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X-ray absorption fine structure studies of molten metal fluorides containing the materials related to
nuclear engineering are intensively summarized. By using XAFS spectra data of divalent and trivalent
cation metal fluorides in molten state which have been collected by authors’ group for a few years, local
structure have been extracted and discussed systematically in conjunction with other spectroscopic
studies and numerical calculations. In molten divalent fluorides, tetrahedral coordination of fluorides
around a cation is predominant. In the case of pure molten trivalent fluorides, structure with more than 6-
coordination has been suggested in some cases, but octahedral coordination structure is much stabilized
at heavier rare earth metal fluorides. By mixing with alkali metal fluorides, it is a general trend that inter-
ionic distances keep constant, but coordination number of fluorides decreases. In experimental chapter,
all the details of sample preparation, furnace installation, X-ray optics setups and data analyses
procedures are explained. Finally, future expectations of XAFS technique are also suggested.
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1. Introduction
1.1. Molten metal fluoride in nuclear engineering: its brief history

Molten metal fluorides have often been utilized as media in
pyro-metallurgic processes. One of the successful industrial
processes is aluminium metallurgy. Also in nuclear technology,
molten fluorides have attracted many interests. One of which is to
apply for liquid fuel reactor system, e.g., molten salt reactor. This
concept was proposed by Oak ridge national laboratory, and in
practice, molten salt reactor experiment was performed success-
fully in 1960s. Unfortunately, this project was abandoned soon, but
in the beginning of 2000s, molten salt reactor was selected to be
developed as one of promising fission reactor candidates in
Generation IV programme [1]. Compared to fission reactors using
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solid fuel, fuel recycle process would be rather simpler. However, a
liquid fuel cleaning by metallic extraction of multi-processes is
required to remove accumulated fission products and/or corrosion
materials. Electrochemical methods depending on elements would
be considered to be introduced.

Another possibility in the application of molten fluorides is
pyrochemical reprocessing of nuclear fuels from fission reactors.
Pyrochemical process has an advantage of compactness, and it
leads to reduce secondary wastes evolved from treatment. At the
moment, there is no concept using only molten fluorides from the
beginning to the end of nuclear treatment processes, but its
specific feature of completely different ordering of redox potential
referring to that of molten chloride would evolve innovative
concept. The processes by adding certain amounts of fluorides into
molten chlorides have been examined to be applying to electro-
chemical treatment of spent nuclear fuels [2].

On the contrary to the wide application to fission reactor systems,
there are quite a few examples applied to molten salt technology in
the nuclear engineering field, one of which is molten fluoride system
used as a blanket candidate in fusion reactors. Molten salt is utilized
as a coolant as well as a tritium breeder medium. Historically, Flibe
has mainly been considered to be used [3], but LiF-PbF, is also an
alternative candidate in fusion reactor [4].
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Another application of molten salt is used as incineration media
of radioactive materials at an accelerator driven system [5]. In this
concept, the advantageous characteristics of large solubility of
incinerated elements and good chemical resistance from irradia-
tion can be utilized.

1.2. Several tasks for materialization of chemical processes using
molten fluorides

The main problem of molten fluorides is strong corrosive
nature, thus oxides should be avoided to be used as any material
directly contacted. Because of this reason, the materialization
using molten fluorides for industrial processes has been regarded
to be difficult, but according to accumulation of several experi-
ences in using fluorides, Ni-based alloys, refractory metals, glassy
carbon, boron nitride and oxide-free ceramics, e.g., SiC and AIN are
considered to have enough stabilities to the reaction with molten
fluorides. However, to apply to nuclear technology process, these
materials are kept under irradiated condition, thus in several cases,
the development of multi-composite material would be required.

Molten salt is a typical model of liquids where coulombic
interaction is predominant, thus compared with water and organic
solutions, the numerical examination study would be much easier
performed. Once the global model is constructed, it is easy to
simulate the chemical behavior of species in experimentally
difficult systems, since local structures and dynamic properties
related to directly chemical engineering parameters in the
processes should be highly correlated. However, compared with
molten chlorides, structural information of molten fluorides has
still been relatively limited. According to recent innovation of the
investigation tools as well as accumulated experiences of handling
materials, several publications appear in this decade.

1.3. Spectroscopic studies

Classical infrared and ultraviolet-visible spectroscopic techni-
ques have been well utilized at evaluation of chemical species in
liquids. In the case of molten fluorides, as mentioned above, these
techniques are extremely difficult, since oxide glasses as optical
windows are impossible to be used. Probably these techniques are
applicable if either the samples in multi-component fluorides at
reduced temperature or the samples containing less concentration
of fluoride can be prepared.

Raman spectroscopy is frontier technique in the investigation of
molten fluorides. Classically Oak ridge national laboratory
performed it to obtain the spectra [6]. Since Belgian group
designed carbon windowless cell, a lot of publications have
appeared until now [7]. Greek group has published a lot of
systematic investigations [8]. Raman spectroscopy is an excellent
tool to investigate strong covalent interacted liquids, such as
network-like structure, but when more than two contributions of
species are overlapped in the spectra, it is very difficult to identify
each contribution. If we would expect to obtain the spectra in high
resolution, the concentration focused should be enough to be
observed, ca. more than 5 mol% of composition of the molten
mixture systems. Referring to crystal structure of known solid
phase, several species can be conjectured to exist in molten state,
however, the information obtained is global, and main discussion
can be done by how is the difference from symmetrical structure.

Nuclear magnetic resonance (NMR) spectroscopy is also an
excellent tool of the investigation on molten fluoride, since the
chemical shifts of '°F and '®>°La nuclei are very sensitive to the
variation of local environment. French group has special probes only
adapted to high temperature samples [9]. In this measurement, the
samples confined in boron nitride crucible are heated by CO, laser

heating system. An advantage of this technique is to look at local
environment around focused atom in variety of compositions and
compounds at various temperatures. But the structural information
can be discussed by referring to the chemical shift values of crystal
structures already known, and some nuclei which do not depend on
the variation of local environment, e.g., ’Li have been empirically
recognized and some rare earth nuclei are difficult to be observed by
NMR because of their paramagnetic characteristics.

X-ray absorption fine structure (XAFS) can be applied to various
compounds and conditions to elucidate the local structure around
a given atom. Its great advantage from other techniques is to be
possible to derive concrete values of structural parameters, such as
inter-ionic distances, coordination numbers and temperature
factors, etc. [10]. French and Japanese group independently have
developed how to materialize measurements on molten fluorides
using synchrotron radiation X-rays. The advantage of XAFS is its
flexibility on sample environment, but of course, there are
limitations. This technique is mainly applied to the elements
heavier than Sc, because of the energy range of X-ray. Historically,
the analytical procedure tends to contain human’s artifacts and
model dependence.

In this review, we focus on XAFS studies on molten fluoride. First,
we show some results of molten divalent and trivalent cation metal
fluorides and their mixtures with alkali metal fluorides, and compare
with the structural parameters obtained each other, referring to the
information derived by the other spectroscopic investigations.
Second, we explain experimental configuration and data treatment
in details to show how we try to avoid human’s artifact from
analytical procedure. Lastly, the perspective of this research and the
way to combine with other techniques are described.

2. Divalent cation metal fluorides and their mixtures
2.1. PbF, and LiF-PbF, mixture

Molten LiF-PbF, has been proposed for application to an
alternative candidate as the liquid blanket material for fusion
reactor systems [4]. Also, the specific characteristics that pure PbF,
undergo phase transition from orthorhombic () to cubic () at
589 K and cubic (f3) to superionic phase at 711 K below its melting
point (1128 K) [11], would attract much interests from engineers
to develop ionic sensor materials. Thus, XAFS spectra of both pure
PbF, and LiF-PbF, at various temperatures have been collected to
investigate local structural variation [12] and concentration
dependence of LiF-PbF, mixtures [13] have also been examined.

The most difficulty of this system was how to treat multiple
excitation effect associated with 2p4f at ca. 180eV above the
absorption edge [14]. Also, o phase of PbF; has already known to be
an asymmetric crystal structure from the viewpoint of Pb atom,
thus only structural parameters regarded as averaging 1st
coordination shell can be derived by XAFS spectra.

Although these restrictions of XAFS analyses on this system
exist, superionic phase transition was clearly observed by
indication of drastic phase shifts in XAFS spectra, which is
corresponding to rapid increase on dynamics of fluorides [12].
By means of molecular dynamics simulations of PbF, at various
temperatures using polarizable ionic model [15], the above
features at solid phases including superionic phase are well
reproduced surprisingly [13]. However, both EXAFS signals and
structural parameters of molten PbF, are not successfully
reproduced by the MD simulation, thus still both efforts on careful
re-evaluation of experimental data and potential optimization is
required for this system.

In the LiF-PbF, mixtures, the structural parameters show 4
fluorides coordinated tetrahedral geometry is predominant except
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Fig. 1. XAFS oscillations, x(k)-k?, of BaF, at various temperatures obtained by (a): stepped scan mode (b): quick scanning techniques (in part).

around eutectic composition (it seems to be 6-coordinated
predominantly) [13]. These results suggest addition of Li* hardly
affects on the local structure around Pb?*, since 4-coordinated
structure also reported previously in molten PbF,-KF
(xppr2 = 20 mol%) by Raman spectroscopy [16]. This specific feature
at eutectic composition may be caused by thermodynamically
specific characteristics.

2.2. SrF, and its mixture with alkali metal fluorides

Strontium is one of long-lived radioactive fission products, thus
local structure around it in molten salt would be valuable
information to design a pyrochemical treatment process [17].
SrF, is of symmetric fluorite crystal structure at low temperature,
and undergoes superionic phase below its melting point (1740 K)
[18]. XAFS spectra of pure SrF, [19] and mixtures with LiF, NaF, and
KF (xs;r2 = 20 mol%) at various temperatures have been collected
using Sr-K edge. As similar to observation in PbF, system, drastic
phase shift in XAFS spectra can be identified between 1073 and
1273 K, which is very consistent to superionic phase transition
already reported [18]. The structural parameters at molten phase
have been carefully evaluated using all temperature conditions,
and 4 fluorides coordinated structure which is very close to those
observed in superionic phases seems to be stable. For this system,
alkali cation species effect have also been studied, but there is no
considerable difference among the parameters obtained to be in
the range, Ng;r=3.1-3.2 and Rs=2.52-2.53 A at 1173 K. Both
values are slightly smaller than those of pure molten SrF,.

2.3. BaF,
Barium has been focused also for the same reason above,

because it is one of fission products. However the melting point of
pure BaF; is very high, we used an infrared gold image furnace to

heat the sample up to 1673 K under high vacuum condition. The
extracted XAFS oscillations, x(k)-k*> obtained by stepped scan
measurements at various temperatures are shown in Fig. 1(a).
Similar to the observation in PbF, [12], a small phase shift in EXAFS
spectra, corresponding to superionic conduction phase transition,
is observed between 1273 and 1573 K. Fig. 1(b) shows the EXAFS
spectra obtained by quick-scan technique applied during heating
cycle between 1273 and 1573 K. These spectra indicate that the
superionic conduction transition occurs between 1373 and 1473 K,
and this temperature range lies in-between the superionic
transition (1050 K) and melting (1620 K) temperatures reported
in [18]. Weaker XAFS signals with continuously overlapped noise,
generally lead to ambiguous structural parameters due to several
reasons, such as large thermal fluctuations at a given time and/or
location causing signal averaging, infrared wave interruption
causing non-linearity in ion chambers’ counting ability, large
current regulated temperature controller causing electrical noise.
Also, such high temperature conditions make it difficult to
measure temperatures exactly. Thus it becomes essential that
further improvements in the design of sample holder and heating
device must be carried out. However, the present results indicate
that the quick-scan technique would be a promising tool to
investigate transient changes even under high temperature
conditions.

2.4. Summary of divalent cation metal fluoride systems

One of the most striking results obtained by XAFS analysis for
these divalent fluoride systems is that the temperature depen-
dence of the structures has been investigated systematically [20].
As shown in Fig. 2, coordination numbers of fluoride ions around a
divalent cation decrease with a temperature increase for all
systems. The local structural changes in liquid states of these
systems have also been evaluated, and structural properties in
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Fig. 2. Temperature dependence of the first coordination structural parameters, i.e., (a) inter-ionic distances and (b) coordination numbers, obtained by XAFS analysis on PbF,,

SrF, and BaF,.
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superionic conductor states of fluorite crystals are revealed to
resemble liquid structure. In the superionic conductor state of the
fluorite crystal, formation of clusters of interstitial anions and
vacancies are suggested by neutron diffractions [21]. The XAFS
signal of the superionic state is affected stronger by the interstitial
anions than fluoride ions at regular lattice positions due to the
shorter inter-ionic distances. Therefore, the structural changes in
the superionic conductor states are conjectured to be determined
by balance of cation-interstitial anion coulombic attraction and
thermal diffusing mobility of fluoride ions. Difference in the
polarizability of cations would be one of essential factors to lead
the local structural difference in divalent fluoride systems.

3. Trivalent cation metal fluorides and their mixtures
3.1. Rare earth metal fluorides

Some of the rare earths are fission products and used as
prototypes of nuclear fuel materials. Thus extensive structural
analysis on molten fluorides containing rare earths should be
necessary to make any materialization of nuclear technology
processes.

One of the difficulties in the analysis of XAFS spectra of this
system is how to deal with irregular or distinct oscillations caused
by multiple electron excitation effects, which is due to 2p4d
resonances appeared at ca. k=5.7-7 A~ [22]. This stepped or
spiked feature is especially emphasized under high temperature
conditions because the predominant oscillation resulting from
coordination structure itself is weakened due to increasing thermal
disorder. To show one of the case studies here, we choose XAFS
spectra of LaF;-NaF obtained by using both La-K and La-L;; edges
[20]. To avoid interruption from multiple electron excitation
effects, we utilized another multiple X-ray backscattering simula-
tion code, GNXAS [23]. The detailed analytical procedure has been
published [20], but basically, we first perform molecular dynamics
(MD) simulations by assuming reasonable inter-ionic pair
potential model to obtain average coordination structures, and
then input these coordination data into GNXAS code to calculate
the XAFS oscillation. The experimentally extracted XAFS oscilla-
tions and those calculated from GNXAS code for the La-K and La-
Ly edges are shown in Fig. 3(a) and (b), respectively. In both cases,
the experimental and calculated XAFS oscillations are in good
agreement except the spiked features in La-Lj; spectra. This
comparison in k-space, thus, validates the inter-ionic potentials
used in MD simulations as well as the structural parameters
derived from MD. The structural parameters obtained from curve-
fitting procedure in R-space are slightly underestimated than those
derived from MD, thereby showing the limitations of curve-fitting
procedure in some cases. However, the Sy value (the reduction
factor correlated to the probability of single electron excitation) for
La-Ly; edge data is ca. 0.6, and this implies multiple electron

excitation phenomena. This information might be useful in
estimating the X-ray excitation probability ratio. It is, thus, not
necessarily meaningless to perform curve-fitting analysis on a
single peak in R-space data.

By following this strategic analysis procedure combined with
molecular dynamics simulations, we obtained much reliable local
structural information for pure molten rare earth metal fluorides,
even though we cannot achieve collection of XAFS spectra on
lighter rare earth metal fluorides, e.g., pure LaF3 due to its high
melting point [24]. The 1st coordination distances between rare
earth cation and fluoride anion depend directly on ionic size and
polarizability of rare earths. The most striking feature is all
coordination numbers show more than 6, and 6 fluorides
coordinated structures become stabilized toward heavier (smaller
cationic sized) elements.

3.2. Mixtures of rare earth metal fluorides and alkali metal fluorides

Although, as illustrated above for pure rare earth fluorides, we
need further refinement of XAFS structural parameters in
conjunction with MD and diffraction techniques, but the para-
meters derived for different systems from XAFS spectra can be
compared quantitatively with each other to look at the trends in
the data. The inter-ionic distances and coordination numbers
around M;?* or My;®* ions in pure melts and their mixtures with
alkali metal fluorides are plotted versus the elements in Fig. 4(a)
and (b), respectively [12,13,19,20,24,25]. Fig. 4(a) indicates
perfectly the “lanthanide contraction”. The nearest neighbor
M2*-F~ and My >*-F~ distances have values almost similar to
the sum of the ionic radii, M;?* for 4-coordinated structures,
owmn + or, and Myt for 6-coordinated structures, owy + o [26].
From this observation, we expect that all the fluoride systems
investigated here form on average the 4-coordinated tetrahedra for
MyF; systems and the 6-coordinated octahedra for My;F; systems
in the first coordination shells. Similar observations have earlier
been made in chloride and bromide melts [27].

Nevertheless, the trends in the coordination numbers of all the
investigated systems seem to be much complicated, especially for
the lanthanide fluorides and their mixtures (Fig. 4(b)). But, in
general, coordination numbers decrease in mixtures than those in
pure melts. Another observation that can be clearly made is that
with decreasing ionic radius, the coordination number decreases
with the exception of some elements. The dependencies on the
type of alkali metal cannot be observed clearly in the case of
mixtures with M;F. Thus, in the investigated concentration region
(xmr3 = 20 mol%), the local environment around lanthanide ion is
determined mainly by its own characteristics, i.e., the strong
coulombic interactions between My>* and F~.

Raman spectroscopy of lanthanide fluoride-potassium fluoride
melts suggested that LnFg>~ species are predominant in the molten
mixture with alkali fluorides at XLnF; < 25 mol% [28]. Recent 8%y
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Fig. 3. XAFS oscillations [experimental (lines) and calculated (circles)] of molten LaF;-NaF (x;,r3 = 20 mol%) at 1173 K: (a) La-K, (b) La-Ly; edges.
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NMR study on YF3-LiF (xyr3 = 30, 50 and 70 mol%) suggested even
higher coordination state than octahedra exists in the melts, since
all the chemical shift values are very similar to the value of solid
LiYF, (8-coordinated structure) [29]. 'F NMR [29] tells also that
free fluoride ions provided by alkali metal fluoride are bound and
shared between LnF, polyhedra at the composition of
xLnF3 > 25 mol%, and the number of free fluoride ions decrease
with increasing the composition of LnF3, and then finally a
network-like structure is created at pure melt. These discussions
lead that the coordination numbers of fluorides around a rare earth
ion decrease to 6 by mixing with a large amount of alkali metal
fluorides. EXAFS analysis of the systematical study suggests that 4—
6-coordination structures dominantly exist in mixture systems at
xLnF3 = 20 mol%. Although slight discrepancy can be found in the
coordination number, this tendency in concentration dependence
obtained by XAFS analysis agrees with the information from
already published. Recent '*°La NMR study [30] shows clearly the
alkali species dependence which does not be identified by EXAFS
study. This fact exhibits the limitation of fitting analysis to derive

the structural parameters by EXAFS, thus to make precise
discussion, combination with other techniques, e.g., NMR and
molecular dynamics simulation are important.

4. XAFS experiment and data treatment
4.1. Sample preparation

Although some fluorides are chemically stable enough at room
temperature, all the samples have to be treated in a glove box
under dried argon circulation from the beginning of sample
preparation, since all the fluorides would react with even small
amount of oxide at high temperature. For EXAFS measurement,
homogeneously distributed samples in X-ray irradiation area have
to be prepared to obtain good resolved spectra. One possibility is to
confine the molten samples in certain containers with rigid and
smooth walls, but it is extremely difficult to find suitable cell
materials and design geometry for molten fluorides because of
their corrosive nature. Thus the handling technique in which the
samples are embedded in inert matrices has been used for molten
fluorides measurements as a conventional method. It is the most
essential to find inert ‘enough’ material for matrix. Boron nitride
powder (Showa Denko, 99.5% purity, 10 pm particle size on
average) has enough stability against molten metal fluoride. Fig. 5
shows B-K (a) and N-K (b) edges X-ray photo emission spectra of
the samples used already at high temperature XAFS measure-
ments. In B-K edge spectra, small peaks corresponding to borate
can be identified, but they would be negligible on XAFS spectra at
high temperature. The other essential issue is to find suitable
mixing weight ratios with samples, because if too large ratio of
chemicals/BN, samples would immerse out from the matrix, if too
less, matrix powder may affect to the local structure of the sample
itself. From our experiences, we found suitable chemicals/BN ratio:
one pellet of 1/9 for measurements using Ly; edges, three pellets of
1/4 for measurements using K edges and these cover reasonable X-
ray absorptions at the X-ray absorption energies for XAFS analysis.

Pure reagents mostly 99.9% or better in purity were used as raw
chemicals. In the case of mixtures, the reagents properly weighed
were once molten, solidified in glassy carbon crucibles, and ground
into powder form with the grain size less than a few pm to get
homogeneous mixtures. These reagents were then mixed with BN
matrix powder homogeneously for more than half an hour, and
pressed into pellets of 13 mm diameter and ca. 1 mm thickness
pressured by 10 tons of a mechanical oil hydraulic press and dies.
These pellets were installed between two BN sample holders with
open windows, and the sample holders were inserted in the
rectangle engraved hole of the BN stud to keep the sample vertical
to the X-ray irradiation as shown in Fig. 6. French group has also
independently developed specific holder for EXAFS measurements
at high temperature [31]. The preparation of pellets is in an almost
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Fig. 5. B-K edge (a) and N-K edge (b) XANES spectra of standard sample (BN and B,03) and used pellet (SrF,, EuF; + BN) for high temperature XAFS measurements.
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Fig. 6. Inner view of the electric furnace (left) and schematic drawing around the sample pellet (right). BN stud is fixed at middle of the furnace. Two BN plates with holes for X-
ray path hold the sample pellet between them, and they are fixed on BN stud as shown in the right figure. Thermocouples inserted from outside of the furnace are fixed in the

sample holder just below the pellet (bottom).

similar way, but their holder made from two pyrolytic BN has thin
windows at installing part of pellets. Due to larger contact area of
two plates, it allows to avoid the effect of outer environment as
much as possible. This configuration would be much ideal,
especially, for measuring environmentally sensitive samples.

4.2. Furnace

The choice of suitable heating device applicable to XAFS
measurements at high temperature is also essential. Required
conditions are such that thermal isolation and homogeneous heat
distribution around the sample area should be enough achieved;
atmosphere can be well controlled; samples can be easily changed;
all materials can be easily replaced; and, structure materials
should have enough corrosion resistance characteristics specifi-
cally for molten fluorides.

The furnace types are categorized into three groups by heating
procedures.

(1) Heating element attached directly to the samples: In European
Synchrotron Radiation Facility (ESRF), BM29 beamline, the
pelleted samples are heated by conducting carbon sheet
attached directly to the samples [32]. It is suitable to observe
the temperature effect of the sample but it is inadequate for
molten fluorides due to their reaction probability with carbon
sheet. Also potentially, the furnace chamber is made of glass
material that would be easily reacted and, the sample must be
kept under high vacuum to establish heat isolation, but
deposition of evaporated samples is not negligible if liquid
sample has high vapor pressure.

At Conditions Extrémes Matériaux Haute Température et
Irradiation (CEMHTI), a unique furnace has been developed, in
which heating elements are made by also graphite plates, but
they contact through pyrolytic boron nitride cell [33]. Large
contact area would achieve heat homogeneity at the sample.

(2) Heating element non-attached to the samples (resistance): In
ESRF BM26, there is another design of a furnace [34]. Heating
element is rather simple as like as just bore kanthal heating
element rounded by alumina ceramics. But due to complicated
structure of furnace including sample installation part, we
cannot avoid exposing samples to the atmosphere for a long
time, and the most crucial matter is that the furnace itself is not
hermetic.

In High Energy Accelerator Research Organization, Photon
Factory (KEK-PF), there is a furnace equipped double heaters
using sheathed kanthal heating element [35]. This furnace

chamber can establish good hermeticity, but due to poor
thermal isolation in the chamber, the maximum temperature is
limited when the sample should be heated under He gas
environment. Also the sample should be inserted from the top
which is stuck tightly on the cover, thus usually it takes at least
10 minutes to change the sample.

Thus, we have arranged our own furnace adapted to our
purpose. This furnace is designed by Rigaku Corp., shown in
Fig. 6. The furnace elements are two alumina plates surrounded
by Pt-Rh20% alloy wire and stood at the parallel direction to X-
ray. The sufficiently thermal heat homogeneity and isolation is
established by using heat shield made of porous silica alumina
and well water-cooled aluminium body. The window material
of heat shield is either thin nickel foil or aluminium, and the
outer windows attached to the body are polyimide films with
aluminium coated. The sample pellet with a holder was
installed in the central position of the furnace, and the
temperature is controlled and monitored by two R-thermo-
couples inserted from the bottom of the furnace within +5 K of
the set value after equilibrium. This furnace environment can be
well controlled either under gas flowing or vacuum using a rotary
pump. The most advantage of this furnace is in the simple
construction, and we can thus quickly change the samples and
repair it if we meet something trouble.

Japan Atomic Energy Agency has also independently
developed the furnace, which is constructed by cylindrical
furnace element surrounded by kanthal wire, and water-cooled
stainless steel body [27]. It has been devoted only to molten
chloride studies.

(3) Heating element non-attached to the samples (others): To
achieve much higher temperature than that produced by a
resistance furnace, we have also experienced to develop
infrared gold image furnace system. Basically, it is constructed
by commercial equipment (ULVAC Inc.) using Tungsten heater
lamps to emit the infrared. However, to protect oxidation from
the heat from these lamps, we have to introduce not only
cooling system by water for entire body, but also air
compressed to cool directly these heater elements themselves.
Furthermore, the sample should be kept in the transparent
quartz chamber under high vacuum achieved by a turbo
molecular pump. As described previously, the technical
problems still exist in the application of this system to heat
fluorides; e.g., to optimize the sample holder to avoid damaging
by heat from the sample irradiated, and to protect the ionic
chambers to be affected by the infrared radiation from the
furnace itself.
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4.3. XAFS measurement

The optics and setups of XAFS measurement can be utilized
without any modification as can be provided by the beamlines in
any central synchrotron facilities [32,35,36]. The monochroma-
tized X-rays were cut by two-dimensional slit adjusted to be
irradiated in the sample target area, in our case, e.g., 1 mm high and
2-5mm wide. The sample in the furnace should be kept fixed
between two ionic chambers to monitor X-rays, one for incident
and the other for transmitted. The most important thing when we
install the furnace in the beamline is that any inhomogeneous
material should not interrupt an X-ray beam. Usually, an x-z
mechanical stage or a lab-jack to monitor with X-ray sensitized
paper or sheet was used for sample geometry alignment, and
sometimes an automatic stage to monitor X-ray image of
transmitted beam with X-ray CCD camera also can be used.
However, even though we thought the all optics and furnace
geometries were completed in exactly the same way, sometimes,
we notice the difference in the quality of XAFS spectra using
exactly the same samples in the same temperature conditions in
the different time. Thus, if we want to compare the XAFS spectra
with each other much precisely, it is ideal to collect the systematic
data in the same time.

The XAFS spectra discussed above have been collected system-
atically by using beam lines BL7C (La-Ly;, Ce-Lyy, Nd-Ly;, Sm-Lyy,
Gd-Ly;, Dy-Lyy), BL10B (Pb-Lyy;, Er-Lyy;, Yb-Lyy;), BL27B (Sr-K, Y-K,
Eu-Ly;, Ho-Ly;, Lu-Ly;) at the KEK-PF (Japan), and on beam lines
BLO1B1 (Ba-K), BL16B2 (La-K, Sm-K), BL38B1 (Ce-K, Sm-K) at the
SPring-8 (Japan). The X-rays used for measurement are obtained by
double crystals of Si (1 1 1) monochromatized with detuned at PF
BL7C and BL27B, channel cut single crystal of Si (3 11) mono-
chromatized at PF BL10B and double crystals of Si (311)
monochromatized with Rh coated focusing mirrors to prevent
from contamination of higher ordered X-ray at SPring-8. The gases
for ionic chambers depend on the X-ray energies and the size of
ionic chamber ideally, but usually, we chose them depending upon
measured energy ranges, E<10keV for Ip: N, [: Ar+N,,
E > 10keV for Ip: Ar+ Ny, I: Ar, E > 30keV for Ip: Ar+Kr, I: Kr.
In normal step-scanning method, the counts of I, and I are
collected for 1 s at each energy step: 4.0, 1.0, 2.0 and 4.0 eV for the
appropriate energy ranges to cover enough oscillation for solid
phase (k=ca. 18 A~1). In order to take into account the statistical
errors in the data, an average of at least five consistent scans were
used for the final data analysis.

4.4. Data analysis: cumulant fitting

Since the analytical procedure of XAFS spectra by using WinXAS
2.3 software [37] has already been written in detail [20], we
describe briefly about the most essential part in this review. The
modified Victoreen equation with three fitting parameters was
used for the pre-edge energy region and the fitted curve was
subtracted from the whole spectrum to obtain background-
subtracted spectrum at first. Secondly, it was divided by edge
jump height to obtain the normalized spectrum. Third, to convert
the energy to k™1, the absorption threshold energy, Eo was decided
by the inflection point on the edge jump. And then, XAFS signal,
x(k) was extracted from the background-corrected X-ray absorp-
tion spectrum by assuming that the X-ray absorption of isolated
absorber was expressed as a combination of three 2nd degree
polynomials. Radial structure function, FT| x(k)-k®| was obtained by
Fourier transformation of k3-weighted XAFS oscillation. However,
this radial structure function does not represent the radial
distribution function since the inter-ionic correlation peak appears
normally at the slightly shorter position from the correct inter-

ionic distance. Thus, theoretical calculation of backscattering
factors and peak fitting analysis are necessary to obtain the
quantitative structural information. The backscattering amplitude
and the phase shift used for fitting analysis were derived from the
theoretical calculation of multiple X-ray scattering by FEFF 8.0
XAFS simulation code [38]. Local structural parameters around
each multivalent ion were derived by curve-fitting analysis applied
to the first neighboring M;?*/My >*-F~ correlation peak in
FT| x(k)-k3|. Correction terms related to the unharmonic oscillation
effects, 3rd and 4th cumulants should be introduced in the fitting
parameters at high temperatures. Structural parameters such as
coordination number, Debye Waller factor, 4th cumulant factor
and inter-ionic distance, Eq shift, 3rd cumulant factor are highly
correlated one another. Thus, the spectra at various temperatures
were utilized to derive physically reasonable structural para-
meters. To reduce uncertainty of parameter fitting procedure, we
also have utilized thermally equilibrated ionic configurations
derived by molecular dynamics simulations to reproduce XAFS
spectra using either repeating FEFF calculation [39] or GNXAS code
[23] in some cases.

5. Concluding remarks

As we explained above, structural parameters such as the inter-
ionic distances and the nearest neighbor coordination numbers of
fluoride ions around multivalent ions were systematically
obtained by XAFS analyses.

XAFS is a powerful tool to elucidate local structures of materials
at high temperatures and transient states, and its applicability to a
variety of systems would be still opened, e.g., to obtain the
structural information on the systems containing nuclear materi-
als and to elucidate the mechanism of in situ electrochemical and/
or reduction-oxidation reaction to follow the time and space
variations. For these purposes, the technical innovation on both X-
ray optics and sample environment would be still needed and
underdeveloped, thus quick scanning, micro-beam, and fluores-
cence measurement techniques combined with high energy X-rays
are surely expected. Also, the analytical procedure of XAFS can be
further refined. One of the possibilities of structural refinement
procedure is aided by MD simulations with PIM + FEFF [39], but in
several cases, XAFS spectra could not be well reproduced yet by
using empirical pair potentials. To focus on the alkali dilution
effect, French group has accumulated XAFS spectra of LiF-LaFs,
LiF-YFs, LiF-LuF3 and LiF-ThF, at high temperatures by combina-
tion with NMR spectroscopy [40]. These are quite valuable data
which would contribute to draw a global model for mixtures, but
quantitative analyses are underway. To obtain further firm
structural parameters that would stand the test of time, XAFS
technique should be used in conjunction with numerical calcula-
tions, and extra efforts to accumulate structural information from
X-ray and neutron diffractions as well as spectroscopic techniques
should be made. Such multi-technique approaches should also
pave the way to construct a generic model for MD simulations and
to expect chemical behavior at practical pyrochemical reproces-
sing processes.
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