of the sample.
The absence of a surface layer with a diﬀerent texture but
identical crystalline phase could also be explained in this scenario.
Apparently surface nucleation is not completely irrelevant for our
samples and has been observed by other authors as well.34 If the
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Figure 8. Online lysozyme crystallization experiment. The black dot
indicated by the arrow indicates where the sample was exposed to the
X-rays (∼300 μm). The diagonal bar indicates the length of the zone
around the exposed spot where no crystallites could be found
(∼600800 μm on either side of the beam spot). The capillary was
positioned at right angles with respect to the polarization of the
X-ray beam.

samples have been exposed to X-rays during the nucleation heat
treatment, suﬃcient nucleation sites could have been formed
throughout the sample and thus also near the surface, to ensure
that the surface nucleation would become less important. A test
of this hypothesis could be to expose a thick sample to the X-ray
beam so that only a single surface of the sample platelet would
receive suﬃcient ﬂux.
In the Introduction, we mentioned that in most cases the
inﬂuence of radiation had a destructive eﬀect on crystalline
structures. With the ﬁndings in this work that this was not
limited to the area directly exposed to X-rays but could extend
well beyond this region, we also have been able to explain a failure
of an online crystallization experiment on lysozyme that possible
could be attributed to radiolysis due to scattered X-rays. Figure 8
shows a capillary with a lysozyme solution in which crystallization
was induced. The dark spot marked with an arrow marks where
the capillary was exposed to a synchrotron beam of 300 μm in
both the vertical as well as the horizontal direction. There is an
“exclusion” of around 500 μm on either side where no crystallites
can be found. Beyond this region, one ﬁnds crystallites that show
the normal X-ray diﬀraction. Local heating eﬀects can be ruled
out again because even though the heat capacity of water, Cp,water
≈ 4.2 J/g 3 K, is much lower as compared to the LiS2 sample, the
potential temperature increase would still be minimal.
Initially, we have assumed that the crystallization was inhibited
by free radicals and possible other hydrolysis products generated
by the interaction of the X-rays with the buﬀer solution. However, the combination of the lifetime of radiolysis products and
the diﬀusion rates cannot explain the rather large distance over
which no crystals are found.3 The maximum path length of any of
the radiolysis products is less than 2 μm. The attenuation path
length of X-ray photons in this example, however, is around
2863
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1.5 mm, and it is therefore plausible that the radiolysis products
generated not only by the direct beam but also by the scattered
X-ray photons are suﬃcient to inhibit crystallization.

’ CONCLUSION
The data that we have collected on LiS2 samples provide
strong evidence that an exposure to monochromatic synchrotron
radiation even from a bending magnet source increases the
crystallization nucleation rate if the sample is exposed to the
radiation during the crystallization experiment. This is a rather
unexpected ﬁnding because in general one ﬁnds the eﬀects of high
ﬂux X-rays to be destructive instead of inducing crystallization.
The crystallization progresses faster in regions that have been
exposed to X-rays. The two explanations that are feasible are that
the crystal nucleation rate is higher or that the crystallization
process itself is assisted by the X-rays. The latter option is rather
unlikely, and the fact that we ﬁnd a ﬁner morphology in the samples where they have been exposed to X-rays favors the explanation that the nucleation sites are more abundant in the exposed
area. What exactly the mechanism is that induces the nucleation
is not clear at present, but local heating due to X-ray absorption
and structural changes due to the kinetic energy of photoelectrons, created by absorption of the X-rays, can be ruled out. The
most plausible explanation is that this is caused by the inﬂuence
of the photo electrons on dangling bonds.
The experiments show that the eﬀects due to radiation extend
spatially well beyond the area directly exposed to X-rays in the
direction at right angles to the X-ray beam polarization. The only
explanation for the spatial extension of radiation eﬀects beyond
the directly exposed spot is that this is due to the absorption of
X-rays that already have been scattered. The intensity of this
scattered radiation is several orders of magnitude lower as compared to the direct beam, but when using a (medium intensity)
beamline on a third generation synchrotron radiation source the
number of scattered photons apparently is still numerous enough
to interfere in a non negligible way with the samples in both the
solid as well as the liquid state.
The original aim of the experiment was to study the crystallization kinetics of lithium disilicate samples when subjected to a
two-step heat treatment by online SAXS/WAXS experiments.
This two-step treatment was intended to separate the nucleation
events from the crystallization growth and induce heterogeneous
nucleation in the bulk of the material. Our results show that this
approach for this particular glass can only be applied when care is
taken to minimize the radiation dose and especially avoid the
exposure to X-rays during the thermal treatment intended to
induce crystallization nuclei.
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