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The President’s Page

Dear fellow neutron scientists,

My first encounter with neutron science came
during my studies at University of Copenha-
gen, where Aage Bohr taught a course explor-
ing symmetries as underlying principles for
quantum mechanics. As illustrations he used
the neutron interferometry experiments pio-
neered by Helmut Rauch and co-workers. It
was mind-bafflingly beautiful to hear how
neutrons — massive particles — could be
treated as wave-functions interfering with
themselves across centimetre distances be-
tween ribbons of perfect silicon crystals.
Later | found myself doing a PhD in neutron
scattering at Risg National Laboratory, where
| had the pleasure of meeting Niels Hessel
Andersen, who besides his ever-enthusiastic
character impressed me by running a re-
search program from fundamental neutron
studies of flux line lattices to technologically
relevant development of superconducting
tapes. Also during this time | had the pleas-
ure of traveling to Warwick to do measure-
ments in the group of Don Paul, who | enjoyed
meeting over the years at facilities and meet-
ings alike. The reason for sharing this little
trip down memory lane is that within few days
in September | received the sad news that
these three people had passed away. | wish
to dedicate this column to their honour.
Neutron science is not just instruments col-
lecting data — it is people with ideas and

collaborations. When traveling for experi-
ments we meet colleagues who become
friends. It is this facility aspect, which knits
us into a community across scientific disci-
plines.

To finish with god news, in July this year,
the Swiss membership of Institut Laue Lan-
gevin was renewed for another 5 years 2019-
2023. We are grateful to the Swiss Federation
and its State Secretariat for Education, Re-
search and Innovation for supporting this
important opportunity for collaborative re-
search in disciplines from life science and
engineering to fundamental quantum phys-
ics, and | look forward to meeting colleagues
and friends around the instruments and cof-
fee machines at ILL and other facilities in the
coming years.

Cordially,
Henrik M. Rgnnow



Helmut Rauch

Niels Hessel Andersen

Don Paul
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The Coulomb phase is a state of matterin
which the correlation function of local degrees
of freedom can be coarse-grained and mapped
to an emergent divergence-free field [2], which
means that although the Coulomb phase has
no broken global symmetry it has local gauge
symmetry and the closed loop topology of the
associated field lines. Many types of Coulomb
phase are possible - includinginice and spin
ice, spin liquids, dimer models, and materials
with correlated structural disorder - but exper-
imental examples other than spin ice-type
magnetic systems are very scarce. Here we
study the fluoride pyrochlore CsNiCrFs and
show that this material is a multiple Coulomb
phase with signature correlations in three
degrees of freedom: charge configurations,
atom displacements, and spin configurations.

Coulomb phases are so far identified in
systems governed by a localice rule, as is the
case in all the above-mentioned examples,
and illustrated in Fig. 1. The ground states of
such systems have a large degeneracy and
non-trivial topology, as reflected in the pos-
sible configurations of the field lines [3]; dy-
namics involve the formation of topological
defects in the field or coherent fluctuations
of the field, which can respectively be identi-
fied as generalized charges and photons of



Figure 1

Illustration of Coulomb phase construction/mappings and structural features of CsNiCrF.

A: The pyrochlore lattice (corner-sharing tetrahedra) supports a Coulomb phase when the local
degrees of freedom can be mapped to non-divergent lattice fluxes on the diamond lattice (tetra-

hedron centers) [1]. The ice rule for spins in a spin ice (two-in-two-out) has a direct connection
with non-divergent configurations of flux variables (blue arrows) around the diamond lattice.
Antiferromagnetic pseudo-spins for a Coulomb phase when they obey a two-up-two-down rule
(green and orange arrows).

B: The pseudo-spins map directly to the configurations of two cation types occupying the py-
rochlore lattice and forming a charge ice (green and orange spheres).

C: When vector spins are coupled antiferromagnetically on the pyrochlore lattice (i.e. a py-
rochlore Heisenberg antiferromagnet) all ground states satisfy the condition that the total mag-
netization of every tetrahedron is zero (e.g. black arrows). This can be ensured if the Sy, vector
components are each represented by a family of pseudospins that obey the ice rule (blue, green
and orange arrows).

D: The structure of CsNiCrFg has F~ anions (small blue spheres) coordinated to two cations (or-
ange spheres are Cr?*, green spheres are Ni?*). The bond valence sums of the cations can be im-
proved by displacing those anions shared by a pair of unlike cations towards the cation with
larger charge (Cr?*). The edges with non-displaced anions form a fully packed loop model on the
diamond lattice (green and orange lines).

E: The structure of CsNiCrFs is composed of the pyrochlore lattice of cations, coordinated by oc-
tahedra of F~ ions. The octahedra share each of their vertices with another octahedron, forming
tetrahedra of tilted octahedra. (Extended sections of the fully packed loop model are shown and
the octahedra are drawn undistorted.)

F: The structure contains large cages in the form of an octahedron that is truncated and capped
with rectangular pyramids in which the Cs* ions reside.



the relevant field theories [4,5,6]. This con-
trasts strongly with conventional phases of
matter, which are characterized by a broken
symmetry, local order parameter, and trans-
verse or longitudinal fluctuations of the order
parameter for excitations [7,8]. Well known
Coulomb phases are classical and quantum
spinice [3,4,5,9,10,11]. In the former, the local
ground state for magnetic moments has two
spins pointing in and two pointing out of each
tetrahedron of the pyrochlore lattice, an ex-
ample of an ice rule. Connecting the tetrahe-
dra and propagating the ice rule across the
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lattice leads to power-law spin correlations,
as evidenced by pinch-points in the diffuse
(neutron) scattering: the signature of a Cou-
lomb phase [2,10]. The coarse graining trans-
formation from a spin configuration that obeys
the two-in-two-out condition on every
plaquette of the lattice, to a non-divergent
field can be imagined qualitatively. In the
classical case, dynamics are only due to the
hopping of topological defects (i.e. tetrahedra
where the ice rule is broken), which are the
much-discussed emergent magnetic mono-
poles [11]. In the quantum spin ice case, co-
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Theoretical predictions of the dynamics of the pyrochlore Heisenberg antiferromagnet. In large
regions of reciprocal space the relaxation function S(Q,t)/5(Q,0) (from [18]) has identical relaxa-
tion times are expected. The scattering function at these wavevectors will have the same width,

even if their (unnormalized) structure factor is different. Nodal lines joining the pinch points can

be clearly seen, and different dynamical regimes are expected along these lines. Our mapping

and scanning inelastic measurement positions are shown by the curved lines and dots.
B: Along a nodal line (i.e. (h,h,-h)) (from [17]) the spectrum shows the crossovers from gapless

relaxational dynamics at the pinch point (Knodai=

0), to gapless diffusional dynamics at small |k|,

to quasi-dispersive fast dynamics toward |k|=0.5, with broad and weak signal for |k[>0.5.



herent fluctuations of the field are also pos-
sible, and these are the sought-after emergent
photons [4,5,6].

Of course, the study of Coulomb phases is
also connected with the study of geometric
frustration, which is a useful effect for obtain-
ing a system with a degenerate ground state
controlled by a local rule. Two historic models
of frustration, the charge ice [12,13] (Fig. 1B)
and the pyrochlore Heisenberg antiferromag-
net [14] (Fig. 1C) are also predicted to be
Coulomb phases but neither has a good ex-
perimental model system. The pyrochlore
Heisenberg antiferromagnet is one of the most
simply stated and canonical models of frus-
trated magnetism — classical spins on the
pyrochlore lattice interact by a nearest neigh-
bor antiferromagnetic interaction — and the-
oretical investigations show that this model
exhibits all the general aspects of a Coulomb
phase [14,15,16,17,18,19]. The spin correlation
function has the power-law behavior, accom-
panied by pinch points in the static structure
factor[15,19]. The continuous spins mean that
a family of lattice flux fields encode ice rules
for each vector spin component simultane-
ously, while in spin ice only one such field is
required for the Ising spins. Topological de-
fects in these flux fields are monopoles,
though in this case not discrete asthey arein
spin ice [17,18]. Their creation or annhilation
modifies the magnetic charge density locally,
and relaxation of this disturbance leads to a
monopole current. The associated spin relax-
ation rate exhibits E/T scaling and occurs at
generic wave vectors, including the pinch
points, as shown by the theoretical spin re-
laxation function S(Q,/S(Q,0) [17,18] illus-
trated in Fig. 2A. Wave vectors on the nodal
lines that connect the pinch points are differ-

ent to the generic points. The relaxational
response at the pinch point gives way to spin
diffusion at small wave vectors where fluctu-
ations conserve the local magnetization,
these are the cooperative dynamics of this
type of Coulomb phase; fast, quasi-dispersive
dynamics due to remnant spin waves appear
furtheralongthe nodal lines, asillustrated in
a cut through the simulated S(Q,w) along a
nodal line shown in Fig. 2B [18].

The charge ice is yet more venerable, being
originally identified as an example of struc-
tural frustration by Anderson in his investiga-
tion of the magnetism and structure of ferrites
(i.e. spinels in which a pyrochlore sublattice
may host two different cations and/or antifer-
romagnetism), in which he made the connec-
tion between the configurational degeneracy
of Ising-like variables on the pyrochlore lattice
(be they spins or two types of cation) with that
of ice [12]. The vibrational analogs of the
generalized Coulomb phase dynamics de-
scribed above have not been investigated,
but it was recently suggested that the lattice
dynamics of so-called procrystalline solids
may be of interest for functional properties
such as thermoelectricity [20]. A procrystalline
solid is one in which the average structure is
crystalline, but a disordered motif governed
by a simple rule generates correlated disorder,
as distinct from random or uncorrelated dis-
order. A charge ice would be an example of a
procrystalline solid, though it is a general
classification and other combinations of rules
and lattices were identified. Moreover, in
dense spin systems with mixed cations such
as Y>CrSbO7 or YbMgGaO,, site and bond
disorder clearly have important consequences
forthe magnetic properties [21,22,23]. These
materials are all currently suggested to have
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random disorder, but although correlated
disorder may be difficult to detect, it is highly
probable because the long-range nature of
the Coulomb interaction makes it divergent
in the presence of random disorder. Further
investigations of such materials may well
emphasize the importance of understanding
spin systems that live on structures with cor-
related disorder.

In this work, we used x-ray and neutron
scattering to investigate correlations and dy-
namics in the fluoride pyrochlore CsNiCrFs.
The structure of a fluoride pyrochlore such as
CsNiCrFs is composed of a pyrochlore lattice
occupied by the two transition metal cations.
Many combinations are possible, the only
requirement being that one has 2+ valence
and the other 3+. The cations are coordinated
by octahedra of F~ions that share each of their
vertices with another octahedron, forming
tetrahedra of tilted octahedra. The structure
contains large cages in which the Cs* ions
reside, each coordinated by 18 F~ions, giving
a cage in the form of an octahedron that is
truncated and capped with rectangular pyra-
mids. These structural elements are illustrated
in Fig. 1E,F. The cage centers, where the Cs*
ions are located in the ideal structure form a
diamond lattice. From the point of view of
magnetism, the Curie-Weiss temperature (-70
K) suggests that in CsNiCrFs, the magnetic
moments interact antiferromagnetically on
average. CsNiCrFs was therefore previously
suggested to be a pyrochlore Heisenberg
antiferromagnet [24,25], before the concept
of a Coulomb phase emerged. However, the
magnetic moments have two sizes (Ni2* has
S=1, Cr3* has S=3/2), and even under the
simplest assumption different superexchange

interactions for Ni-Ni, Ni-Cr and Cr-Cr pairs
should be expected. Both factors lead to the
complete destruction of the local degeneracy
of the true pyrochlore Heisenberg antiferro-
magnet that is crucial to the formation of a
Coulomb phase in that model. Nonetheless,
CsNiCrFe is highly frustrated, with significant
magnetic dynamics and no order at tempera-
tures well below the Curie-Weiss temperature
pointing to a fluctuating state. With two ions
of different charge on the pyrochlore lattice,
itis also a candidate charge ice.

We first sought to understand the struc-
ture, tackling the average structure by con-
ventional diffraction experiments and inves-
tigating departures from it by measuring the
diffuse scattering. To investigate the average
structure, we performed single crystal neutron
diffraction measurements using TRiCS at SINQ
and VIVALDI at the ILL, and synchrotron x-ray
powder diffraction experiments at the SLS.
From refinement of models of the average
structure against the crystallographic data we
drew three conclusions: firstly, as shown in
Fig. 3A, the average structure is well described
by that of the mixed metal fluoride pyrochlores
(see Fig. 1D,E), with isotropic displacement
parameters [26]; secondly, the thermal dis-
placement factor of the Cs* ion is by far the
largest of all the atoms, and is strongly ther-
mally activated as shown in Fig. 3B; lastly,
split site models in which ions partially occupy
a lower symmetry site around the expected
position, as they do in other pyrochlore ma-
terials with structural disorder [27], are not
stable or do not improve the refinements.

Because there is significant contrast in
neutron scattering length between the two
cations (for Ni b¢=10.3 fm and for Cr b=3.6
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Figure 3

Average structure refinement and model parameters of CsNiCrF.

A: Rietveld refinement against synchrotron x-ray powder diffraction data shows that the average
structure is well described by the ideal fluoride pyrochlore structure.

B: The atomic displacement parameters as a function of temperature (at low temperature there
is general agreement between two single crystal neutron diffraction experiments (cyan and ma-
genta) performed on small pieces of one sample and the x-ray experiment performed on
crushed pieces of two different samples), showing that the Cs* ions have the largest displace-
ment parameters.

C: Loci of bond valence sum optimizing positions for the Cs* ions in two different cages of a sim-
ulation supercell. There are many possible ice rule obeying cation configurations around the
cage, and hence many displacement patterns for the F~ ions that form the cage. Adding up the
loci for all Cs* atoms in a large simulation generates a hollow spherical shell around the ideal
Cs* position (magenta sphere at the center).

n
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Figure 3
Structural diffuse scattering in CsNiCrFe.
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A: Structural diffuse neutron scattering measured at 1.5 Kand separated from magnetic scatter-
ing by polarization analysis (note that the colour scale starts at 0.01 (arbitrary units) to highlight
the weak diffuse scattering around (1,1,1) and (0,0,2), there is a significant wavevector inde-

pendent diffuse.

B: Predicted diffuse scattering of a charge ice with substitutional correlations only.
C: Diffuse scattering calculated for our model with charge ice cation correlations and F- and Cs*
displacements. In B and C the calculated intensity is multiplied by a scale factor and a wavevec-

torindependent contribution added.

D: Cuts through the experimental data (positions indicated by lines on A) show that the feature
around (h,h,0) sharpens inward toward the (2,2,0) position, and is, therefore, the pinch point

visible at that position in B and C.

fm) there should be a direct signature of
charge ice correlations in the structural (i.e.
nuclear) diffuse neutron scattering. The struc-
tural diffuse scattering is shown in Fig. 4A,
and its form indicates that non-trivial struc-
tural correlations are indeed present. A simple
model, with just the configurational correlated
disorder of the cations in the charge ice has
diffuse neutron scattering with the structure
factor of the antiferromagnetic spin models
towhichitis closely connected, and the form
factor for coherent nuclear scattering (i.e.
essentially independent of wave vector), as
in Fig. 4B, and therefore overlapping with any
diffuse magnetic scattering. We therefore

used polarized neutron scattering to separate
the structural and magnetic diffuse scattering,
employing D7 at the ILL. However, in the ex-
perimental data the intensity of the diffuse
features generally increases with the magni-
tude of the wavevector, as compared to the
simple charge ice with diffuse features that
have similar weight across the whole pattern.
A Coulomb phase on the pyrochlore lattice
must have pinch points at (-2,-2,0) and (0,0,2)
[1 and these can be seen clearly in the calcu-
lation. One of these pinch points can also be
seen in the experimental data, where a trian-
gularregion of intensity around (h,h,0) sharp-
ens to a point at (2,2,0). The sharpening of



the scattering towards the (2,2,0) Bragg point
is confirmed by cuts through the experimental
data (Fig. 3D), so this feature is therefore a
type of pinch point. The intense diffuse scat-
tering around (0,0,6) at the limit of our wave
vector coverage suggests another pinch point,
in agreement with the calculation. The pinch
points show that the ice rules have long-range
coherence, and their presence in the experi-
mental data shows unambiguously that a
structural Coulomb phase is present. The
other, more diffuse, features characterize
local structures that exist within the Coulomb
phase and show that the structure contains
contributions beyond purely ice-rule obeying
cation configurations. Which is to say the ice
rule is obeyed, but other motifs have a greater
weight in the configurations than would be
expected from the ice rules alone (an example
would be states formed only from hexagonal
loops on the pyrochlore lattice, which obey
the ice rules but whose correlation function
is shorterranged than the power-law expected
for unbiased ice rules).

When working with single crystal diffuse
scattering data with relatively limited wave
vector access, numerical modelling in direct
spaceis convenient [28,29,30,31,32], and we
propose a simple model for our structural
observations. The average structure is an ef-
ficient compromise but is frustrated: no cation
has an exactly optimal bond valence sum [33],
though none are far from their optimal values.
Assuming perfect ice rule cation correlations
amongst Ni2* and Cr3* across the whole lattice,
we can make a local distortion throughout the
structure (Fig. 1D) that optimizes the bond
valence sum of both cations. The Ni/Cr cations
all share four F~ with cations of the other type
and two with cations of the same type. We

assume only that any F~ shared between a
Ni2+-Cr3* pairis displaced (always by the same
amount) toward the Cr3+, sufficient to simul-
taneously optimize the bond valence sum of
allNiz*and Cr3*ions. Every tetrahedron there-
fore has four edges with a displacement and
two without, a condition that can readily be
represented by an ice rule on a single tetra-
hedron, butthe relationship between ice rule
and fluxes requires a sign change in “up’ and
“down’ tetrahedra, since anions are displaced
toward a cation in both of the tetrahedra of
which the cation is a member. The required
displacementis small enough to lie within the
radius of the isotropic displacement param-
eters obtained from the diffraction data, con-
sistent with the absence of a split site in
structural refinements or Fourier difference
maps. Then, if we search for the locus of sites
around the ideal position that optimize the
bondvalence sum for each Cs*, we find it takes
the form of one or more connected loops on
the surface of a sphere, with the average over
all Cs* sites making a hollow spherical shell
(see Fig. 30). In the average structure, with no
F~ displacements, the Cs* bond valence sum
would be optimized in four discrete pockets
slightly displaced along the diamond lattice
bond directions of the Cs* sublattice. This
modification of the Cs* displacement from
split site to hollow shellis an important aspect
of the model, since the large, isotropic dis-
placement parameter of the heaviest atom in
the structure is a surprising observation. As
in other cases of a hollow shell distribution,
the radius of the shell is larger than the dis-
placement parameter of the atom in the aver-
age structure [34]. The introduction of the
cation correlations and local distortion of the
octahedra has a strong effect on the calcu-
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Figure 5
Magnetic diffuse scattering in

CsNiCrFe.

A: The experimental magnetic diffuse
neutron scattering measured at 1.5 K,
simultaneously with the structural dif-
fuse scattering in 4A.

B: The structure factor of the py-
rochlore Heisenberg antiferromagnet

(at T=0) including the average mag-

4 2 0 2 4 4 2 0

(h,h,0) (r.lu.)

lated structural diffuse scattering - the local
distortions redistribute the weight towards
larger wave vector, suppressing the partin the
center of the pattern (Fig. 3C) but leaving the
pinch point at (2,2,0) described above. If the
framework cations are random, the local dis-
tortions can still improve the bond valence
sums, and still have the same effect on the Cs*
displacement topology, but the diffuse scat-
tering is a featureless response from the ran-
dom cations weighted to larger wave vectors
due to the displacements. Our model does not
reproduce every aspect of the structural diffuse
scattering pattern, but the form of the experi-
mental data and improvements made over the
simple charge ice calculation suggest the basic
ingredients — a charge ice of Ni2* and Cr3*,
displacements of the F~ anions that inherit
Coulomb phase correlations from the underly-
ing charge ice, and Cs* ions disordered over
the surface of a spherical shell around the cage
centers —are correct. The modelis very simple
(some additional considerations can be found
in the supplementary information of [1]) and
we expect to improve it by measuring structural
diffuse scattering at larger wave vectors.

(h,h,0) (r.lu.)

netic form factor for Ni2* and Cr3+ [19].
Isointensity contours from the calcu-
lation are superimposed on the ex-

perimental data as guides to the eye.

The Coulomb phase in the anion displace-
ments can also be identified as a fully packed
loop model. Those edges with a non-displaced
F~ anion (or matching cations at each end)
select two of the links of the diamond lattice
thatterminate at the lattice point at the center
of the tetrahedron (Fig. 1D), and each of these
cations is a member of another such pair on
adjacent tetrahedra, similarly selecting two
more diamond lattice links on these tetrahe-
dra (Fig. 1D, E). Following the links selected
in this way reveals loop in the lattice, and
since every link of the diamond lattice is a
member of just one loop and each diamond
lattice point is visited by precisely two loops,
this is an example of a fully packed loop
model. The same fully packed loop model is
found in a spin ice [35]. Fully packed loop
models represent an intriguing type of corre-
lated disorder, which has so far found exper-
imental relevance only in two dimensions
[36,37]. In CsNiCrFe, this displacement ice
must play an important role in the exchange
interactions and their disorder. The ideal
pyrochlore Heisenberg antiferromagnet has a
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single exchange parameter, but here we can
expect three, one each for Ni-Ni, Ni-Cr and
Cr-Cr bonds. The required theory will not be
one of random disorder of exchange strengths,
but of a strongly correlated spatial distribution
of exchanges, whose structure is encoded by
the fully packed loop model [38].

The magnetic diffuse scattering, obtained
simultaneously in the polarized neutron scat-
tering experiment, shows that the spins also
form a magnetic Coulomb phase. The static
magnetic correlations contain pinch points,
distributed as in the pyrochlore Heisenberg
antiferromagnet, as shown in Fig. 5A and B.
The inelastic spectral weight that was previ-
ously reported was found to have a related

Figure 6

Wave vector dependence of magnetic dynamics
in CsNiCrFs. S(Q,w) at 0.5 meV shows a struc-
ture factor very similar to the correlations shown
in Fig. 5, but with broadened pinch points. Con-
stant wave vector scans at pinch points and
points on the structure factor where relaxational
dynamics are expected (see Fig. 2) all have the
same width (shown in [1]); constant wave vector
scans along the nodal line (h,h,-h) show a gap-
less spectrum at small |k, followed by an up-
ward dispersive peak for 0.2¢|k[<0.5, followed by
broad, weak signals of decreasing intensity
(shown in [1]). These findings are in qualitative
agreement with predictions for an antiferromag-
netic Coulomb phase such as the pyrochlore
Heisenberg antiferromagnet.

intensity distribution, as shown in Fig. 6, as
measured using the FlatCone analyzerat IN14.
Conventional TAS measurements, also using
IN14, show that the dynamics have some
characteristics in common with the theoretical
findings for the pyrochlore Heisenberg anti-
ferromagnet described above. At generic
points on the structure factor, although the
intensity may be different, the fluctuations all
have the form of a quasielastic Lorentzian with
the same width, as implied by the normalized
correlation function shown in Fig. 2A. Along
two nodal lines we measured a broad, disper-
sive envelope, periodic with respect to the
pinch points and vanishing beyond the max-
imum of the dispersion, as in the calculation
shown in Fig. 2B. A more detailed study would
be required to examine the scaling collapse
for spin diffusion at small reduced wavevector
on the nodal line. These measurements are
presented in Ref. 1, the point we wish to un-
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derline here is that the magnetic Coulomb
phase in CsNiCrFs has dynamics similar to
those of the pyrochlore Heisenberg antiferro-
magnet, despite the significant differences in
the underlying pattern of exchanges that we
have been describing.

In Ref. [38] a model of classical spins of
two types with exchange interactions distrib-
uted according to the fully packed loop
model on the pyrochlore lattice was investi-
gated by analytical calculations and numer-
ical simulations. Four phases were identified,
depending on the relative strengths of the
like- and unlike-pairinteractions. In the case
that the interactions between the two types
of like-cation pairs dominate over the inter-
actions between the unlike pairs, a magnetic
Coulomb phase is formed (phase IV of [38],
two of the other phases are related ordered
structures, and the last is partially ordered).
The strong like-pair interactions on the fully
packed loop model mean that the spins
within loops, which are of the same type, are
correlated antiferromagnetically, while the
weaker unlike-pair interactions mean that
the loops become independent of each other.
The spin correlation function has the same
power-law form as the pyrochlore Heisenberg
antiferromagnet, with the same pattern of
pinch points, but these correlations are in-
herited from the underlying cation or ex-
change structure. Our observation of the
magnetic Coulomb phase in CsNiCrFs sug-
gests that its exchange parameters are com-
patible with the magnetic Coulomb phase
described in Ref [38]. It was suggested that
the observation of magnetic correlations of
this form in candidate materials for this
model would itself signify the presence of
the underlying charge ice, though we have

presented independent structural evidence
that this is the case.

The theoretical dynamics of the magnetic
charge ice have not been investigated in de-
tail. In [38] they were suggested to involve
spin waves living on the fully packed loops.
Ourobservations are compatible with this, in
the sense that we observe a broad dispersive
envelope along the nodal line, which was
associated with a remnant spin wave excita-
tion of the highly correlated PHAFM Coulomb
phase in Ref. [17]; and sharp, propagating spin
wave modes would not be more probable for
the magnetic Coulomb phase of Ref. [38].
However, the similarity of the dynamics that
we have observed in CsNiCrFg with the de-
tailed predictions of Ref. [17] suggest that the
general nature and universality of Coulomb
phases holds true: because both the py-
rochlore Heisenberg antiferromagnet and the
magnetic charge ice have similar conserved
ortopological quantities built from local con-
straints operating on the spins and leading
toidentical long-range parts of the correlation
functions, the resulting dynamics are similar,
irrespective of how these constraints are ac-
tually established. The expected clear depar-
ture from the classical pyrochlore Heisenberg
antiferromagnet behavior eventually mani-
fested in the temperature dependence of the
relaxation rate at the generic wavevectors.
Although this quantity is predicted to be
simply proportional to the temperature and
vanish as T—0 [17,18], we find a much weaker
temperature dependence and residual re-
sponse at the lowest temperature. Below
T=2.3 K magnetization measurements on
CsNiCrFs exhibit a FC/ZFC splitting similar to
canonical spin glasses [24,24]. A slowing
component of dynamics that coexists with the



processes we measure here, and which falls
into the time window of a magnetization ex-
periment seems by no means inconsistent
with Ref. [24], but the significant inelastic
spectral weight that we observe both above
and far below this temperature precludes that
CsNiCrFe is a canonical spin glass [24,24].
Given the relatively small spin sizes, the low-
est temperature response may indicate that
a quantum spin liquid [39] replaces the clas-
sical one.

We have found multiple Coulomb phases
in CsNiCrFs — a charge ice and associated
displacement ice, and a magnetic Coulomb
phase with antiferromagnetic character. The
magnetic Coulomb phase shows dynamical
signatures of the pyrochlore Heisenberg an-
tiferromagnet, a classical spin liquid of much
higher local symmetry. Our results suggest
that despite two systems having quite differ-
entinteraction schemes, they may share many
of the same physical properties, since these
are controlled by the robust local gauge sym-
metry of the Coulomb phase and its associ-
ated conservation laws. The detailed predic-
tions of wave vector-dependent dynamics of
a classical antiferromagnetic Coulomb phase
have not previously been examined experi-
mentally, due to the absence of a good exper-
imental model (although recent work suggests
a quantum analogue in NaCaNi,F; [40]). The
consequences of ice-rules disorder in the vi-
brational dynamics (of the framework) have
not been examined experimentally or theo-
retically, and this will be an interesting topic
forthe future. On the other hand, the interplay
of framework and caged-atom dynamics are
of great interest in controlling the advanta-
geous thermoelectric properties of skutteru-
dite and clathrate compounds such as CeF-

e;Sby, [41], and superconductivity in the
analogously structured osmate pyrochlores
such as KOs,0¢ [42]. While not necessarily
connected with the Coulomb phases, this
represents a more general and interesting
physics that can also be studied in these
materials. The fluoride pyrochlore crystal
structure has great chemical flexibility, includ-
ing the possibilities of significantly varying
the magnetic properties with numerous com-
binations of transition metal cations, replac-
ing the alkali metal cation with a guest of quite
different character such as NH,+, or extracting
it, as in FeFs, and of exploring charge ordered
versions using compositions such as AFe;Fe
[43,44], perhaps with a view to metallization.
We therefore suggest that these compounds
are of considerable interest for exploration of
both unconventional spin correlations and
dynamics (and the phases of [38]), as well as
new functionalities based on correlated dis-
order.
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1. Introduction

Neutron imaging as an experimental method
complementary to that of other transmission
imaging techniques (e.g. that of X-rays imag-
ing) has long' been utilized for a broad spec-
trum of scientific questioning. While the early
neutron radiographies were based on the
neutron converters combined with film, a
guantum step in neutron imaging achieved
by the introduction of digital neutron imaging
(predominantly using neutron sensitive scin-
tillator screens and charge coupled devices)
in the early 1990s allowed for acquisitions of
series of time-resolved neutron radiographies
and neutron tomographies.

The evaluation of the neutron transmission
imaging is based on Beer-Lambert law,

Tour _ -3ty -sey)

Iin
where Z(x,y) is the total linear attenuation
coefficient of the transmitted material in pixel
position (x,y) and s(x,y) is the path length of
the transmitted neutrons through the sample
in pixel position (x,y).

The local object transmittance at position
(x,y) is obtained through pixel-wise referenc-
ing of the sample image /(x,y) with an open
beam image /o(x,y) (i.e. the image acquired
without any sample) and a dark currentimage



Io(x,y) (i.e. image acquired without neutron
illumination) using the Eq. 2:

Lout . 1x,y)-Ip(%y)
Ii IO(XJY) - ID(XJY)
The achievable spatial resolution is a key
quality factor for any imaging method. Limi-
tations to the spatial resolution provided by
neutron imaging are implied by three main
factors. Firstly, the neutron detection process
involves intermediate particles (the conver-
sion electronsin the case Gd-based detection

T(x,y) =

and alpha and triton in the case of Li-based
detection) whose mean free path length in
the detection material contributes to the re-
sulting image blur. The second reason is con-
nected to the divergence of the neutron beam
utilized for imaging. The divergence (usually
expressed by the so-called L/D ratio of the
utilized pinhole geometry forimaging, where
D is the diameter of the beam defining aper-
ture and L is its distance between such aper-
ture and the sample position) leads to higher
image blur for objects positioned further away
from the imaging detector. Third, even though
the available neutron flux is not directly af-
fecting the intrinsic spatial resolution of neu-
tron imaging detectors, it is in all practical
terms limiting the spatial resolution of neu-
tron transmission imaging that can be
achieved in areasonable experimental time2.

There are therefore competing require-
ments on the optimization of the scintilla-
tor-based neutron imaging detectors. While
thinner scintillator screens provide higher
spatial resolutions, the detection efficiency
intrinsically decreases with the screen thick-
ness. The original digital neutron imaging
has been performed using 6LiF/ZnS scintilla-
tor screens3#. Being bicomponent material
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(8LiF — the neutron absorber, ZnS - the light
emitter) of relatively low neutron capture ef-
ficiency, the 6LiF/ZnS screens are usually
utilized in thicknesses largerthan 100 pm and
the spatial resolution is therefore correspond-
ingly limited to similar values. Higher resolu-
tions (~30 um) could have been later achieved
by detectors using gadolinium oxysulfide
screens>® that are usually used in thickness
of 10 to 20 micrometers. Thinner scintillators
based on natural gadolinium oxysulfide ex-
hibit rather low neutron detection efficiency’.
Higher spatial resolutions (~10 pm) -albeitin
one image direction only- were achieved using
tilted scintillator-based detectors and proved
useful for imaging of fuel cells®. Further pro-
gress has been achieved in recentyears at the
Paul Scherrer Institut (PSI) within the frame-
work of ‘PSI Neutron Microscope’ project in
which the scintillator screens based on
isotopically enriched 157-gadolinium were
developed.

The aim of this article is to focus on this
particular advancement and to underline its
significance with examples of several appli-
cations that were enabled by the availability
of the very high spatial resolution neutron
imaging. Last but not the least, the paper is
concluded with an outlook into the future
possible avenues for further enhancements.

2. ‘PSI Neutron Microscope’

High spatial resolution neutron imaging is a
fast-developing area driven by the demands
from the user community. Provided that ‘high
resolution neutron imaging’ is loosely defined
as neutron imaging with the capability to re-
solve about 10 pm structures or better, there
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are several approaches that demonstrate such
capability?10:11213 At PSI, a high-resolution
neutron imaging detector has been developed
within the framework of the ‘Neutron Micro-
scope’ (NM) project. As neutrons are not fo-
cussed using this device, the NM is not per se
a neutron microscope and can be described
more precisely as a ‘high resolution, high
numerical aperture optical microscope with
the lightinput based on the high performance
neutron sensitive scintillators’. The NM de-
tector has been developed in two stages. The
first prototype of the detector utilized a mag-
nifying objective with a 4 um thick gadolinium
oxysulfide (Gd,0,5:Tb) scintillator screen and
has been able to acquire images of approxi-
mately 8 micrometers spatial resolution.

In the current version of NM, a tailored
objective of high numerical aperture (NA=0.4)
composed of thirteen individual lenses (the
three of which closest to the scintillator screen
made of radiation hard glass) has been cou-
pled with the isotopically-enriched 157-gado-
linium oxysulfide ("37Gd,0,S:Tb; hereafter
referred to as 157-gadox)'. The scintillator

Magnifying objective

High-resolution scintillator screen

Black body grid/Multichannel plate
positioning stage

Optional X-ray source

Figure 1

3D drawing of the ‘PSI Neutron Microscope’
high resolution neutron imaging detector.
(Figure adapted from™ Trtik et al., 2017)

screen represents the central aspect in the
high spatial resolution detection of neutrons.
The provision of highly isotopically enriched
(more than 88%) gadolinium-based scintilla-
tor screens enabled to overcome the contra-
dictory requirements of the high spatial res-
olution and the high detection efficiency. It
was shown that both the neutron absorption
power and the generated light output in-
creased approximately by a factor of four when
compared with the scintillator screens based
on natural unenriched gadolinium oxysulfide.
The NM has been designed as a self-contained
detector (including its own dedicated sample
positioning stage — see Fig.1) independent
from the current operating infrastructure of
the PSI neutron imaging beamlines and can
therefore be transferred between various
beamlines rather easily providing enough
space is available at the given beamline. The
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Figure 2

(left) neutron radiography of a Gd based Siemens star acquired using ‘PSI Neutron Microscope’,
(right) close-up of the centre of the Siemens star of the left hand side image clearly revealing the
ends of the approximately 4 micrometre spokes. (Figure adapted from™ Trtik et al., 2019)

NM can utilize various CCD/sCMOS cameras
and offers routinely the pixel size of the ac-
quired images as low as 1.3 micrometres'.
The real spatial resolution of the NM detectoris
in sub-5 pm domain as demonstrated using the
Siemens star'8 test object (see Fig.2). The Fourier
ring correlation assessment of the Siemens star
image delivers 4.6 micrometres spatial resolu-
tion and by visualinspection the approximately
4 micrometres thin ends of the individual spokes
of the test pattern can be discerned™. Further
enhancement of the light output has been re-
cently achieved by structuring the 157-gadox
scintillator screen substrates2°.

Apart from the advances in the available
spatial resolution, there has been recent pro-
gress also regarding the quantification preci-
sion of neutron imaging. An experimental

approach to compensate for scattering and
systematic biases in quantitative neutron
imaging — the so called black body (BB) cor-
rection — using grids of neutron opaque bod-
ies has been recently proposed?' and imple-
mented?2. Unlike the case of the neutron
imaging with lower resolution set-ups in which
BBs based on "°B,C cylinders were used, the
miniaturized BB grids for NM were fabricated
using ¥”Gd,03 powders. The contributions of
the sample scattered neutrons and of the
background can be measured locally “behind”
the black bodies and subsequently estimated
for the entire image.

Figure 3 shows all the raw data images that
are necessary to be acquired for the neutron
radiography with BB correction that allow for
quantitatively correct assessment of linear
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Figure 3

Set of raw images required for the black-
body correction of quantitative neutron
radiography.

attenuation coefficients. The BB correction
has become a usefultool, in particular for the
measurements in which the quantitative val-
ues of material compositions are in the focus
of scientific questioning.

3. Examples of high resolution
neutronimaging applications

Following on the above advances, the NM was
included in the PSl standard user program as
an add-on detector available at the ICONZ
and the POLDI?* beamlines. Its hitherto un-
precedented high spatial resolution has
spurred significant interest and attracted in
2017-18 over 40 beamtime proposals (over-
booking factor»1.5) from a rather broad spec-

trum of scientific disciplines. The following
paragraphs will shortly present three applica-
tions for which the high resolution neutron
imaging has provided information not amena-
ble (or hardly amenable) otherwise.

3.1. Hydrogen quantification in
nuclear fuel claddings

Thanks to an order of magnitude higher neu-
tron cross-section of hydrogen than zirconium,
neutron imaging provides an excellent ap-
proach for the determination of hydrogen
concentrations in zirconium alloy fuel clad-
dings. The knowledge of the distribution of
hydrogen in such claddings is of utmost im-
portance for the safety, as hydrogen (pre-
sented as the zirconium hydride) causes de-
preciation of its mechanical properties
(embrittlement).

The improvement of spatial resolution of
neutron imaging down to the scale of the
common width of zirconium hydride packets
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(left) Neutron radiographs of the duplex nuclear fuel cladding tubes (loaded with 200 wppm hy-
drogen) with 150 micrometres thick outer liner clearly revealing the influence of the cooling rate
on the hydrogen redistribution (from? Gong et al., 2019)

enabled quantitative detection of hydrogen
concentration distributions in cladding
cross-sections. The recent publication?® pre-
sents the investigation on the hydrogen re-
distribution induced by diffusion-precipitation
in a 4.5 mm duplex cladding containing two
composition-differed material layers (outer
liner and substrate) with effective spatial
resolution of 9.6 um (see Fig.4).

It has been clearly demonstrated that the
cooling rate has a significant influence on the
hydrogen concentration across the cladding
wall thickness. The distribution of hydrogen
concentration across the cladding wall was
detected by averaging approximately 1000
circumferential pixels over the radial direction
corresponding to an approximate volume
gauge 0of 0.0027 x 2.7 x 4.5 mm x mm x mm.
The hydrogen concentration resolution of 9
wppm (0.08 atomic per cents) in the same
image was achieved. The high spatial resolu-
tion of the NM together with its sub-10 wppm

Figure 5

Quantification of the hydrogen concentration
across the cladding wall thickness for the images
shown in Figure 4. Zero distance is set at the lin-
er-substrate interface (from?® Gong et al., 2019).
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sensitivity to hydrogen in zirconium alloys is
currently unique and the future work will focus
on the assessment of hydrogen distribution
in highly activated cladding elements that
were operated in (Swiss) nuclear power
plants.

3.2. Porosity distribution in high-Z
materials

Another domain in which neutron imaging
finds interesting niche applications are the
high-Z materials that are otherwise hard to be
transmitted by other sources of readily avail-
able radiation (such as tabletop X-rays). Neu-
tron cross-sections of several high-Z materials
are such that they allow successful transmis-
sion imaging even for relatively thick samples.
As aresult, samples of such materials of ~mm
to ~cm in diameter can be imaged with high
resolution in 3D by neutron microtomography.
As a proof-of-the-concept experiment, a model
sample of gold with artificially induced pore
space (a cylinderwith a drilled hole filled with

]
Figure 6
(a) vertical and (b) horizontal slice
of the reconstructed neutron mi-
crotomographic dataset revealing
porosity in the gold sample with
high resolution (dataset voxel size
5.4 pym. (c) 3D partially transparent
rendering of the sample clearly re-

2.65 mm

vealing the artificial pore space. Po-
sitions of the horizontal and vertical
slices shown in Figs. 3a and 3b are

indicated. The porosity occurring in
the close vicinity of the drilled hole
is indicated by the red arrows in all
three images (from?2é Trtik, 2017).

several small gold spheres) was investi-
gated?6 using NM at the BOA beamline?” at
PSI. The available neutron flux at BOA is (for
the given experimental conditions) limited to
~5x 106 n cm?2 s'. Consequently, neutron
microtomography in BOA requires rather long
acquisition times. However, with slightly over
2 days of acquisition time a neutron microto-
mographic dataset has revealed segmented
porosity with 5.4 um voxel size and the spatial
resolution close to 10 micrometres (see Fig.6).
This proof-of-the-concept experiment con-
firmed a clear potential of neutron microto-
mography for investigation of porosities in
high-Z materials, such as additively manufac-
tured (AM) precious alloys.

Additive manufacturing (AM) is a relatively
new fast-developing technological domain
and the selective laser melting (SLM) is one
of the mostimportant additive manufacturing
(AM) processes, which enables the production
of very complex metallic objects from a com-
puter-aided design file. In SLM, the struc-
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Figure 7
Neutron microtomography: (right) 3D rendering of additively manufactured gold alloy sample

showing (left) the closed porosity in blue colour

ture-property relationship of the produced
materials are dependent on numerous man-
ufacturing parameters (including those of the
laser scanning). One of the main criterion
regarding the success of the AM process is
the porosity content of the printed samples.
While the pore size distribution for the major-
ity of AM materials can be readily obtained
with X-ray microtomography, the AM precious
alloys are intrinsically more difficult to be
transmitted by X-rays. At the same time, the
information on pore size distribution by SLM
printed precious metal alloys is demanded by
the jewelry and watch industries.

As mentioned above, the existing neutron
sources are rather flux limited for the purpose
of high-resolution imaging. Consequently, the
neutron microtomography with the spatial
resolution in single micrometres domain is
best to be performed at the highest flux neu-
tron sources available. The NM detector has
been recently installed at ILL-D50 beamline.

There, the neutron microtomography (voxel
size of 2.7 ym) revealed pores down to 10 pm
in sizein ~2 mm cuboid AM gold alloy samples
(see Fig.7).

3.3.Visualization of cavitation in
realistic Dieselinjection nozzles

Apart from the materials science studies, the
high resolution neutron imaging provides also
an interesting option for operando investiga-
tions of working devices. The high-resolution
neutron imaging has been utilized for the
in-situ assessment of the cavitation inside the
spray hole of operating realistic Diesel injec-
tion nozzle. A prototype of a chamber for in-
situ operando Dieselinjection nozzle neutron
imaging has been developed and recently
tested28 using NM at the POLDI beamline.
Different cavitation modes were observed
using NM inside the realistic real-size spray
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Neutron radiographs of operando Diesel injection nozzle showing the different cavitation modes

in the spray hole and its influence on the exit spray angle. (from?8 Thimm et al., 2019)

hole. The cavitation modes could have been
also correlated with the observed exit spray
angle (see Fig 8).

While the injection nozzle used in this
pilot experiment was operating under qua-
si-stationary pressure conditions and utilized
water gadolinium salt solution as injection
medium, the realistic experiments using Die-
sel are in preparation.

4. Discussion of outlook for future
improvements

As neutron sources are flux limited in general,
the focus of the future advancement of the
high-resolution neutron imaging should be
directed not only on the enhancement of
resolution itself, but also on the detection
efficiency of high resolution neutron imaging
detectors. Forthe scintillator-based detectors,
the future work towards higher efficiency is
foreseen through engineering/microstructur-
ing the high-resolution neutron sensitive
powder scintillator screens and by production
of low porosity ceramic scintillators?® based
on isotopically enriched "*7Gd materials. Re-
garding the further enhancement of spatial

resolution itself, the centroiding of single
neutron events3%3 represents one of the via-
ble ways for future progress, in particular
when combined with the use of the extremely
thin isotopically-enriched gadolinum oxy-
sulide scintillator screens. Parallel to that,
Fourier ptychgraphic neutron imaging (FPNI)
has been recently proposed — based on its
X-ray variant32 — as a viable alternative for
exceeding the resolution limits of the NM
detector. In this approach, the intrinsic inho-
mogeneities of the gadolinium oxysulfide
powder scintillators (instead of the modula-
tion of neutron illumination itself) shall pro-
vide the modulation forthe sample scanning.
Both mentioned methods aim at being able
to reach 1 micrometre spatial resolution.
Above that, the enhancement of spatial res-
olution via combined use of dedicated neu-
tron optics (such as Wolter mirrors33) and the
high resolution scintillator based neutron
detectors (such as NM) will be also consid-
ered.

Based on the hitherto experience with the
NM, a number of specific applications that
would profit from such further enhancement
in resolution, including operando imaging of
fuel cell catalyst layers34, and others.



5. Conclusions

The recent progress within the ‘PSI Neutron
Microscope’ project at PSI has extended the
spatial resolution of the neutron imaging. The
developed detector pushed the available
resolution to the sub-5 ym domain, thus
opening avenues for new science. The exam-
ples of applications include but are not limited
to the hydrogen quantification in nuclear fuel
claddings, the 3D imaging of porosity in ad-
ditively manufactured high-Z alloys, and the
visualization of cavitation in realistic Diesel
injection nozzles. Further advances of neutron
imaging both on the detector efficiency and
the spatial resolution side are shortly dis-
cussed.
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Announcements

The Name of the SGN/SNSS has
changed to “Swiss Neutron Science
Society”

The General Assembly of the Society on Nov.
26, 2018, has accepted to change the name
of the Society from “Swiss Neutron Scattering
Society” to the new name “Swiss Neutron
Science Society”. This change of name re-
flects the openness of the SNSS for all re-
searchers who need access to neutron
sources. See the Minutes of the General
Assembly in Swiss Neutron News 53 for more
information.

SGN/SSDN Members

Presently the SGN/SSSN has 187 members.
New members can register online on the SGN
website: http://sgn.web.psi.ch

SGN/SSSN Annual Member Fee

The SGN/SSSN members are kindly asked to
pay theirannual member fee. At the general
assembly 2013 of the society, the fee has
been increased from CHF 10 to CHF 20. It can
be paid either by bank transfer or in cash

during your next visit to the PSI. The bank
account of the society is accessible for both
Swiss national and international bank trans-
fers: Postfinance: 50-70723-6 (BIC: POFICHBE),
IBAN: CH39 0900 0000 5007 0723 6.

The SGN/SSSN is an organization with tax
charitable status. All fees and donations
payed to the SGN/SSSN are tax deductible.

PSI Facility News

Recent news and scientific highlights of the
three major PSl user facilities SLS, SINQ and
SpS can be found in the quarterly electronic
newsletter available online under:

https://www.psi.ch/science/facility-newsletter

SINQ Upgrade

No neutrons are produced at the Swiss spal-
lation neutron source SINQ in 2019, as SINQ
receives a major upgrade in 2019 and 2020.
The next call for beam-time proposals is
planned to be launched early in 2020. Please
visit the page https://www.psi.ch/sinqg/
call-for-proposals to obtain the latest infor-
mation.



Registration of publications

Please remember to register all publications
either based on data taken at SINQ, SLS, SpS
or having a PSI co-author to the Digital Ob-
ject Repository at PSI (DORA):
www.dora.lib4ri.ch/psi/

Please follow the link ‘Add Publication’.

Open Positions atSINQ and ILL

To look for open positions at SINQ or ILL, have
a look at the following webpages:
https://www.psi.ch/pa/stellenangebote
https://www.ill.eu/careers/all-our-vacancies/?L=0

PhD positions at ILL

The PhD program of the Institut Laue-Lan-
gevin, ILL, is open to researchers in Switzer-
land. Consult the page https://www.ill.eu/
science-technology/phd-students/home/
forinformation on the PhD program of ILL or
get in contact with the managers of the pro-
gram using the email address phd@ill.fr.
The Swiss agreement with the ILL includes
that ILL funds and hosts one PhD student
from Switzerland.
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Conferences and Workshops

2019 and beyond

November 2019

PSDI2019: 27th Protein Structure Determina-
tion in Industry meeting

November 3-5, 2019, Hinxton,

United Kingdom

EMBO Course “Practical Integrative Struc-
tural Biology”
November 3-9, 2019, Hamburg, Germany

NoFuel-MMSNF 2019 Workshop
ovember 4-7, 2019, PSI Villigen, Switzerland

Cryo-EM Winter Workshop
November 5-7, 2019, Grenoble, France

First MicroED Workshop
November 6-8, 2019, Didcot,
United Kingdom

3D Imaging for Industry: Micro- and Nanoto-
mography Symposium
November 7, 2019, Villigen, Switzerland

An updated list with online links can be found here:
http://www.psi.ch/useroffice/conference-calendar

CATSA 2019: From Nanomaterial to Indus-
trial Process

November 10-13, 2019, Langebaan,
South Africa

Artificial Intelligence Applied to Photon and
Neutron Science
November 12-14, 2019, Grenoble, France

eBIC’s 2019 Cryo-EM Sample Preparation
Workshop

November 13-15, 2019, Didcot,

United Kingdom

AOCNS 2019: 3rd Asia-Oceania Conference
on Neutron Scattering

November 16-21, 2019, Ken-Ting National
Park, Taiwan

LEAPS Plenary Meeting 2019
November 18-20, 2019, PSI Villigen,
Switzerland



USTV SCHOOL ON THE CHARACTERIZATION
OF GLASS STRUCTURE
November 18-22, 2019, Grenoble, France

X-Rays and Matter
November 19-22, 2019, Villers-les-Nancy,
France

ADTB: Advanced Diffraction Techniques for
Biology
November 19-22, 2019, Grenoble, France

BCA Industrial and Chemical Groups meet-
ing “By hook or by crook — structural solu-
tions from challenging crystal”

November 20, 2019, Stevenage,

United Kingdom

GISAXS 2019
November 20-22, 2019, DESY Hamburg,
Germany

Dezember2019

2019 MRS Fall Meeting
December 1-6, 2019, Boston, MA, USA

Symposium on Advanced Materials Explora-

tion with Neutrons at the Materials Re-
search Society (MRS) Fall Meeting 2019
December 1-6, 2019, Boston, MA, USA

Neutron Day and Farewell to BER Il - Party
December 4, 2019, Berlin, Germany

Eleventh Joint BER Il and BESSY Il User
Meeting
December 4-6, 2019, Berlin, Germany
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CONGA - Challenges and Opportunities of
New Generation Accelerator-based sources
December 9-10, 2019, Trieste, Italy

MLZ User Meeting 2019
December 10-11, 2019, Garching, Germany

FUSEE: FUture of SEeded free Electron lasers
December 10-11, 2019, Grignano
(near Trieste), Italy

BILL2019: Bilayers at the ILL - workshop
December 11-13, 2019, Grenoble, France

January 2020

SUM2020: 15th SOLEIL Users' Meeting
January 16-17, 2020, Synchrotron
SOLEIL, Gif-sur-Yvette, France

February 2020
Joint Polish-German Crystallographic Meet-

ing 2020
February 23-27, 2020, Wroclaw, Poland

March 2020

APS March Meeting 2020
March 2-6, 2020, Denver CO, USA

IFF spring school 2020
March 23 - April 3, 2020, Jiilich, Germany
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April 2020

Nanotech Singapore 2020
April 20-22, 2020, Singapore, Singapore

May 2020

LEAPS meets Quantum Technology
May 25-29, 2020, Elba, Italy

June 2020

Bombannes 2020: 15th Bombannes Sum-
mer School on Scattering Methods Applied
to Soft Condensed Matter

June 16-24, 2020, Bombannes/Car-
cans-Maubuisson, Gironde, France

July 2020

11th Liquid Matter Conference 2020
July 20-24, 2020, Prague, Czech Republic

September 2020

PSI Power diffraction school
September 13-18, 2020, PSI Villigen,
Switzerland

July 2021

ICNS: International Conference on Neutron
Scattering 2021
July 4-8, 2021, Argentina
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